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1. Introduction

This work is devoted to a fast developing field of viscoelastic fluids and their
mathematical analysis. It seems that the growing interest in viscoelastic fluids is
related to a recent progress in various engineering areas, where these fluids find
many applications. Although there are plenty of studies devoted to the numer-
ical analysis of these fluids in some particular settings, a rigorous treatment of
the models which describe the motion of these fluids is hard to find. Actually,
the corresponding analysis in a reasonably general setting (including the tem-
perature evolution) is non-existent at the present time. This is due to intrinsic
difficulties hidden in the equations describing the evolution of the elastic compo-
nent of the fluid and also of the temperature.

The thesis consists of two independent parts. The first part is the main part,
which has four chapters and concerns an analysis of heat conducting viscoelastic
fluids, where the material coefficients are allowed to depend on the tempera-
ture. As such, the presented existence theory for these fluids is the first of its
kind. Then, the second part is included in Chapter 5 and provides an analysis
in a simpler isothermal case. This part coincides with an author’s upcoming
journal article and thus, it is completely stand-alone and can be read indepen-
dently. The existence analysis of each part rests upon different mathematical
ideas. Throughout the thesis, we sometimes refer to the Chapter 5 in order
to explain why ideas from the isothermal case do not carry over to the general
case. A reader who is unfamiliar with the mathematical and/or physical theory
for viscoelastic fluids might want to start reading Chapter 5, which is simpler,
and thus more lucid. On the other hand, the main contribution of the thesis is
the existence result for heat-conducting viscoelastic fluids. To be more precise, we
prove that, without any restriction on the size of data or dimension of the space,
there exists a suitable weak solution to a system of nonlinear partial differen-
tial equations with initial and boundary conditions, which describes an unsteady
flow of a homogeneous, incompressible, heat-conducting, rate-type viscoelastic
fluid (with stress diffusion), that fills up a mechanically and thermally isolated
container. Throughout the thesis, we explain the meaning of all quantities men-
tioned in the previous sentence. Also, in this chapter, we describe the results
of both parts of the thesis in more detail. We start the explanatory part with
the most important term, the notion of viscoelastic fluid.

1.1 What is a viscoelastic fluid?

The adjective “viscoelastic” means that the fluid has both viscous and elastic
properties. In other words, compared to standard viscous fluids such as water or
oil, viscoelastic fluids behave partly as a rubber band, for example. More pre-
cisely, they can store and release mechanical energy under compression, stretching
or twisting of the material. Examples of materials that fits well to such concepts
are: synthetic polymers, rubbers, molten glasses or metals. Furthermore, many
biomaterials are viscoelastic. Let us name at least two examples: a tendon and
blood. Although these two materials seemingly have nothing in common, they
can be both regarded as viscoelastic. Indeed, the blood is not a standard viscous
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Figure 1.1: On the first row there are 1D analogues of viscous and elastic ma-
terials: dashpot (damper) and spring. On the second row we see two of many

possible combinations of the basic elements. These are examples of 1D models of
a viscoelastic fluid.

fluid as it contains red blood cells which have the tendency to always return to
their original shape. Thus, these cells are responsible for the elastic behaviour of
blood. Vice versa, the fact that an elastic tendon may be stretched during an ex-
ercise proves that a viscous component must be present. In fact, it turns out that
many real-world materials are not purely viscous, nor purely elastic, and therefore
should be regarded and modelled as viscoelastic (see e.g. [2], [22], [44], [46], [7]).
However, it seems that a fluid flow and an elastic deformation can not be truth-
fully described within a single physical theory. As the title suggests, we focus only
on the fluid flow. Thus, in the biological analogy, this thesis is about blood and
not about tendons. To say it more elaborately, we assume that the material and
the time frame in which we consider its motion fits better to a fluid-like movement
than to a solid-like deformation. Furthermore, on a theoretical side, this means
that the material characteristics are studied in an infinitesimal neighbourhood of
its current state, rather than relating them to some initial state.

The idea that a fluid possesses an elastic part can be nicely visualized using
the one-dimensional elements, which we can think of as of the fluid “molecules”,
see Figure 1.1. While the energy which we use to stretch or compress a dash-
pot partially dissipates to heat, a spring can store this energy and release it in
the same form. Thus, it is also useful to think of the dashpot and spring as
representatives of irreversible and reversible processes, respectively. However,
these simple ideas are very idealized for several reasons. First, it is not clear
how the multi-dimensional analogues of the one-dimensional models depicted on
the second line of Figure 1.1 should look like. This issue can be partially resolved
by appealing to certain physical principles, to be seen in Chapter 2. The major
issue, however, is that in reality properties of a viscoelastic fluid (such as re-
sistance to deformation) change dramatically with temperature changes. Thus,
the temperature evolution and its effects on the flow characteristics should not
be omitted for viscoelastic fluids. The main contribution of this thesis is that
we provide an existence analysis for a variant of a viscoelastic fluid model that
incorporates the full evolution of the temperature and also of the whole extra
stress tensor.

The concept of the extra stress tensor is common for all viscoelastic fluids. In
Chapter 2 we show that the Cauchy stress tensor T, which represents the forces
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appearing in the balance of momentum, decomposes as
T = P]Pviscous + Telastic (11)

for viscoelastic fluids. The first part Ty;iscous is the usual Cauchy stress tensor as in
the theory of Newtonian fluids (with possibly a temperature dependent viscosity,
however). The other part Tepstic is the one which is usually called the extra stress
tensor in the literature and it corresponds to the forces arising from the elastic
response of the fluid. Thus, viscoelastic fluids are non-Newtonian by definition
and they always exhibit the effects known as non-linear creep and stress relaxation
(see e.g. [68]).

In what comes next, we specify precisely what kind of viscoelastic fluids we
are interested in.

1.2 Brief description of the model

We show in Chapter 2 that a flow of a viscoelastic fluid is governed by a system
of non-linear partial differential equations completed by initial and boundary
conditions. To fix ideas, we sketch this system here, although we refer the reader
to Chapter 3 for a rigorous formulation.

Let Q@ ¢ R% d € N, be a domain. Let 7" > 0 be the final time and set
Q = (0,T) x Q. Furthermore, let vy : Q — R% By : Q — REL 6 : Q — (0, 00)
be some given initial data and let f : Q — R? be a density of external body forces
(such as the gravity). Suppose also that a, ¢,, p are some constants and v, vy, K, §, A
are some positive continuous functions (these quantities are the material param-
eters, or coefficients, of the model). Finally, let us denote the symmetric and
antisymmetric parts of the velocity gradient Vv as

Do = ;(w +(Vo)T),  Wo= ;(vu — (Vo)T).

Our goal is to show that under some reasonable assumptions, there exist
a velocity v : Q — R?, a “pressure” p : Q — R, an extra stress tensor B : Q —
R and a temperature 6 : @ — (0,00) solving the following initial-boundary
value problem (in some appropriate sense):

dive =0,
0w +v - Vo —div(2r(0)Dv) + Vp = 2ap div(6 B) + f, (1.3)

OB +v-VB+3§0)y(|B—1)(B—1I)—div(A(0)VB)
= WoB — BWv + a(DvB + BDw),

co0if) + c,v - VO — div(k(0)V0) = 2v(0)|Dv|* + 2ap 6B - Do, (1.5)

OE+v-VE —div(k(0)V0)
= div(—pwv + 2v(Dv)v + 2aubBv) + f - v,

om+v-Vn—div(k(0)VIngd — AX@)uV(trB —d —IndetB)) =& (1.7)
in @ with boundary conditions (7 is the outward unit normal vector to 0N2)

v =0, n-VB =0, n-V8=0 on (0,7) x 900N



and with initial conditions
vV = vy, B:BQ, 0:00 in {O}XQ
Here, the total energy E' is defined as

E = %|v|2 + 0,

the entropy is related to 8 and B via the formula
n=c,n0—ptrB—d—IndetB) (1.8)

and the rate of entropy production £ is given by

2

2
€ = ?V|]D)v|2 +£(0)|VIn 6> + 6(0)y(|B — 1|)|B> — B3 " HA(0)[B-2 VBB >

However, in such a form, this goal seems to be too ambitious. In fact, we
need to relieve from this solution concept in several different aspects. Namely,
equation (1.5) is to be abandoned completely, (1.6) is replaced by its global version
inequality and (1.7) is also weakened to just an inequality. The precise reasons
for such reductions are discussed in Chapter 3. On top of that, we work only
with weak solutions, of course. Nevertheless, even then we are be able to show
that the solution which we construct obeys basic physical principles.

Equations (1.2), (1.3) and (1.5) form an incompressible Navier-Stokes-Fourier
system with viscosity depending on temperature and with two additional terms
2apdiv(6 B) and 2apfB - Dv that both depend on B. Since the fluid is assumed
to be homogeneous, its density is taken to be equal to one for simplicity. The un-
known p, which was labelled as “pressure” has no connection to any physical pres-
sure (see [62] for various notions of pressure), except for some simple situations,
such as a pipe flow. In general, it is merely a Lagrange multiplier corresponding
to the incompressibility constraint (1.2) and it is determined only up to a con-
stant (see [57, Sect. 4.2.3.] for a detailed discussion). In fact, in our analysis, we
do not care about the construction of a “pressure” at all since it is eliminated by
taking the Leray projection w — uw— VA~ divu of (1.3). This is indeed possible
since

1) we do not consider any dependence of material coefficients on the pressure,
2) we avoid the local form of (1.6), where p appears explicitly,
3) we consider Dirichlet boundary conditions for the velocity.

If we wished to relax any of these assumptions, we would need to construct
the pressure using an additional approximation (see e.g. [12]). This, however, is
not our goal here.

The quantity B that appears in the system above models the elastic part of
the total deformation of the fluid. In our case, it coincides with Tejastic from
(1.1), up to a temperature-dependent multiplicative coefficient. It is possible to
give B a specific physical meaning by appealing to the concept of an evolving
natural (or stress-free) configuration. Then, the quantity B can be interpreted
as the left Cauchy-Green tensor with respect to the stress free configuration. We



refer the reader to [63] for details. For our purposes, the quantity B is merely
an unknown of the system, which must be a positive definite tensor in order to
ensure that the elastic deformation is regular.

The evolution of B is governed by (1.4), which is a diffusive variant of Oldroyd-
B (or rather Johnson-Segalman, see [41]) model, but with a non-standard growth
given by . We want to point out that none of the equations (1.3), (1.4), (1.5)
can be decoupled from the other two, even if the material parameters were in-
dependent of the temperature. Indeed, this is caused by the term 2apdiv(6B)
on the right hand side of (1.3). In fact, this was one of our motivations to study
the system above, to illustrate that the existence theory for such systems is achiev-
able even if the equations for § and B can not be decoupled from the Navier-Stokes
system.

The term D = — div(A(#)VB) indicates that we are dealing with the diffusive
variant of a viscoelastic model. This term is physically well motivated, see [27],
[30] and references therein. Although it is generally believed that presence of
a diffusion term improves mathematical properties of any system, it is not so
clear here. On one hand, the diffusion should lead to an estimate of VB in some
reasonable function space that should, eventually, lead to certain compactness
property of B. On the other hand, obtaining such an estimate is a very delicate (if
possible) procedure. Indeed, in general, we can not test (1.4) by B since the other
terms of the type VvB have very poor integrability. In our case however, we are
able to test (1.4) by a small power of trB, which improves the integrability of
B and, consequently, also differentiability. We remark that the form of D is by
no means unique, one can derive similar models with diffusion terms different
from D simply by modifying the entropy production mechanism (see Chapter 2
for details). However, such a modification can have a large (usually negative)
impact on the mathematical analysis of the model. For example if the diffusion
term took the form —B(AB) — (AB)B (as suggested e.g. in [53]) then it would be
unclear whether it would be even possible to define such a term in a reasonable
way (B is not twice differentiable, in general). Another possibility is to consider
—div(8(VB)VB), where [ satisfies certain growth restrictions, similarly as for
the p-Laplacian problems (see [42]). On the other hand, the obvious advantage of
D is that it is linear, which is preferred both physically (for easy interpretation)
and mathematically: we can always assign a weak sense to a Laplacian and we
can easily identify the weak limit, which is not the case for non-linear problems.

Presence of products of the type VouB in (1.4) suggests that we are considering
a rate-type model, where an objective derivative of B, defined by

B=0B+v-VB— (WoB—BWv) — a(DvB + BDv),

is used. Here on the right hand side, the first two terms correspond to the usual
convected time derivative, while the third term is needed to ensure the material
frame indifference of B3 (see Chapter 2 for more details). The case a = 1 corre-
sponds to the upper convected Oldroyd derivative (cf. [61]), the case a = 0 yields
the corrotational Jaumann-Zaremba derivative (see [73]) and the case a € [—1, 1]
gives the class of Gordon-Schowalter derivatives (cf. [36]). The case a = 0 is much
easier to handle mathematically (since the products of the type VvB disappear
upon testing (1.4) with B), while the case a = 1 seems to be the correct choice
from the physical point of view. We wish to point out that in our analysis we
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place no restriction on parameter a.

The equation (1.5) governs the evolution of temperature in the moving fluid.
Its particular form (1.5) which is considered in this work deserves some clarifica-
tion. If we compare it to the temperature equations derived in [40] or [53], our
form (1.5) is much simpler. This is a consequence of the fact that the underlying
Helmholtz free energy of the system (1.2)—(1.7) is chosen as

P(0,B) = —c,0(Inf — 1) + puf(trB — d — Indet B). (1.9)

In particular, the shear modulus takes the linear form pf, where p > 0 is constant.
Hence, we also obtain a linear relation between the internal energy and temper-
ature: e = ¢,#, where the constant ¢, > 0 is the heat capacity. On the other
hand, the constitutive equation (1.8) for entropy 7 is slightly more complicated
than it would be in the case of constant shear modulus. A similar model in-
cluding the assumption (1.9) is used in [65, p. 379] (and in follow-up works) to
model certain polymer melts. Nevertheless, we are aware that the assumption on
the linearity of shear modulus with respect to the temperature should be relaxed
in general (cf. [40, Sect. 2]). This however, would lead to many other compli-
cations in the mathematical analysis of the model that would obscure the other
ideas in this thesis. Thus, we avoid this generalization for now, although in Chap-
ter 2 we derive the model for as general ¢ as possible, which opens the door for
future studies. We also remark that the existence analysis for a similar model
with general shear modulus is appearing soon in [20], but with a different sim-
plification. The reduction, which occurs if e = ¢,0, is not the only reason why
we choose (1.9) to work with. The other reason is that in the balance equations
(1.3) and (1.5), the terms div(¢B) and 6B - Dv appear, respectively. These terms
are quite irregular from the point of view of a priori estimates and subsequent
analysis. Moreover, the term div(6B) on the right hand side of (1.3) introduces an
unavoidable coupling to the rest of the system. These are the main mathematical
issues which occur also in the case of general shear modulus (cf. [20]). Therefore,
the model (1.2)—(1.7), while simpler in structure, really seems as an appropriate
“toy-problem” for the analysis of models with general shear moduli.

The expression B - Dv appears in (1.5) as a consequence of the laws of ther-
modynamics. It is thus surprising that this term is sometimes omitted even in
some recent works on viscoelastic fluids (see [40] for more details). It can be
seen in Chapter 3 that this term is by far the most difficult to define by using
only the a priori estimates that can be derived for the system (1.2)—(1.7). For
this reason, at some point, we abandon (1.5) completely and replace it by two
inequalities. First one is the global version of the total energy balance (1.6).
Second one is the balance of entropy (1.7). This way, we avoid mathematical
difficulties connected with (1.5), while still obtaining physically relevant solution.
We thus see that the actual form of the temperature equation is not so important
for the analysis. While we use (1.5) in the construction of our weak solution
(which might be impossible in the case of non-linear shear modulus), we may
choose not to do so. Indeed, it is possible to use the balance of internal energy
instead, which always has a simpler structure (see e.g. [20]). However, this brings
other technical difficulties, which we want to avoid here.



1.3 Isothermal case

In relation to the model introduced above, let us now describe the result in Chap-
ter 5 which concerns only the isothermal case and in a slightly different setting. If
the temperature is constant, then the equations (1.5), (1.7) are trivially satisfied
and it is enough to work with the system (1.2)—(1.4). Moreover, motivated by
the structure of the original Oldroyd-B and Giesekus models, we forbid the non-
standard growth of the term

5(0)y(|B —1I))(B —1I) and replace it by &, (B — 1)+ 6,(B? —B), 4y, > 0.

Furthermore, the coefficient  (which, in a sense, improves the mathematical
properties of the system) now plays a different role: it is merely a constant sat-
isfying v € (0,1). Finally, we also consider Navier-slip boundary conditions for
the velocity (which seem to be physically appropriate and also can approximate
the no-slip boundary condition). Thus, the final form of system studied in Chap-
ter 5 is:

dive =0, (1.10)
ov+v-Vv—vAv+Vp (1.11)
~ 2padiv((1—7)(B-T) +1(B*—B)) + £, -
OB +v-VB+6,(B—1I)+5,(B2 —B) — \AB 1.12)
= WB — BW + a(DvB + BDv), '
in Q with boundary conditions'
v-n =0, —ov, = ((2VD’U + 2ua(l1—~)(B — ) + 2uay(B* — IB%)) n)T ,

n-VB =0,
on (0,7) x 02 and with the initial conditions
v(0,-) = vy, B(0,:) =By in Q.

Note that compared to (1.4), the equation (1.11) has a different right hand side.
In terms of the elastic part of the Cauchy stress tensor, we replaced

Telastic = Q[LGQB
by
Totastic = 21a(1 = 7) (B~ 1) + 7(B* - B).

It is shown in Chapter 5 that this modification is a direct consequence of the fol-
lowing definition of Helmholtz free energy:

¢ =p((1—7)(trB —d—IndetB) + 17|B — I*).

If we compare this to (1.9), the crucial difference is that for v > 0, the term
%\IB% — T|? appears. It turns out that this term can be physically well justified
and improves mathematical properties of the system (1.10)—(1.12) significantly,
compared to the case v = 0.

!The subscript denotes the tangential part of a vector, i.e., u; = u — (u-n)n =n x u x n.
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To summarize: In both isothermal and non-isothermal models introduced
above, the main obstacle for an successful analysis of these models are terms
coming from the objective derivative, such as BVwv. In both cases, to over-
come the lack of regularity to define BVwv, we use the (material) parameter ~.
In the non-isothermal case, the coefficient v improves the energy dissipation of
the model. On the other hand, in the isothermal case, the parameter v is used
to improve the energy storage mechanism (far away from the rest state).

1.4 Our goal

We aim to prove that the system of equations (1.2)—(1.7) has a solution. Thus, we
want to make clear that this thesis is concerned primarily with the mathematical
analysis of the corresponding model and we do not venture too deep into physical
discussions, nor we adhere to some particular physical notation. For this we refer
the reader to classical works by Truesdell, Noll and Rajagopal [69], [70]. There
are also many articles on the derivation of the models of viscoelastic fluids even
in the non-isothermal case already. It seems however, that any kind of analysis of
these models falls very much behind. This thesis should at least partially fill this
gap. Nevertheless, some physical considerations are applied in the Chapter 2 to
derive the studied model properly. This means that we want our model to obey
all the natural physical and thermodynamical principles as there is no reason
why not to do so. Also, it turns out that it is actually useful in the analysis to
know the way in which the model was derived. In particular, in connection with
viscoelastic fluids, it is advantageous to determine the Helmholtz free energy
corresponding to the system. Indeed, this functional characterizes the way in
which the fluid stores the mechanical energy.

The mathematical analysis in this work is solely the existence analysis, i.e.,
finding a suitable notion of a solution to our problem and proving that such
a solution exists. This is a fundamental question which should be always resolved
first, before any kind of further (numerical) analysis is executed (in practice, it is
usually the other way around). An appropriate existence theory indicates what
is the minimal regularity that we can expect from the solution. On the other
hand, we do not attempt to answer the question of uniqueness of our solution
as this problem is notoriously difficult already for the Navier-Stokes (or Euler)
equations (see [72]). In fact, the recent result [10] for the Navier-Stokes equations
implies that the uniqueness fails if the class of solutions where it is studied is too
broad, broader than the Leray-Hopf class (cf. [48]). This suggests that one should
rather aim to construct a weak solution satisfying as many physical principles as
possible and hence, try to narrow down the class of uniqueness. This is precisely
our philosophy in this work.

1.5 State-of-the-art existence results

Regarding the existence analysis of a viscoelastic fluid model including the full
temperature evolution, there is an upcoming study [20]. There the authors show
global and large-data existence of a weak solution to a rate-type incompressible
viscoelastic fluid model with stress diffusion under the simplifying assumption
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that B = blI. This assumption leads to annihilation of irregular terms com-
ing from the objective derivative and it also simplifies the momentum equation,
where the coupling to the rest of the system is realized only via temperature and
elastic stress-dependent viscosity. Other than that, to the author’s best knowl-
edge, there is no existence theory in a setting that would be of similar generality
as considered in this thesis. Thus, here, for the first time, we provide an exis-
tence analysis for a viscoelastic fluid model that is coupled with a full evolution
of temperature and that takes into account all components of the extra stress
tensor. Moreover, the equation for the temperature that we consider is derived
from fundamental thermodynamical laws (similarly as in [20], [40], [53]) and con-
sequently, the heating originates from both the viscous and elastic forces. Also,
we would like to point out that the majority of material coefficients of the model
are allowed to be temperature dependent here. Although we place some restric-
tions on the growth of these coefficients, these are only asymptotic and therefore
irrelevant from the physical point of view. Furthermore, the model considered
here has the property that the evolution of the temperature can not be decoupled
from the rest of the model even in the case of constant material coefficients.

Even if we confine to a much simpler class of isothermal viscoelastic models,
the existence theory there is far from being complete. Although there are several
relevant global-in-time existence results for large data, in most cases, they are
restricted in some way. For example, in [49] the authors provide an existence
theory for a model with the corrotational Jaumann-Zaremba derivative (the case
a = 0). This case is much easier than for the other choices of a since the corrota-
tional part drops out upon multiplication by any matrix that commutes with B.
Moreover, it seems that the physically preferred case is a = 1, which corresponds
to the Oldroyd derivative (see [57], [55], [56], [63] or [64]). Then, the follow-up
of this is [59], where the author claims to prove existence of a weak solution to
FENE-P, Giesekus and PTT viscoelastic models. However, in these works it is
only shown that certain defect measures of the non-linear terms are compact.
Furthermore, in the scalar case, that is if B = bl, we refer to [19] (and [11]
in the compressible case) for an analysis of such models. In the two-dimensional
case, existence and regularity results can be found in [25]. An existence theory for
related viscoelastic models (Peterlin class) was developed, e.g., in [50]. However,
for these models, the energy storage mechanism depends only on the spherical
part of the extra stress, which is a major simplification compared to our case.
A notable exception is the thesis [43], where the author obtains a global weak
solution to an Oldroyd-like diffusive model under certain growth assumptions on
the material coefficients. Furthermore, there are existence results for viscoelastic
models involving various approximations that improve properties of the system,
see e.g. [5] or [42]. Finally, the forthcoming article [6] (in Chapter 5) contains
the existence theory for viscoelastic diffusive Oldroyd-B or Giesekus models. This
result, however, relies on a certain physical correction of the energy storage mech-
anism away from the stress-free state and thus improving the a priori estimates of
the system. There are also existence results that are of local nature or for small
(initial) data. Again, we stress out that all these results concern only the isother-
mal case. Local-in-time existence of regular solutions to a viscoelastic Oldroyd-B
model without diffusion was shown in [38]. It is also proved there that for small
data there exists a global in time solution. For the steady case of a generalized
Oldroyd-B model with small and regular data, see e.g. [3].
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1.6 Basic notation

In this section, we introduce the basic notation which is used throughout the the-
sis, but might be regarded as non-standard.

We distinguish scalar, vector and tensor quantities by using different fonts:
a for scalars, a for vectors and A for tensors (matrices). The symbol “®” denotes
an outer product while “-” is used to denote an inner product. We do not use
any additional notation for vector or tensor inner or outer products as this is
clear from context. If there is any doubt, we use a general rule that the lower
rank of the two objects in the inner product determines how many indices are con-
tracted. For example, the product (B®wv)- VA is understood as > ik BijveOrAij,
while the product v - VB means >, v;0;B and the product VB - A translates as
>k VB,rAj (every rank-3 tensor which we encounter decomposes naturally in
a vectorial and matrix part).

By ngxrff we denote the set of real symmetric d x d matrices. Furthermore, by
RS we denote the subset of R&<d which consists of positive definite matrices,
i.e., those matrices A satisfying

Az-z>0 forall zcR%\{0}.

The symbol |A] is used to denote the Euclidian (or Frobenius) matrix norm,
defined by
d d

22 (A)

i=1j=1

Al =

Such a particular choice (all matrix norms are equivalent since R¥? is a finite
dimensional space) is convenient in our computations. Note also that this norm
satisfies the frequently used sub-multiplicative property in the form

|AB| < |A||B| for all A,B € R4

due to the Cauchy-Schwarz inequality, see [39, Sect. 5.6, 2nd example| for details.
Further, by tr A, we denote the trace of A, defined as

d
i=1

and det A stands for the determinant of A.

The symbols C, C;, i € N, are systematically used in estimates to denote
generic positive constants. Their value may change during computations, but
whenever such a constant depends on some important quantity w, we indicate
it as C'(w). The symbol — always denotes a continuous embedding: If X — Y
for some normed vector spaces X, Y, then this means precisely that X C Y and
there exists a constant C' > 0, such that

llully < Cllully for all u € X.

Moreover, we write X 4 Y if X <5V and X is dense in Y.
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2. Physical meaning of the model

In this chapter, we derive system (1.2)—(1.7) from physical principles. The start-
ing point are the balance laws of: mass, linear & angular momenta, energy and
entropy. In fact, these laws can be recognized directly in (1.2), (1.3), (1.5) and
(1.7) (see below). These general laws do not carry any information about proper-
ties of the material, which we are modelling. This is the point where the consti-
tutive theory comes into the game. This theory brings certain restrictions on how
the stress can depend on strain (or vice versa), how the temperature changes may
induce the flux of heat and so on. In fact, whole equation (1.4) can be perceived
as a constitutive relation. In a broader sense, one could also include the choice
of boundary conditions into the constitutive theory, but we do not discuss this
possibility as such a generality is not the primary goal of this work. Generally
speaking, it is a difficult task to determine the right constitutive relations for
a given material, especially for viscoelastic fluids. Though one may be able to
simply fit some experimental data, this still might give no clue about character-
istic properties of the studied material if it is very complex. On the other hand,
if one tries to derive the constitutive laws from some additional information such
as a fluid microstructure, then the transition back to a macrostructure is usually
very difficult or impossible, again due to the complexity of the material. However,
for us, these are not relevant issues since we are interested only in the resulting
(macroscopic) viscoelastic models and their mathematical analysis. Thus, we ac-
tually want to derive as general class of viscoelastic models as possible, which
contains the well established physical models as special cases. Then, the question
is, what are the minimal requirements which every reasonable model should meet.
This is the point, where the laws of thermodynamics can be applied. Namely,
the second law of thermodynamics tells us that whatever happens in our isolated
container filled with fluid, the total entropy can not decrease. This principle
proves very useful in nailing down the right constitutive relations, but is not suf-
ficient by itself. Returning to the one-dimensional analogues from Figure 1.1,
one can realize that mechanical energy in a viscoelastic fluid is managed in two
different ways: it can be either stored for later as a spring does, or it can be dis-
sipated (and thus converted to different forms) as in a dashpot. Thus, these two
mechanisms should be carefully specified: we do so by writing explicit formulas
for the Helmholtz free energy 1 and for the production of entropy &, respectively.
We refer to [63] and [64] for a detailed treatment and further ideas involved in
this approach.

Strictly speaking, this chapter contains no new results as there are already
many studies in which even more general models are derived (see, e.g., [27], [40]
or [53]). Nevertheless, the computations made in this chapter should provide
an useful insight into the analysis that is done in Chapter 3. Indeed, one can
recognize quite easily the quantities that should be a priori under control (in our
case this is the entropy production and the total energy). Moreover, one can also
see very clearly which test functions should be used to draw basic information
from the system. On the other hand, nothing in this chapter is really necessary
to understand the analysis in Chapter 3, therefore it is possible to skip it.

First, by keeping 1 in an implicit form, we derive viscoelastic models that are
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considerably more general than the model studied in Chapters 1 and 3. The au-
thor hopes to provide an existence analysis for these models as well in forthcoming
articles. Then we obtain the model (1.2)—(1.7) by an appropriate choice of .

2.1 Balance equations

In Chapter 1 we stated the system (1.2)—(1.7) without explaining the physical
meaning of the quantities involved. Therefore, let us first make an overview of
all quantities that have clear physical interpretation:

v flow velocity,
p pressure,
T Cauchy stress tensor,
B elastic stress tensor,
0 temperature,
e internal energy,
Je flux of internal energy,
E total energy (sum of e and L|v?),
Y Helmholtz free energy,
n entropy,
Jn entropy flux,
¢ production of entropy,
1 coefficient of shear modulus,
Cy heat capacity,
v kinematic viscosity,
K thermal conductivity,
A stress diffusion coefficient,
f external body forces.

Note that we did not include the density p of the fluid in the list. Since we are
considering only a homogeneous incompressible fluid, the density p is constant
and thus we can renormalize the other parameters in a way that p = 1.

In this chapter, to simplify the notation, we omit the dependence of the mate-
rial parameters on the temperature although it is always assumed. Furthermore,
we denote the material time derivative by overset “* 7, i.e., we set

&:au:atu—i-v-Vu.

Then, the local balance equations take the form:

0=divw balance of mass, (2.1)
OV=divT+f, T=T" balance of lin. & ang. momenta, (2.2)
¢=T- Dv —divj. balance of internal energy,
E= div(Tv — j.) + f - v balance of total energy,
n=¢—divy, balance of entropy. (2.4)
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We may notice that the system (2.1)-(2.4) contains some quantities that are not
explicitly seen in the system (1.2)—(1.7), namely, these are T, e, j., j,. Vice versa,
the system (2.1)—(2.4) does not explicitly mention B or p. To see the connection
between these systems, we need to prescribe constitutive relations.

2.2 Constitutive relations

Let us start by specifying the Helmholtz free energy 1, which is a function of
and B. In specific physical settings, the function ¢ will depend only on certain
quantities formed from B (due to material frame indifference and also due to
symmetry of B). For example, if the fluid is isotropic, then it is known that 1 is
a function of € and only of eigenvalues of B, or, equivalently, there exists a function
1 such that ¢ = (0, tr B, tr B2, ... tr B?). Nevertheless, this information is not
needed in what follows and thus, we write simply 1) = ¥(6,B). We suppose that
Y =(0,B) : (0,00) x R%? — R is a twice differentiable function which, for all
0 > 0, satisfies:

Da0(0,B) <0 for all B € RS, (2.5)
Oap(0.B)A-A >0 for all B e R’ and every A € R%:, (2.6)
OpY(0,B)- (B—1) >0 forall B € RY, (2.7)

s (0,B)B — B (0,B) =0 for all B € RY, (2.8)
»(0,B) - oo as detB — 04 or [B| — oc. (2.9)

The assumptions (2.5) and (2.6) concern strict concavity and convexity with
respect to 6 and B, respectively. Then, properties (2.6) and (2.7) together imply
that, for all # > 0, (6,-) has a local minimum at I. Indeed, since RZ? is
an open set, if we take any A € R%%?, then we can choose € > 0 so small that

[+ cA € RE. Then, on setting B = I + €A in (2.7) and dividing by &, we get
Op(0,1+¢cA)-A>0.

Thus, using the continuity of dg)(0, -), we can take the limit ¢ — 0, and obtain
dstp(0,1) - A > 0. But since A € RE<! was arbitrary, we obviously get

O (6,1) =0,

which together with (2.6) proves the claim. Thus, no mechanical energy is stored
if B =1. Actually, the whole term

Os¢(0,B) - (B —1I)

is precisely one of the entropy producing mechanisms, as we shall see below. Thus,
from this point of view, the assumption (2.7) is natural and we also see that if
B =1, there is no production of entropy due to the elastic effects. Next, the as-
sumption (2.8) means simply that the matrices dg)(6,B) and B commute. Fi-
nally, assumption (2.9) penalizes certain unphysical deformations such as a com-
pression of the material to a point or an infinite expansion. The reasons why
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all these assumptions are needed become clearer throughout the thesis. Once we
agree that the function v is known, we can define the entropy as

according to the first law of thermodynamics. Then, the internal energy e is
defined by
¢ = (0, B) = (0, B) + On(0, B), (2.11)

using another fundamental identity of thermodynamics. In the literature dealing
with the derivation of temperature dependent viscoelastic models it is common to
assign some particular function to v and only after that proceed with the deriva-
tion of the model. Definitely one of the reasons for this is that a particular form
of 1 helps to identify an explicit form of the equation for the temperature, which,
otherwise, is only implicitly encoded in (2.4) and (2.10) as

S 0w =€~ divi, (2.12)
For us, this approach makes no sense since in the analysis we need to avoid
the temperature equation anyway (due to its possibly ill-posed terms). Thus, it
turns out that the particular form of the temperature equation has very little
importance for the mathematical analysis of the model. Moreover, by keeping
the general form of ¢, one obtains an entire class of models, where it is easy to
trace the effect of ) on the resulting system of equations.

We proceed with the constitutive equations for quantities other than ). We
make the following choice:

T = —pl + 2vDv + 2auBog,
0=B+6vyB—1I) — div(A\VB),

(2.13)
(2.14)
B=B- (WvB—-BWv)— a(DvB + BDv), (2.15)
Je = —KVO + MO0 — 0pv) - VB, (2.16)
Jn = —kVInf+ \jt) - VB. (2.17)

Let us now comment on these relations. In (2.13) we see clearly how the Cauchy
stress tensor decomposes into a “viscous” and an “elastic” part, as was mentioned
in the introduction. The equation (2.14) is a variant of diffusive Oldroyd-B model
with enhanced growth given by v and with a generalized objective derivative B
defined by (2.15). We recall that we do not place any restriction on a € R and
that .

B=B-VuB-B(Vv) ifa=1,

which coincides with the upper convected Oldroyd derivative, that seems to have
a special physical meaning, as mentioned before. The need for such a kind of
derivative stems from the fact that the material time derivative B alone is not
an objective physical quantity. Here, by objectivity, we mean invariance with
respect to a time dependent rotation (and translation) of an observer. While
the quantities B, Dv are objective, the quantity B must be corrected by WoB —
BWuw, for example. Next, recent studies (such as [30]) suggest that the presence
of the diffusion term in (2.14) is based on solid physical grounds. We remark
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that it appears in (2.14) in a favourable linear form, although it is theoretically
possible to consider also non-linear dependencies. Finally, the equation (2.16)
represents a kind of a generalized Fourier’s law.

2.3 Fulfilment of the laws of thermodynamics

Note that in the previous section we did not specify £&. The reason is that this
quantity can now be computed from (2.1) and (2.13)—(2.17) using the basic ther-
modynamical identities (2.10) and (2.11). Indeed, taking the material time deriva-
tive of (2.11) and using (2.10), we obtain

& = Ogtb - B+ 9pp0 + On + 07 = Op) - B + 01,

Then, we use the above identity in (2.3) and further use the identities (2.15),
(2.4) to evaluate the material time derivatives of B, 1, and use the commutativity
property (2.8) to deduce

T Do —divj, =& =B dg) + 07
=B 050 + (WoB — BWv) + a(DvB + BDv)) - 9t + 6 — fdiv j,
=B 050 + Wo - (0p¢B — BOst)p) + aDv - (3p1B + Bogtp) + 0¢ — 6 div 4,
=B - 90 + 2aBIst) - Dv — 6 div j, + 6¢.
From this, we easily compute
0¢ = (T — 2aBdz)) - Dv — B - 90 + div(65, — 4o) — VO - i, (2.18)

or alternatively

T — 2aB . ' i
§:W-DU—B-GIZ@&—i—diV(jn—'?;)—Vln@-{;

after dividing by 6. Finally, in (2.18) we use the constitutive relations (2.13),
(2.14), (2.16) and (2.17). This way, using also the constraint 0 = dive = I - Dw,
we obtain

0¢ = 2v|Dwv]* + 0y(B — 1) - Iprp — div(AVB) - Ot
+ div(Adgt) - VB) + k0| V In 0> — N9zt - (V6 - VB) (2.19)
= 20D |* 4+ K0V In 0> + 5y(B — 1) - Oprp + N2y VB - VB.

Now it is clear that the assumptions (2.6) and (2.7) are needed to get
§£>0, (2.20)

which encodes local version of the second law of thermodynamics. Indeed, inte-
gration of (2.4) over €2 together with the boundary conditions

n-V6=0, and n-VB=0

and (2.20) yield

d

— > ().

dt/sz”—o
1
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Thus, in this section, we have verified that the fundamental laws of thermo-
dynamics (2.11), (2.10) and (2.20) are satisfied provided that the participating
physical quantities obey the constitutive relations (2.6), (2.7), (2.8) and (2.13)-
(2.17).

Based on the method developed in [63], the computations above may serve as
a justification of the selected constitutive relations. Indeed, this is best seen if we
start the derivation again, but now we replace the information (2.13)—(2.17) by
the single assumption

0¢ = 2v|Dw|?* + KOV Inb|* + 6v(B — 1) - Ogtp + AOag VB - VB. (2.21)

With some effort, such an assumption can be justified: The first two terms cor-
respond to an usual Navier-Stokes-Fourier fluid, the third one is common for all
Oldroyd-B type models, while the last one generates the stress diffusion effect.
We remark that it is also possible to interpret the stress diffusion as a conse-
quence of a non-standard energy storage mechanism; however, this would yield
a different class of models (see [53] for derivation and also [19] for a corresponding
analysis in a simplified setting). Note that, so far, we only specified two scalar
functions: 1 (though implicitly) and . This should be, in principle, enough as
1 tells us how the fluid stores the energy, while £ describes its dissipation. Then,
we can again use the balance equations (2.1)—(2.4) to derive (2.18). Thus, we
have two different equations for £&. The idea now is to separate the independent
mechanisms hidden in our system and to deduce the constitutive relations by
comparing the equations for £. To this end, we first trace back the computation
in (2.19) to find that (2.21) is equivalent to

0¢ = 2v|Dv|* + 0y(B — 1) - Ogrp — div(AVB) - Ogtp + div(Adee) - VB)
+ KOV Inb> — \Oagt) - (V6 - VB)
=2vDv - Dv + (09(B — I) — div(AVB)) - Og) + div(Adpy) - VB)
+ V0 - (kV1Inf — Nz - VB).
Now by comparison of this with (2.18), which is
0¢ = (T — 2aBgt)) - Do — B - dgp + div(05, — 5.) — VO - jiy,

we can precisely read the constitutive relations (2.13)—(2.17). However, this final
step is, of course, ambiguous and must be seen only as a motivation for the con-
stitutive relations. First of all, one has to assume that the terms in £ can really
be separated so that they represent independent entropy producing mechanisms.
Then, even if we assume this and obtain, for example, the identity

2v|Dw|? = (T — 2aBdgy) - Do,

then this only implies that
A Do
[Do|?
where A can be any matrix. Thus, such a derivation can be unambiguous only if
we introduce further physical assumptions (such as the material frame indifference
or the maximisation of the entropy production principle, see [64]).

Finally, we remark that this is, of course, not the only way how to derive

(non-isothermal) viscoelastic models. For different or earlier approach, we refer
to [47] or [71] and references therein.

T = —pl + 2vDv + 2aBogy + A — Dw,
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2.4 Complete system of equations

Here we put together the constitutive assumptions with the balance laws and
deduce the final appearance of the system of partial differential equations. We
still keep the general form of ¢, which could be useful for future studies of similar
models.

By simply plugging (2.13)—(2.17) into (2.1)-(2.4) and rearranging the terms,
we obtain the system

dive =0,
0w +v - Vo — div(2vDv) + Vp = div(2aBogy) + £,
OB+ v-VB+§y(B —1) — div(\VB)
= WoB — BWov + a(DvB + BDwv),
e +v - Ve — div(kV0) + div(\ 0021 — dpt)) - VB)
— 20[Do? + 2aB3gt - Do, (2.22)
OF +v - VE — div(kV0) + div(\ 0020 — 1)) - VB)
= div(—pv + 2v(Dv)v + 2a(Bogy)v) + f - v,
Om +v - Vn —div(kV In ) + div(A\djz1) - VB)

2 5 A
_ ?V|]Dv|2 F RV IngP + %(B —1) - 959 + 5049/ VB - VB,

where e, /) are given by

e=1(0,B) — 00y0(0,B),
E = 1v|* + b,
n= —69%0(9718)

and the functions v, p, B, 6 are the unknowns of (2.22). An explicit equation for
the temperature can be derived from (2.12) by using the chain rule and (2.14) to

substitute for B.

Though it would be tempting to try to do an existence analysis for the sys-
tem (2.22) with a general ¢ satisfying (2.5)—(2.9), it is not done in this work.
Instead, we choose a canonical representative for v, which makes the existence
analysis of Chapter 3 more illuminating. This way, we do not have to refer to
the assumptions (2.5)—(2.9) all the time as they are implicitly encoded in the sys-
tem (2.22). Moreover, the assumptions (2.5)—(2.9) might not be sufficient for
the existence theory, but they are definitely necessary, should the second law of
thermodynamics hold.

A common choice for the Helmholtz free energy (see e.g. [53]) is

(0, B) = vo(0) + pipa(B), (2.23)

where p > 0 is a constant. In this setting, the coupling in the system (2.22) is
very weak. Indeed, one can get the a priori estimates for v and B without using
the equation for internal energy. Also, since 9310 = 0, we see that the entropy
is just a function of temperature and also that the fourth term in the entropy
equation vanishes. Consequently, the estimates for temperature are then rather
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standard and one can follow the classical theory for Navier-Stokes-Fourier system,
compare also with [17]. Also, the model (2.23) is oversimplified from the point
of view of physics since one would like to allow a non-constant coefficient pu
depending on the temperature, i.e.,

(0, B) = 1o(0) + 1(0)¢2(B). (2.24)

Then the analysis of (2.22) indeed becomes a challenging problem for several
reasons, as can be seen in [20], where the authors treated such system under
the additional hypothesis B = bl. One of the difficulties is that if one starts with
construction of the approximate solutions using the equation for e (which seems
to be the only way if we want to use a constructive approximative scheme), then
at some point it is needed to invert the relation between the temperature and
the internal energy (as the material coefficients are temperature dependent). To
do so, one can introduce an approximation and make the dependence of e on ¢
linear near zero as it is done in [20]. Inspired by this idea, but not going into such
technicalities now, let us make a compromise between (2.23) and (2.24) and set

V(0. B) = 1o(0) + pby(B),

where p > 0 is a constant. We recall that such a model was considered in [65],
for example. Further, we consider the common choice of the functions 1y, ¥, (see
e.g. [27]). Thus, our final choice of ¢ for analysis of the next chapter is

P(0,B) = —c,0(Inf — 1) + pb(trB — d — klndet B), (2.25)

where, however, we set k = 1 to simplify the notation (as long as k > 0, this
parameter does not affect the subsequent analysis). Note that in this case, we
have

n(0,B) = —0p(0,B) = ¢, Inf — p(trB — d — Indet B),

and thus
e(0,B) = (6,B) 4+ 0n(0,B) = c,0. (2.26)

Also, we can easily verify that v satisfies (2.5)—(2.9). To this end, we apply (4.40)
and observe that, for all § > 0 and B € RE$?, we have

Oh(0.B) = == <0, Ostp(0,B) = po(1 —B)

and, using also (4.38), (4.39), we obtain

250 (0,B)A - A = —pfOp(B A - A = ufB AR - A o)

= ub|B 2AB z|? > 0. '

Finally, upon inserting (2.25), (2.26) into (2.22), redefining the pressure p by
p1 = p + 2aud,

noting that
00551 — Oy = 0,
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using

(B—1)- 056, B) = (B —T) - (1 — B)
— ubB2 (B2 —B2)-B z(B2 — B 2)
= pf|B: — B2 2
and also
0250(0, B)VB - VB = 1B~ 'VBB~! - VB = u0|B- 3 VBB 3|2,
we obtain (1.2)—(1.7) in the form
dive =0,
0w +v - Vo — div(2vDv) 4+ Vp; = div(2au0B) + f,
OB +v-VB+§y(B —1) — div(A\VB) = WoB — BWv + a(DvB + BDwv),
o040 + cyv - VO — div(kV0) = 2v|Dv|? + 2audB - Do,
OHE +v-VE — div(kV0) = div(—pv + 2v(Dv)v + 2au6Bv) + f - v,

om+v-Vn—div(kVInd — pAV(trB — d — Indet B))
= 2|Dof? + K|V In6]* + udy| B2 —B72* + pA[B-2 VBB .
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3. Mathematical theory

In this chapter, we investigate the system (1.2)—(1.7), that was introduced in
Chapter 1, from the analytical point of view. In particular, we discuss several
possibilities how to capture the temperature evolution and choose the one that
is most convenient for an existence analysis. Then we define the notion of suit-
able weak solution and verify that such a definition is meaningful. After that,
we state and prove our main result about existence of a suitable weak solution
to (1.2)—(1.7). Finally, we also determine what additional conditions are needed
for the fulfilment of local balances of total and internal energy.

3.1 Function spaces

First, let us introduce the function spaces used in the thesis and the correspond-
ing notation. If not stated otherwise, the set Q C R is always an open bounded
set with a Lipschitz boundary (in the sense of [60, Sect. 2.1.1]). By LP(Q2) and
WmP(€), 1 < p < oo, n €N, we denote the usual Lebesgue and Sobolev spaces,
with their usual norms denoted as [|-[|, and ||-||,, , respectively. In certain situa-
tions, we use the notation [|-[| ., instead to clarify which domain is considered in
the norm. Further, if p > 1, we set W="?(Q) = (W™ (Q))*, where p’ = p/(p—1),
n € N, and the star symbol “*” denotes the topological (continuous) dual space.
These Banach spaces are separable if 1 < p < 0o and reflexive if 1 < p < oo (see
e.g. [45, Ch. 2, 5] or [29, Corollary 1V.8.2.]). Occasionally, we take advantage of
the uniform convexity of the spaces LP(Q2), 1 < p < oo, for this, we refer to [26,
Ch. 3]. Every uniformly convex Banach space X has the following property:

If {ux}pe, C X converges weakly to u € X and if |jug||y — ||ully, then
ur, — u strongly in X. We refer to this property as to the Radon-Riesz property
of X in the thesis.

We use the same notation for the function spaces of scalar-, vector-, or tensor-
valued functions. We do not specify the meaning of the duality pairing (-, -),
since it is always clear from the context. For certain subspaces of vector valued
functions, we use the following notation:

D(Q) = {w € C=(Q), {w # 0} is a compact set in Q},
D4y = {w € D(Q) : divw = 0 in Q},
Woky =Daw "7, Woat = (WiR(Q)), 1<p<co.
The standard inner product in L?(Q2) is denoted as (-, -).

The Bochner spaces LP(0,7; X) with 1 < p < co consist of strongly measur-
able mappings u : [0, 7] — X for which the norm

PN
LIl )™ i1 <p <o
lull oy = § \°

esssupllully if p= oo,

0,

is finite. If X = L4(Q) or X = W*4(Q), with 1 < ¢ < oo, we shorten the notation
and use the symbols ||-|| ;.4 OF ||| Loyyr.q, Tespectively, for corresponding norms.
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The space C([0,T]; X') contains continuous X-valued functions on [0, 77, i.e., such
mappings u : [0, 7] — X, for which

lim [|u(t) — u(to)||y =0, for any ty € [0,77].

t—to

This space is equipped with the norm
[ullex = sup [Ju()]]-
te[0,7]

Furthermore, the space C,([0,7]; X) C L*(0,7;X) denotes a space of weakly
continuous functions on [0, 7], i.e., for every u € C,([0,T]; X) and every g € X*
there holds

lim (u(t), g) = (u(ty),g) for any ty € [0,T].

t—to

We use certain Bochner spaces also for weakly differentiable mappings from
[0, 7] — X. For u € L'(0,T; X), the default meaning of the symbols v’ = %u =
Oyu is always the distributional derivative of u that coincides with an integrable
function. In other words, if there exists w € L'(0,7;Y"), where Y is a Banach
space satisfying X — Y, such that

T T
/ we = — / wdrp for all € D(0,T), (3.1)
0 0

then we say that 0;u = w. In case that Y = X*, it is assumed that X admits
the Gelfand triplet structure, i.e., that X is separable, reflexive and there exists

a separable Hilbert space H such that X 4 o[ Then, any element u € X
belongs to H and thus defines a continuous linear functional f, on H by virtue
of the isomorphism

o:H— H*, ®u)— fi=(u,)u.

Moreover, using continuity and density of the embedding X Ny , one can show
that . .
X—H=H" <= X"

and that the map ¥ : X — X* u — f, is continuous and injective. In this sense

we interpret the embedding X < x, Then, we define the space
Wh(0,T;X) = {u € LP(0,T; X); du € L7 (0, T; X*)} (3.2)
and equip it with the norm

||u||W1,pX = “uHLpX + ||atu||LP'X*‘

We recall that, for any u € WHP(0,T; X), identity (3.1) can be rewritten (using
only the classical Lebesgue integral) as

T T
/ (Qyu, gy = —/ (u,g)gOpp for all p € D(0,T) and every g € X,
0 0

see [74, Proposition 23.20]. Moreover, we also define the space C'([0,7T]; X) as
the space of functions u such that u, dyu € C([0,T]; X), where 0,u now coincides
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with the classical derivative of u. For more details regarding the definition of
WP (0,T; X), we refer to [74, Ch. 23].

Suppose that X is a separable reflexive Banach space. The spaces LP(0,T; X),
WhP(0,T; X) are separable if 1 < p < oo and reflexive if 1 < p < oo, see [74,
Propositions 23.2, 23.7]. These properties are used in Lemma 4.1, which is then
applied several times in the proof of our main result Theorem 3.2 below. More-
over, for 1 < p < oo and X separable, reflexive, we can make the identification

(LP(0,T; X))* = LP'(0,T; X*), (3.3)

see [74, Convention 23.8].

3.2 System of equations and its variants

We recall that 7 > 0 and  is a domain in R? with a Lipschitz boundary 0.
Then, we set @ = (0,7) x 2. Assume that v, 7, k, §, A are real functions that are
continuous, positive, and with an appropriate growth near 0 and oo (specified in
the next section). Finally, let f, v, By and 6y be some appropriate data.

In the best case scenario, we would like to find a sufficiently regular triple
(v,B,0) : Q — R? x RE4 x (0, 00) that solves the system

divo =0, (3.4)
0w+ v - Vo —div(2v(§)Dv) + Vp = 2ap div(0B) + f, (3.5)
OB +v-VB+66)y(|B—1))(B —1I) — div(A(§)VB) (3.6)
= WovB — BWv + a(DvB + BDv), '
o040 + c,v - VO — div(k(0) V) = 2v(0)|Dv|* + 2au 6B - Dv (3.7)
everywhere in @ = (0,7") x Q, T > 0, fulfils the boundary conditions
v=0 n-V=0, n-VB=0 on (0,7) x 09 (3.8)

and satisfies the initial conditions
'U(O) = o, ]B(O) = Bo, 9(0) = 90 in €.

Moreover, we require that such a solution satisfies basic physical principles,
namely the conservation of total energy and the second law of thermodynam-
ics (at least in some weakened sense). As long as (v,B, ) are so smooth that
every term in (3.4)—(3.7) is well defined and that (3.5) can be tested by v, one
can derive the local form of the total energy balance. Indeed, if we take the scalar
product of (3.5) with v and add the result to (3.7), we obtain

OE +v-VE —div(k(#)V0) = div(—pv + 2v(0)(Dv)v + 2au6Bv) + f - v. (3.9)

However, unless in some rather unrealistic setting, it is not known whether
the multiplication of (3.5) by v can be justified rigorously due to low regular-
ity of v, as can be seen already in the case of Navier-Stokes equations in three
dimensions. This issue can be overcome by enforcing validity of (3.9), i.e., sim-
ply by replacing (3.7) with (3.9). This has several positive side effects. Firstly,
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the term 2v(0)|Dw|? (usually only an integrable quantity) is replaced by the term
2v(0)(Dv)v, whose integrability is always better. On the other hand, it is then
necessary to take care of the pressure, which appears explicitly in (3.9). This pro-
cedure was fully exploited in [12] in the case of the Navier-Stokes-Fourier system
with temperature, pressure and shear rate dependent coefficients. The second
benefit of (3.9) over (3.7) applies only in our case as it concerns the additional
term 2aufB - Dv. We shall see later in this chapter that it may be impossible
to give a meaning to this term on the level of weak solutions (depending on
the growth of k, v and on By). This is also the term which is very often omitted
in the “naive” approach to the temperature dependent viscoelastic models (see
the discussion in [40] and references therein). But we have seen in Chapter 2
that such a simplification is physically incorrect. Thus, the equation (3.9) really
seems as a suitable replacement for (3.7).

However, our solution concept defined below is so weak that even the term
2a10Bv (or k(A)VEH) may not be integrable. Thus, in general, we need to avoid
(3.9) in its local form (as well as (3.7)). Instead, we only require that the total
energy of the whole fluid is conserved, i.e., we integrate (3.9) over 2 and, using
the integration by parts and boundary conditions (3.8), it reduces to

(ilt/QE:/Qf'v' (3.10)

The equation (3.10) always makes sense for our weak solution and it plays an im-
portant role in the a priori estimates.

Since (3.10) is only an ordinary differential equation in time, we clearly need
to supplement our system with another information. This is the point where
the laws of thermodynamics come into play. In our case, these can be expressed
by

n=c,In0— pu(trB —d—IndetB), (3.11)

2v(0)
§=5

D2 + £(0)|V n 62 + p(0)(|B — 1)) [BE — B3 [2 (3.12)
+ uA(O)|B= VBB 3| > 0,

where (3.11) is the definition of entropy in our model, while (3.12) expresses
the fact that the entropy of a closed system never decreases over time. These
quantities are related by the balance equation

om—+v-Vn—div((0)VInd — uA(0)V(trB — d — Indet B)) = &, (3.13)

which is added to our system and which can be derived from (3.6) and (3.7) as
follows. First, we multiply (3.6) by u(I —B~!). To this end let us denote

Ye(B) = p(trB —d — Indet B)
and compute the resulting terms separately. By (4.40) from Chapter 4, we have
e (B) = p(I—B),
hence we can rewrite the first two terms as

p(I—=B 1) (OB +v-VB) = i) + v - Vile. (3.14)
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Next, relying on (4.34) and positive definiteness of B, we may write that

p(I—=B71)-6(0)y(|B —1|)(B —T)
0)Y(|B —1))B=(Bz —B~*) - B> (B> — B~?)
6)Y(|B —1|)[B> — B2 2.
Further, utilizing (4.39), we get
—p(I =B - div(\(0)VB) =
— div(pA(@) (T - B~ 1) - VB) — uA(0) VB~ - VB
— div(A(8) V) + pA(6)| B2 VBB 2 %,

Finally, using (4.34) and (3.4), we deduce that

p(I—B7) - (WoB — BWo + a(DvB + BDw))
= ul - (WoB — BWv + a(DvB + BDv))
= apl - (DvB + BDw)
= 2auB - Dv.

(3.15)

Therefore, applying (3.14)-(3.15) in (3.6) multiplied by u(I —B~!), we obtain

6t¢e(]B) +v- Vwe(B) - le(A(9>V¢e(B)) (3 16)
= —p8(0)v(|B —1))|B2 — B 2|2 — pA(0)|B"2 VBB 2|2 + 2auB - Dv.

Secondly, we multiply (3.6) by 3 to get

c,0rlnf + c,v - Vinh — div(k(6)VIn o)

= r(0)|[VIno)?* + 21/0@|]D>v|2 + 2auB - Dv. (3.17)
If we subtract (3.16) from (3.17), we obtain precisely the entropy equality (3.13).

Note that, from the point of view of analysis, the equation (3.13) should really
be preferred over (3.7) or (3.9) since the terms 2aufdB - Dv, 2au0Bv disappeared
and, most importantly, every term in (3.13) is either a derivative of something,
or non-negative. Thus, by integrating (3.13) over 2, we find

(i/QnI/QSZO, (3.18)

which is the second law of thermodynamics. This relation is the cornerstone of
our a priori estimates since it yields integrability of &.

Here it is interesting to make another comparison with the work [12]. There,
an analogous version of entropy equality (actually an inequality, see below) is de-
rived merely as an additional property of the constructed weak solution and is not
needed for its existence. The key uniform estimates are deduced by testing some
approximating equations for v and @ separately by v and #*, A € (=1,0). On
the other hand, in our case, testing (3.6) by v gives us nothing as the right hand
side now contains B. Instead, we draw most of the information from (3.18) (3.10)
and from (3.7) (in its approximated form). Thus, unlike in [12], the fulfilment
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of the entropy inequality is absolutely crucial in our analysis. A similar remark
actually applies also for analysis of “scalar” viscoelastic models as in [19], [11] or
[20]. There one obtains uniform estimates on Vo simply by testing the momen-
tum equation with v and using the Young inequality to absorb the term f - v.
This is not possible in our situation as we need first to add the equation for in-
ternal energy (to eliminate the terms with B), which then annihilates the viscous
dissipation term and leads only to (3.10). We, on the other hand derive the uni-
form estimates on Vo from the entropy inequality and from the approximated
temperature equation. These issues suggest that the fundamental information
about the solution stems from the entropy inequality rather than from the en-
ergy balances.

Another major difference compared to the theory of Navier-Stokes-Fourier
fluids can be seen in (3.7). If B = I, then the term 2audB - Dv vanishes and
the right hand side of (3.7) is positive. Thus, one obtains a minimum principle for
the temperature and the analysis in [12] is very much built on this fact. However,
in our case, the term 2au0B-Dwv does not have a sign, nor can it be estimated and
hence it is impossible to prove a minimum principle for the temperature. Instead,
we again have to rely solely on the entropy inequality to show that 6 > 0 (and
that B is positive definite) almost everywhere in Q.

The reason why we speak about entropy inequality (instead of equality) is that
¢ is a priori only an integrable quantity. Hence, when constructing a solution as
a weak limit of some approximations, it is not clear if one can pass to the limit
in (3.13) without using measures. Therefore we take advantage of & > 0 and
impose (3.13) only with inequality sign (relying on the Fatou lemma or weak
lower semi-continuity in the limiting processes). Thus, we actually construct
a weak solution whose dissipation is at least £&. Hereby we are admitting that
there might be further entropy producing mechanisms that we do not know. For
similar reasons, (3.10) is going to be only an inequality as well. On the physical
side, this means that the energy can not be spontaneously created from nothing,
but it is allowed to transmute into some forms that are not modelled. A precise
nature of this transformation of energy is not yet known even in the much simpler
case of (three-dimensional) Navier-Stokes equations, even though a formula for
it was found in [28] (actually, this issue is intimately connected with the open
problem of regularity of solution to Navier-Stokes equations).

The importance of the entropy inequality in the mathematical analysis of
fluids has been observed in several other works treating fairly complex fluids. For
example, we can mention its use in the theory of compressible Navier-Stokes-
Fourier equations (see [32] or [33]). There, the so-called relative entropy/energy
inequalities play a key role in proving, e.g., the weak-strong uniqueness property
of solutions. Furthermore, in [18], the entropy inequality is a crucial tool for
proving existence of a weak solution to a model describing an unsteady flow of
an incompressible heat-conducting mixture of several fluids.

An interesting comparison can be made with the theory in Chapter 5, where
the isothermal case of a similar viscoelastic model is studied. There, the analysis
relies on the uniform control of the quantity < (1|v[>+¢). If we go back to (2.11),
take the material time derivative and use the balance equations (2.2), (2.3), (2.4),
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we (eventually) obtain

d . . . . .
GGl +0) +06 + 00+ V0 G, = div(To —j. +05,) + v, (3.19)
From this we clearly see that in the isothermal case one obtains, after integration

over {2 and application of boundary conditions, that

S QP v+ [og=[ 5w (3.20)

As & > 0, this is a very powerful identity, which yields all the necessary a priori
estimates. This approach completely fails in our case, as we can not eliminate
the term 67 in (3.19). Although we can use that

o+ O = g + Ot - B — 60pp = Oty - B,

this does not help either, since the right hand side is not in the form of a total
derivative (since ¥ now depends also on ). Intuitively, this phenomenon can be
understood as follows. In (3.20), the term 6 represents energy which is dissipated
into some unknown quantities that are not modelled in the isothermal case and
thus have no influence on v and B. On the other hand, in (3.19), we clearly see
that this dissipation has an immediate impact on the evolution of temperature,
which in turn affects the evolution of v and B via corresponding changes in
the material coefficients. Therefore, the identity (3.19) is merely a tautology
and gives us no information at all. Finally, in relation with the analysis in [6],
we remark that modifying the Helmholtz free energy with the term %\B — 1% is
possible in our situation as well. However, the major drawback of this approach
in our setting is that (3.5) newly includes the term 2ap div(6B?), which has very
poor regularity due to the presence of 6 (unlike in [6]).

Now we state the final form of the model (3.4)—-(3.7), which we consider in
the subsequent analysis. For the reasons explained above, instead of (3.4)—(3.7),
we actually study the system

dive =0, (3.21)
0w +v - Vo —div(2v(0)Dv) + Vp = 2ap div(0B) + f, (3.22)

OB +v-VB+4§0)y(B—1])(B —1I) — div(A(F)VB)
= WoB — BWv + a(DvB + BDwv),

om+v-Vn—div(k(0)VInd — AN@)uV(trB —d — Indet B)) > £, (3.24)
n=c,In0— p(trB —d—IndetB),

(3.23)

2 : — B
£ = Do + KOV IR + 501 (B-TDBE B g0
+ pA(6)[B~2 VBB : |

in @ together with the inequality

d

LGP < [ fo w0, (3.26)
with boundary conditions

v=0, n-V8=0, n-VB=0 on (0,7") x 09

29



and with initial conditions
’U(O) = o, B(O) = Bo, 9(0) = 00 in €. (327)

Although the system (3.21)—(3.25) is stated in the classical way (for better read-
ability), our existence analysis concerns only its weak formulation, of course. This
seems to be more natural even from the physical point of view, as the primary
form of balance laws is global, i.e., integrated over some volume of the fluid (cf.
[17]). In the literature, it is common to refer to weak solutions of Navier-Stokes(-
Fourier) equations as to suitable weak solutions if they fulfil the second law of
thermodynamics. We stick to this convention, however we do not claim that our
notion of suitable weak solution coincides with, for example, the similar notion
n [12], [17] or [21], even if B = I. The crucial difference is that we consider
the balance of the total energy only globally and thus, there is no local relation
between 9,0 and 9;|v|?. However, we can observe that our suitable weak solution
is also a suitable weak solution in the sense of [17] if it is sufficiently regular.
Indeed, if we were able to multiply (3.22) by v, (3.23) by (I —B™') and (3.24)
by 6, then, after summing everything together, we would obtain

OE+v-VE —div(k(0)VE) > div(—pv + 2v(0) (Dv)v + 2au0Bv) + f - v.

However, this inequality must actually be an equality since the strict inequality
(on any subset of @) of positive measure) would violate the global conservation of
total energy (3.26). Thus, we recover the local balance of total energy (3.9) and
the equivalence to the concept of weak solutions in [17] easily follows (in the case
B =1T). Of course, the requirement that (3.22) can be tested by v (and so on) is
overly optimistic (unless d < 2). However, since our solution can be constructed
as a limit of suitable approximations, the decisive criterion for the validity of (3.9)
is merely that every term can be defined in a distributional sense. We discuss in
Section 3.6 below when this actually happens.

3.3 Assumptions on the material coefficients

In this section we specify the growth properties of the material coefficients v, ~,
K, §, A quantitatively. Assume that for some numbers r > 0,¢ > 1 (that are
further specified below) the parameters of the model fulfil

a€R, (3.28)

Cyy b >0, (3.29)
0<wv,7,kd\€C(0,00), (3.30)
Ct<wu(s)<C foralls>0, (3.31)

151 < q(s) < Cs? for all s > s, (3.32)

C~ (1 + s ) k(s) < C(1+s") forall s >0, (3.33)
C ' <é(s) <C forall s >0, (3.34)
Ct<A(s) <O forall s> 0. (3.35)

for some constants C' > 0, sg > 0. Let us make a few remarks concerning these
assumptions. The property (3.31) is quite relevant for fluids as there seems to
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be an experimental evidence that the viscosity of fluids (unlike gases) is not
growing above all bounds with increasing temperature. Thus, we decided to
stick with the assumption (3.31) even though a possible growth of v for large
temperatures (which is typically the case for compressible gases) leads to less
restrictive assumptions on other parameters (for example, if v was linear, then
one could choose 7 = 2 to proceed with the analysis). The assumption (3.32)
is purely theoretical; we need it to show sufficient integrability of B, which is
otherwise not available as the a priori estimates on VB are too weak. However,
as this term is related to the dissipation, we do not feel it is a serious drawback.
Indeed, assumption (3.32) gives a restriction only for extreme values of B, which
are never attained in reality. In addition, there are also models (the so-called
FENE models), where the a priori estimates require that B remains bounded.
We remark that (3.30) and (3.32) imply that there exist C,C}, Cy > 0 such that

Cis? —Cy < v(s) <C(1+s7) forall s>0, (3.36)

which is a convenient form of (3.32) for the analysis below. The assumption (3.33)
governs the growth of the thermal conductivity coefficient. In the existence theory
below, we require that either r, or ¢, is fairly large. For example, we assume that

r—oo if ¢— 14

(cf. (A1) below). Finally, the assumptions (3.33) and (3.35) are chosen just for
simplicity. On one hand we could easily assume some growth with respect to
the temperature, on the other hand, the experimental data do not show any
rapid growth of these parameters neither for large and for small temperatures.

In addition to ¢ and r, our model also contains the parameter o > 1, which is
the integrability exponent of the initial datum for the unknown B. The parameter
o has a direct impact not only on the integrability of the unknown B, but also
on the other unknowns v and 6. The larger o is, the better information can be
drawn from the equation (3.23). Nevertheless, the case ¢ > ¢, gives no further
advantage over the case 9 = ¢ since we cannot expect that the quantity Dv (which
is present on the right hand side of (3.23)) is better than square integrable. Vice
versa, in the excluded! limiting case ¢ = 1, the equation (3.23) does not seem
to provide any additional information than what is encoded in the energy and
entropy balances.

Next, we place the restrictions on r, ¢ and p that are needed for:

1) existence of suitable weak solution,
2) fulfilment of the local balance of the total energy,

3) fulfilment of the local balance of the internal energy (or the temperature
inequality in our case).

To this end, let us first define

2
o = min{q, o} and rqa="+ pt (3.37)

!The case ¢ = 1 is excluded since then the third term of (3.23) becomes only a L! quantity,
which causes difficulties in the construction of a solution.
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Conditions needed for existence of a suitable weak solution

We always suppose that r, g and p satisfy

7’>1—§, qg>1, o> 1. (A0)

Then, the conditions
(ra=1)(g—1) > 2, (A1)
(rd—1)<q—|—a—d2+d2>>dé:_d2 (A2)

are the minimal requirements for which we can prove existence of a suitable weak
solution, as we explain in the next section.

Conditions needed for the local balance of F

Further, the conditions

(rd—l)(q+0—2)>4—§, (B1)
(ra=1) <q+“_ d?f2> ” d(i:lz (B2)

seem necessary should the local balance of the total energy (3.9) be fulfilled if
d =2 or d = 3. The case d = 1 necessitates another restriction on r, ¢, o and
is omitted for simplicity. On the other hand, in the cases d > 4, it is unclear if
v € L3(Q), for any choice of r, ¢ and p.

Condition needed for the local balance of e

Finally, the condition
(ra—1)(g+0—-2)>4 (©)

is needed for the validity of the temperature inequality
co0if) + cyv - VO — div(k(0)V0) > 2v(0)|Dv|* + 2au 6B - Dv

(i.e., for the local balance of the internal energy).
Since o < g, it is obvious that (C) implies (A1) and (A2), written symbolically
as
(C) = (A1) A (A2).

Moreover, if d < 3, it is easy to see that the relation
(C) = (A1) A (B1) A (B2) = (A1) A (A2)
is valid. Instead of (A1), we often use one of its equivalent versions:

qg+1

g+1 gt1
q—1’ '

rg > rg>2¢ —1, or 7r,<
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Likewise, it is useful to note that (A2) is equivalent to
4d

s 14—
a+o-35
hence also to B
1+ 22,
< = — . 3.38
Q+U—d27_52
Similarly, condition (B2) is equivalent to
d—+2 3d
< —= — . 3.39
T4 764 <Q+J+d+2> (3:39)
Furthermore, defining
qg+1 q+o+2
ro=-—— and rn=-—-—,
qg—1 q+o—2

we observe that
(Al) isequivalent to 74 >7ry and (C) isequivalent to 74> 7.

Let us make one important remark on the assumptions above. By impos-
ing (A0)-(A2) and (3.31)-(3.35), we place some restrictions on the coefficients
of the model which may not agree with experimental measurements. Thus, one
could think that this renders our analysis useless in the actual applications. How-
ever, from the physical point of view, these assumptions are completely irrelevant.
Indeed, note that (3.31)—(3.35) restrict only the asymptotic behaviour of the coef-
ficients. For example, any continuous function x defined on some interval (6, 61),
0 < 6y < 0, < oo, can be modified in a neighbourhood of 0 and oo so that
(3.33) holds. The interval (6o, #1) may represent the temperature range for which
the model we are considering makes sense. When the fluid starts to freeze or
boil, then we are clearly outside this range and it makes no sense to prescribe
the coefficients v, k, 6 and A there. On the other hand, it is unclear whether one
can deduce some absolute bounds for the temperature, besides # > 0, using only
the information that is encoded in (1.2)—(1.7). Thus, purely for mathematical
reasons, we have to assume that these material coefficients are defined in some
way also outside (fp,6;). A similar remark applies also for the coefficient . If
|B — I is too large, any realistic material eventually breaks down. Thus, we may
set v(s) = 1, s € [0, s1), where s; is large, to mimic the Oldroyd-B model, for
example.

3.4 Definition of suitable weak solution
To state the definition of the weak solution conveniently, let us first define certain

quantities that depend only on the given numbers ¢, r, ¢ and d. These play
an important role in the existence theory below. We set

q/—i—ia if rg <y,
p= 2) if rg=r, (3.40)
2 if rg>nry,

33



where the symbol xg), o € R, is an abbreviation for any number from a (suffi-
ciently small) left neighbourhood of z, excluding zy. Furthermore, we set

(ra—D(g+o) 2 .
2 —— if
Ry=R+ 7, where R= 2 g ST (34)
r+1) if rg>nr.
Next, we define
d+2
P = min{p,p;;i} (3.42)
and
if <q,
”r = {" it o<q (3.43)
o) if o=q.
Finally, we set
2 2
Sp = m and sy = min{Q + 71 + 0}. (3.44)

Definition 3.1. Let T > 0 and let Q@ C R%, d € N be a Lipschitz domain. As-
sume that the constants a, c,, p and the functions v, d,~, k, X fulfil the assumptions
(3.28)—(3.35) with the numbers q,r, 0 satisfying (A0)—(A2). Let the numbers o,
p, R, Ry, p1, 01, So and sy be defined by (3.37), (3.40), (3.41), (3.42), (3.43) and
(3.44), respectively. Suppose that the data satisfy

vo € L*(Q), By € L9(Q), 6, L'(Q), fecL*0,T;L*Q)), (3.45)

where the function By is positive definite a.e. in 2 and the function 6y is positive
a.e. in §2. Moreover, assume that the function 1y defined by

Mo = ¢y Inby — p(tr By — d — Indet By)
fulfils
no € L*(Q). (3.46)
Then, we say that a function (v,B,0,7) : Q@ — R? x R x (0, 00)
is a suitable weak solution of the initial-boundary value problem (3.21)—(3.27) if
the following properties are satisfied:
v e LP(0,T; Wy k) NCu([0, T]; L2 (), (
O € LP(0,T; Wy g, (3.48
B e L0, T; W (2)) N Cu([0,T]; L7() N LT(Q),  (
OB € (L0, T: W () N L7(Q)) . (
B VBB 2 € L*(Q),
Indet B € L*(0,T; Wh*()) N L>(0,T; L' (Q)), (3.51)
0% € L*(0,T; W“(Q)), (3.52)
0 € L>=(0,T; L'(Q)) N L7(Q), (3.53)
Ing € L*(0, T; WH*(Q2)) N L=(0,T; LY(Q2)), (3.54)
n € L0, Ty Wh(Q)) N L¥(0,T; L) N L*(Q);  (3.55)
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the identity
n=c,n0—ptrB—d—IndetB), (3.56)

holds almost everywhere in Q; equations (3.22), (3.23), (3.24) and (3.26) are
satisfied in the following sense:

[ (0. 0) ~ (050, 99) + (v(O)Dv, Vi)
= - [ CantB. Vo) + [ (£.9) (3.57)
for all @ € LP(0,T; Wl(ffv)

/OT(é?tIB% A) — /T(IEB@MJ,VA)
+/ (B - I))(B / (6)VB, VA)

(3.58)
- /0 ((aDw + Wo)B, A + AT)
forall A e L0, T;Wh5(Q)) N L71(Q),
T
(m:9)0(0) = [ (n.0)0ne
n /T (k(0)V 106 — uA(O)V (tr B—d—In det B) — v, Vo)
(3.59)

2
>/ ( 2O) D2 4 1(0)[V In 6
0
+ p8(8)1(1B — I)|B? — B4 + pA(0) B VEBH, )
forall 0 < e W'(0,T), ¢(T) =0, and every 0 < ¢ € WH>(Q),

/Q(%Ivluczﬁ)(t) S/Q(élvo|2+cv90)+/o (f.v) fora.a. te(0,T); (3.60)

and the initial data are attained in the following way:

i [0(t) — voll, = 0. (3.61)
L [B(1) ~ Boll, = 0. (3.62)
e§i})i+m]|0(t) — ]|, =0, (3.63)
esstlilgiinf A n(t)ep > /Q’flo¢ forall 0<¢eWh™(Q). (3.64)

The bounds (A1)—(A2) are needed to define all the terms appearing in (3.57)—
(3.59). Let us now quickly verify this fact using Holder’s inequality and properties
(3.47)—(3.55). Also, for this purpose, let us assume that the test functions are
smooth, the precise computations are carried out in Section 3.5 below. From
an interpolation inequality, the Sobolev inequality and (3.47), we get

v e LTI, T; LU+ DP(Q)). (3.65)
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Now we observe that (A2) ensures that the exponent (1+ 2)p is greater than two.
Indeed, recalling (3.40), this is obvious if r4 > ry, while if rg < r4 < r; we use
(A2) in the form (3.38) to estimate

q+o q+o 2d
T 1 4 T d+ 2
g — W(Q‘FU) -+

p

Thus, by the virtue of the Cauchy-Schwarz inequality, the convective term v ® v
in (3.57) is integrable. Next, using (3.41) and (A1), we get

1+1_ 2 +1_ rg+1 _1_
Ry q+o0 (rq—1)(g+0o) q+o (ra—1)(g+0o) »p

if 74 < r; and the same inequality also holds in the (subcritical) case ry >

since
1 1 1 1 1 1

+ <+ <+
ra+1 q+o 2¢ qt+o ¢ q
Thus, appealing to (3.49), (3.53) and Hélder’s inequality, the term 0B appearing
in (3.57) is also integrable. In (3.58), the expression 0(6)y(|B — I|)(B —I) is well
defined due to (3.36), (3.34), (3.49) and ¢+ 1 < g+ 0. In certain sense the worst
term is VuB, which nevertheless, is integrable by (3.49) and (3.47) since (Al)
implies

1 1 2r, — 1 1 q+1 ,

-+ = + < <1 ifrg<mry,

P qto q+o qto qto
while in the case ry > 7y, it is enough to use ¢ + o > 2. Moreover, the convective
term B ® v is clearly more regular than VoB, recall (3.65). In equation (3.59),
the convective term nv is also well defined due to (3.55): we already know that

v is better than square integrable and 1 has the same property since

2
szzmin{2+d,q+a} > 2.

The term x(6)V In 6 is integrable provided that y/x(6) is square integrable (using
(3.54)), which is true since 67 € L@(Q) by (3.53) and

Ry>rg>r.

Indeed, this inequality is obvious if r4 > r1, while if ry < r4 < 71, it follows from
(Al) as

ra—1)(g+o ralq+o—2)—q—o

R, ra=BDlato) . rale ) — 4

2 2

¢ +q0—2¢+q+o0—-2-¢"—qotqto
>1rg+

2(¢—1)

O’_
=rq+ ——>71g.

q—1

The term VindetB is square integrable due to (3.51). Finally, each term on
the right hand side of (3.59) is integrable since every one of them is non-negative
and n € L>(0,T; L*(Q)).

Thus, we have verified that Definition 3.1 is reasonable if (A0)-(A2) hold and
also that the requirements (3.47)—(3.55) are natural. The purpose of the further
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assumptions (B1), (B2) and (C) is explained later in Section 3.6 and Section 3.7,
respectively.

It is easy to show that every smooth suitable weak solution satisfies the weak
form of local balance of total energy, using the same manipulations as in Sec-
tion 3.2. Then, using integration by parts and the fundamental lemma of vari-
ational calculus, we obtain precisely the system (3.21)—(3.27), (3.9). This is the
the weak-strong compatibility of the suitable weak solution.

In our main result below we show that under the assumptions of Definition 3.1
a suitable weak solution exists. It may be interesting to note that p < 2 if
rq < r1. In other words, we obtain a weak solution of our system even without
knowing whether the viscous dissipation 2v(#)|Dw|? is an integrable quantity or
not. A similar phenomenon is also observed in the existence theory for heat-
conducting compressible Navier-Stokes equations (see [33], [34, Ch. 2]) or for
certain fluid mixtures.

It remains to show that a suitable weak solution to (3.21)—(3.27) exists.

3.5 Existence of a suitable weak solution

In this section we state and prove the main result of this thesis, which is the fol-
lowing theorem.

Theorem 3.2. Suppose that all the assumptions of Definition 3.1 are fulfilled.
Then, there ezists a suitable weak solution to the system (3.21)—(3.27).

Proof. Although the Theorem 3.2 is stated for d € N, the proof is done for d > 3.
The cases d = 1 and d = 2 are, of course, simpler and can be obtained by obvious
modifications of the proof below.

The general strategy is the following: We approximate the system (3.4)—
(3.7) (the one with temperature equation) using several parameters to obtain
a proper Galerkin approximation and we show that the resulting (ODE) system
has a solution. After that, our aim is to derive the entropy equation. At this
point, possibly irregular terms containing 6 and B are cut off and v is smooth,
hence we easily obtain uniform estimates for the Galerkin approximations of B
and 0. After taking the limit in these, we can extend the space of test functions
in the equations for B and #. Using this, we prove invertibility of # and B, which,
in turn, enables us to derive the entropy equation. From this equation we read
the fundamental uniform estimates. Some of these estimates are then improved
by considering appropriate test functions in the equations for # and B. Finally,
we pass to the final limit, identify the non-linear terms and initial conditions,
hereby obtaining a solution of the original problem.

3.5.1 Approximation scheme

Here we introduce an approximation, which is essential for the proof. It is con-
structed in a way that one can prove a minimum principle for the spectrum of B
and for 6. This is a key step in obtaining the entropy inequality, from which we
then read a powerful a priori estimate that is uniform with respect to all parame-
ters. We also prepare some simple estimates corresponding to this approximation,
that are used later in the proof.
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For any w € (0, 1), let us define the “cut-oftf” function

max{0, A(A) — w} max{0,7 — w} AR R,

9o T) = TR T )1 + WAP)(7] + @)1+ wr?)’ sy

where
A(A) = the smallest eigenvalue of A.

Note that g, is a continuous function in R¥X? x R and satisfies 0 < g,,(A,7) < 1

sym

for every (A, 1) € R¥X? x R. Moreover, if A(A) < w or 7 < w, then g,(A,7) =0,

Sym

whereas if A(A) > 0 and 7 > 0, then

lim g,(A,7)=1.

w~>0+

Furthermore, we remark that
go(A, 7)1+ [Al + AP+ |AP)Y A + 7+ 77) < C(w). (3.66)
Then, we consider the following w-approximated system of equations in Q:

Ov + div(v ® v) — div(2v(0)Dv) + Vp = div(2apg, (B, 0)0B) + f, (3.67)

OB +v-VB+4§0)y(B—1])(B —1I) —div(A(§)VB)
= g,(B, 0)(a(DvB + BDv) + WoB — BWwv),

00 + c,v - VO — div(k(0) V) — w div(|VE]"VE)

= 2v(0)|Dw|? + 2aug.,(B,0)0B - Dv (3.68)
with the boundary conditions
v=0, n-VB=0, n-VO=0 on (0,7) x 00 (3.69)
and the initial conditions
v(0) =vy, B(0)=DBy, 6(0) =46 in €,
where By and 60 are defined by
B () = { Bo(z) if A(Bo(z)) >w and [Bo(x)| < ¥,
I elsewhere;
o (w) = { QOEI) ! Wel<s<§231(r1xez"e.< 2
With such a definition, these functions clearly satisfy
ABY) > w, 0y > w (3.70)
and
Bg| < f 5] < - (3.71)
in ). Moreover, it is evident that
BY| < Vd+ By, 0Y<1+6,, (3.72)
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and, since In1 = 0, also that
| Indet By | < |Indet By, |In6g| < |In 6| (3.73)

a.e. in Q. Let us further remark that, since By € L7(2) is positive definite a.e. in
Q, the Lebesgue measure of the sets {A(By) < w} and {|By| > 1} tends to zero
as w — 04, and thus

IB5 — Boll; = |

IT—Bo|” +
A(Bo)<w

L= Bl — 0. (3.74)

Bol>

Using a completely analogous argument for 6§ and relying on the assumptions
0o € L'(Q), 6 > 0 a.e. in Q, we also obtain

165 — 6oll, = 0, w — 0. (3.75)

In (3.68) we also included the term —w div(|V8|"V0) which does not appear
in the original temperature equation. This term vanishes in the limit w — 0, and
is used only to avoid the construction of a weighted Sobolev space of the type

{u e Wh2(Q) : / K(0)|Vuf? < oo}
Q
(where the density of smooth functions is not available in general).

Galerkin approximation

Next, we discretize the w-approximated system in space by the Galerkin method.
Following the results from [52], we find the bases {w;}2,, {W;}22, and {wy}32,
of WN2(Q)NWy i, WN2(Q) and WY2(Q), respectively, with the following prop-
erty: The bases are orthonormal in L*(Q2) and orthogonal in W"2(Q) with N € N
so large that WN:2(Q) < W1°(Q). Let us also assume, without loss of general-
ity, that wy = Q|2 in Q and that W = W; for every j € N. Moreover, for any
¢,n € N, there exist L2-orthogonal projections

Py : L*(Q) — span{w; }'_,,
Qn: L*(Q) — span{Wj}?zl,
R, : L*(Q) — span{w;}}_,

and
Py, Qn, R, are continuous in L?(2) and W™*(Q), independently of £,n. (3.76)

We fix £,n € N and consider the problem of finding the functions o, 85, v& of
time, where : = 1,...,f and j,k = 1,...,n, such that the functions v,, By, 0s,
defined as

Ve (t, ) = Z aj, (Hw;(x),
=1 (3.77)

Bunlt,2) = D BL(OW,(2) and O = 3 h ()
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satisfy the following equations a.e. in (0,7}), Ty > 0:
(Oyvpn, w;) — (Ve @ Ve, Vw;) + (20(04,) Doy, V)
—(2ap19 Ben, Orn ) 0enBen, Vwi) + (f, wi),
(0B, W) + (Vi - VB, W)
+ (6(0en)Y(IBen — 1)) (Ben — L), Wy) + (A(0en) VB, VW) (3.79)
= (294 (Ben, 0en) (aDvgy, + Woy,) By, W),

(Cvategn, wk) + (CU’Ugn . Vegn, wk) + ((/i((ggn) + w\VegnV)VOgn, Vwk)

(3.78)

3.80
= (2v(0u) | Dvgn|? + 201190 (Ben, 00n)00n B - Dvgn, wi), (3.80)

forall 1 <i¢ <1, 1<j k <n and with the initial conditions
’Ugn(O) = ngo, Bgn<0) = QnBBJ, ng(O) = RnG‘O" in Q. (381)

Since, by the L2-orthonormality of the bases, we have

(atvfnv wz) - Z ato‘%(“’m?wi) - (aZn)/
m=1

and similarly ‘
(atBén7Wj> = (ﬁgny? (atefny wk) (an) )

the system (3.78)—(3.80) can be rewritten as

(
<a2n> :Fl(ua%n?"'aagn)? S 17"'767
(

an)/ = F2(5€1n7 cee 7621)’ .] - 17 e, n, (382)
('yf) :Fg('yeln,...,”yg‘n), kE=1,...,n

This is a system of /+2n ordinary differential equations. Though it contains many
non-linearities, it is easy to see, using (3.30), that Fy, Fy and F3 are continuous
with respect to the variables o, ﬂgn and ~f , respectively. Moreover, the explicit
dependence of Fj on time is controlled by

|(f wi)l < [ Fllllwill, € L*(0,T).

Thus, we can apply the Caratheodory existence theorem (see [24, Chapter 2,
Theorem 1]) and hereby obtain absolutely continuous functions af,, Bgn, o
1 <i<? 1< jk<n,solving (3.82) on (0,7p), where Ty < T is the time of
the first blow-up, i.e., the time, for which

im (Z i ]+ 3 10+ |véfn<t>|) —e (38)

t—(To)—

If we use the a priori estimates derived in the next section (see e.g. (3.85)) and
apply them onto the interval (0,7}), we can prove that

4 n n
sup (Z(O/en( ))2 + Z Bfn Z IYZn ) < 0,
t€(0,70) \i=1 j=1 k=1

which contradicts (3.83). Hence, there can be no blow-up and the functions
Vg1, By, Oy are defined on an arbitrary time interval, in particular on [0, 7.
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3.5.2 Limit n — o

By multiplying the i-th equation in (3.78) by af,, summing the result over all
i =1,...,¢ and using (3.69), integration by parts, and the fact that dive = 0
(so that the convective term vanishes), we obtain

vl + | V2G|

= —(2aug., (B€n7 On)0enBen, Dvg,) + (f, ven)

a.e. in (0,7"). Then we use (3.31), (3.66), (3.81), Korn’s and Young’s inequality,
and deduce

d
—leall3 + 190all} < C@) [ Dol + CIF 1, Tvel
1
< Cw) +ClIfll; + 511 Vol

a.e. in (0,7). Integration with respect to time and the use of (3.76) and (3.45)
directly leads to

T
sup o (@) + [ [9val; < (), (3.84)

te(0,T

(we do not need to trace the dependence of constants C' on the data f, vg, 6y, or
By as these are fixed functions in our setting). Recalling the construction of vy,
in (3.77) and L*orthonormality of the basis vectors {w;}_;, we note that

¢
loen ()15 = (g ().
i=1
Hence, the estimate (3.84) yields
sup z aia(1)? < Clw), (3.85)
te(0,T) ;
which, together with w; € Wh>(Q), i =1,..., ¢, implies
[Ven | pooyroe < Clw, ). (3.86)

Using (3.85) together with (3.66) and (3.31) in (3.78), we see that

H mé")/ 2;(0,T)

= [|(ven @ Ven —20(00n) D0y — 2119 (Ben, 00n)0enBen, Vwi) + (F, wi)llg, 0.1

= || (Dven, wi) ||2;(0,T)

¢
< CO|I> () + lojal +1) CON £l 21
i=1 2;(0,7)
< C(w, ).
Thus, we get
K .
10evenl o0 = || D_(0thn) Wi < Cw,0) (3.87)
=1 L2W 1,00
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and, using the fundamental theorem of calculus (see [67, Theorem 7.20]) and
Holder’s inequality, also that

. . t . 1
g, (1) — ag,(s)| < / (ag,)'] < C(w, O)|t — 5|2 for every ¢,s € [0,T] (3.88)

and any ¢ = 1,..., /.

Next, we multiply the j-th equation in (3.79) by ﬁgn and sum the result over
7 =1,...,n. Note that the convective term vanishes after integration by parts
and use of (3.69) and dive = 0. Also the term including Wwvy, vanishes due
to (4.34) and symmetry of BZ . Thus, we obtain

2

2 (3.89)
= (200 (Ben, 0) DV Ber, By,

1d
52 Benlls + (600} (B — 1) (B — 1, Ben) + |/ A(Bon) VB

a.e. in (0,7"). To estimate the second term in (3.89) from below, first we remark,
using the Young inequality, that

(Bew — 1) - Ben = [Bew — 1> + (B — 1) - 1> 5[By, — [” — 4,
and then we apply (3.36), (3.34) and use the Young inequality again to get

8(0en)y(|Ben — 1]) (B, — 1) - Byp

(

> 30(0en) 1 (1Ben — 1) [Beo — I* = 5(0n)y(1Ben — 1)
> OBy, — I1*7 — Cy|By, — 1) — C|By, — 1|7 — C
> Ci[Ben — I**7 - C.

If we use this estimate in (3.89), together with (3.35), (3.66), (3.81), we obtain,
after integration over (0,t), t € (0,7, that

t t
Bunl@)I3+ [ WBew —TEL+ [ 9Bl < 1 QuBEIE + Cw,0)
From this, using (3.76) and (3.71), we ecasily read that
||]Bfn||L°°L2 + HIB%MHL?HLQH + ”VIBMHL%? < C(“v@- (3-90)

To estimate the time derivative of By,, we take A € L7T2(0,T; WY2(Q)) with
A fgs2ppve < 1 and use (3.79), Holder’s inequality, (3.90), (3.86), (3.34), (3.36),
(3.35), (3.66), (3.76) and



to get

T T
| OB ) = [ (0B, Qutt)
0 0
T T
= _/ Uen - vBﬁnv QnA> - /0 (6(0371) (lBZn - ]I|)(B€n - I[)7 QnA)
- / efn VBML; in + / ng Bény een)(aDvZn + van)EZn; Qn )
<@, [ [ (IVBallQuAl + [Bey — T QuA| + VBl [VQ,A| + 1QuA])
< Ofw, )/0 (IVBell, + [1Ben = T357 + Bl [ QuAll, o

T
< Cw,0) [ (IVBully + IBenllZf3 + DI QuAllys
< Clw, O|Al s < C(w,0)

hence
||8tB£n||L%W7N,2 < C(w,?). (3.91)

Finally, we multiply the k-th equation in (3.80) by ~%,, sum the result over
k=1,...,n, use (3.69) and integration by parts in the convective term to get
+ Vel

Cy d 2 2

——1|0 0 0

21803+ [V V0| riz -
= (21/(9[71) |]D)U€n|2 + 2aﬂ’gw (Bfna efn)eénBEn : Dvén, QZn)

a.e. in (0,7). Therefore, integrating this inequality over (0,t), ¢t € (0,T"), using
(3.29), (3.31), (3.33), (3.66), (3.86), (3.90), Young’s inequality, (3.76) and (3.71),
we deduce

Hefn ”2

t 2
\/K(@gn)vegn +
2

This, with the help of the interpolation inequality?

t
L1986l < Cw, ),
0

r+2

(r42)d __2d
- - p 11|l F2)d+a
HQETLHLT+2+§Lr+2+d < HQ%HL;ZBSHHG n”< +2)d+4 24 (r+2) = Hean/éoJoﬂL)gH 92 LQLd%dQ )
Sobolev’s inequality and also Poincaré’s inequality yields
HHE"HLOOLQ -+ H\/ &(9gn)V9en 22 + ||9fTLHLr+2+%LT+2+% (393)

VOl prr2pree < Clw, 0).

Furthermore, taking 7 € L™2(0,T; W"2(Q)) with ||7||; +2ypne < 1 and using
(3.80), Young’s inequality, Holder’s inequality, the inequality
r+2 r+2 b o7 + 2 r

= b b
r+1 r+1 +T+1_T+1+ +7“—|—1

(r+1) =r+2,

2 A better estimate could be derived using V8, € L"T2L"*+2 instead. However, at this moment
we do not need it, and later we shall need w-uniform estimates only.
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(3.31), (3.33) (3.86), (3.93), (3.66) and (3.76), we obtain
T T
/ <at9€nu T> = / (ateéna RnT)
0 0
T T
_ / (coVim - Vo, RuT) — / (5(0n) V0 + 0|V 0| Vi, V RyT)
0 0

T
+ /O (2V(0Zn)|]D'UZn|2 + 2CL,U,gw (Bfm QZn)QZnBZn : Dvém RnT)

\/ R(@gn)vegn

+ [V YV Ry7| + |Rm)

T 2r4+2
< C(W,z)/o /Q<|veén| (Bl + ‘\/H(egn)veén

r+2
+ Ve 1) Rl

T
< C@t) [ (IV00mlloz2 + 100ll753+ | 5(00) V0%,

r+1
IVl + 1) 1R

T ™
gc(w,e)/o /Q<|vegnuRnT|+mgn\z

VR, T|

2r42
r+42
2

< C@, Ol rsaywa < Cw,0),

hence

HategnHLH—z Vo < C’(w,é). (3.94)

I —

At this point, we want to apply Lemma 4.1 to obtain weakly converging
subsequences and their limits. Before we do that, let us make two conventions.
First, we never relabel subsequences obtained from Lemma 4.1 or by similar
arguments. Second, instead of

up — u  strongly in L*(Q) forany 1 <s < S,
we write just
w, — u  strongly in LY (Q)
(and analogously for other spaces) in order to avoid cumulation of unimportant
parameters.
Taking the limit n — oo

For every ¢ = 1,...,/, the sequence {a%,}>2, C C([0,T1]) is bounded due to (3.85)
and uniformly equicontinuous by (3.88). Hence, using the Arzela-Ascoli theorem
(see [45, Theorem 1.5.3] or [29, Theorem IV.6.7]), for every i = 1, ..., ¢, we obtain
aj € C([0,T]) and a subsequence (not relabelled) such that

o, — al strongly in C([0,T])

as n — 00. Then, we define

¢
v =Y ajw; € C([0,T); WhH>(Q) N Wol,hziv)

i=1
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and note that
Vg, — vy strongly in C([0, T]; Wh°(Q)). (3.95)

According to estimates (3.87), (3.90), (3.91), (3.93), (3.94) and Lemma 4.1, there
exist subsequences {vp,}5° 1, {Br }22;, {0 )52, and their limits vy, By, 0, such
that

0y 0p, — Oy weakly* in L2(0, T; Wh>(Q)),
B, — B, weakly in L*(0, T, W"*(Q)), (3.96)
B, — By strongly in L**9(Q) and a.e. in Q,
OBy, — 0,By weakly in Li+1 (0, T; W—N2(Q),
Opn — 0, weakly in L' 2(0, T, W' 2(Q)), (3.97)
O — 0, strongly in LT+2+%)(Q) and a.e. in Q,  (3.98)
0,00 — 0,0, weakly in L (0, T; W-N2(Q)). (3.99)

Now we explain how to take the limit in the non-linear terms appearing in (3.78),
(3.79) and (3.80). To handle most of the terms, namely

T = {vem @ Ve, V(0em)DVen,  GBen, 0n)0enBer,  0(00n)y(|Ben — 1)) (Ben — 1),
)\(efn)vBérm Ju (Bfna eﬁn)(avan + lefn)Bfnv Vop * vefna
Guw (Bffm eﬂn)gﬁnBEn : ]D’UZn}a

we use the following generic scheme. Any term U € T can be written as U = WS,
where

W is linear and converges weakly in L7 (3.100)
and
S converges strongly in L%, (3.101)
where
1 1
—+ —< 17 (3.102)
a1 42

Indeed, to deduce a weak convergence of W, we either set it to 1, or use (3.95),
(3.96), or (3.97). Further, the strong convergence of S follows from Vitali’s the-
orem if we use pointwise convergence of vy, 0y,, By, together with continuity of
v, 0, 7, A and g, and their growth properties (3.31)—(3.35). That ¢, g2 can be
chosen so as to satisfy (3.102) is obvious from the spaces in which the conver-
gence results (3.95)—(3.99) hold. Then, by (3.100), (3.101) and (3.102), we obtain
the weak convergence of U to its appropriate limit.

At this point, we have every information needed to take the limit n — oo
in the equations (3.78) and (3.79). In (3.79), we first multiply the equation by
a function ¢ € C'([0,T1]), integrate over (0,7'), then take the limit and finally
use the density of functions of the form pA, A € span{W;}2%2,, in the space

L2 (0, T; WN2(Q)). This way, we obtain

(Opvy, w;) — (vp ® vy, Vw;) + (2v(0,) Doy, Vw;)
= —(QGMgw(Bg, QE)QZE'[, V’U)Z> + (f, ’LUZ) (3103)
forevery 1 =1,...,/
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a.e. in (0,7) and

T T T
| OB m)+ [ (o VB A+ [ (0001 (1Be — T)(B, — T), A)
0 0 0
T T
+ /0 (\(0,)VBy, VA) = /O (20 (By, 0,) (aDwy + Wo,)By, A) (3-104)
for all A € L' (0, T, WN2(Q)), A = AT,

almost everywhere in (0,7"). However, the space of test functions in (3.104) can
be enlarged using a standard density argument. Indeed, using Holder’s inequality,
it is easy to see that every term of (3.104) (taking aside the time derivative) is
well defined provided that

A€ 130, T WH(9) N 172(Q)
and thus, we can read from (3.104) that
OBy € (L2(0,T; W'(Q)) N L™(Q)) .

Since we also have that B, € L?(0,T; Wh3(Q2)) N L172(Q), it follows from Theo-
rem 4.2 below (with X = W12(Q), Y = L72(Q) and H = L?*(Q2)) that

B, € C([0,T7]; L*(2)). (3.105)

Now let us identify B,(0). Clearly, we can use A(t,z) = 1 (¢)P(z) in (3.104), where

¥ € CH[0,T]), ¥(0) =1, %(T) = 0, and P € WN2(Q), to get, after integration
by parts, that

T
Bi(0).P) = — [ (BrP)ow + (v - VB, Py
+ (8(00)7(1Be — 1) (B, — 1), P)) (8-106)
— (A0 VBy, VP)§) — (20, (By, ) (aDv, + Wo,)By, P)3h).

On the other hand, if we multiply (3.79) by v, integrate over (0,T) and by parts
in the time derivative using (3.81), we obtain

(@uBS;) =~ [ (B W00 + (00 - Voo, W)
- (/\(an)VIB%gn, ij)w - (29w (Bém Hén)(@]D'UZn + W’Uzn)Ben, Wﬂ@/))

for every j = 1,...,n. Then, we use completeness of {W;}>, in L*(Q) and
the same arguments as before to take the limit n — oo in (3.107). This way,
using also density of span{W;}32, in WN2(Q), we get, for all P € W"2((), that

(By, P) = — /OT ((Be, P)Ost> + (ve - VB, )Y + (3(6)7(|Be — 1)) (B, — 1), P)¢)

— (M0 VBy, VP)§b — (20,(By, ) (aDvy + Wo,)By, P)gh).
If we compare this with (3.106) and use density of W™2(Q) in L2(2), we deduce
By(0) = BY a.c. in Q. (3.108)
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We can use an analogous procedure to identify v,(0). Indeed, here the situation
is even simpler since (3.95) directly implies v, € C([0, T]; W>(Q)) and thus, we
obtain

’1]@(0) = Pg’vo. (3109)

Our aim is now to take the limit in equation (3.80), where we need to justify
the limit in the terms k(07,) V0, |V0p,|"Vp, and 2v(0y,) | Dvy,|? (the other terms
can be easily handled according to the scheme (3.100)—(3.102)). For the first one,
we use (3.30), (3.33), (3.98) and Vitali’s theorem to get

V() = \/K(6:)  strongly in L*7(Q) (3.110)
and then we combine this with (3.97), to obtain
\//i(egn)vegn — \/H(@g)veg Weakly in Ll(Q) (3.111)

However, by the estimate (3.93) we know that (3.111) is valid also in L?(Q) up
to a subsequence, and hence, using again (3.110), we obtain

K(00) V00 = /(00 )\ K (00n) VOin — 1(0)V0, weakly in L1 (Q). (3.112)

Next, to take the limit of the term 2v(6p,)|Dvg,|?, we first remark, using
(3.30), (3.31), (3.98) and Vitali’s theorem that

v(0en) — v(6;) strongly in L>(Q).

This and
Dwy, — Dv,  strongly in C([0, T; L>(92))

(cf. (3.95)) clearly proves that
20(0pn) | Dvgn|? — 20(6,)[Dwy|?  strongly in L(Q). (3.113)

Finally, due to (3.93) and reflexivity of the space LU*2'(Q), there exists
K € LU+2'(Q) such that

(V00| "V, — K weakly in LU2'(Q). (3.114)

Then, using also (3.112), (3.113) and previous convergence results, we can take
the limit in (3.80) and obtain, for all 7 € L™2(0,T; WN2(Q2)), that

| e T) + / " (eovr - VO, 7) + / (5(0)V60,,V7) + /OT(K’ V) (3.115)

T
= /o (2v(6,) D, |* + 2a419.,(By, 00) 0By - Dy, 7).

Recalling (3.99), (3.112) and (3.114), we easily conclude, using a density argu-
ment, that (3.115) is valid for all 7 € L™"2(0,T; W' *%(Q)) and that the time
derivative extends to the functional 9,6, € LU+ (0, T; W~5(+2") Thus, using
Theorem 4.2, we also see that

0, € C([0,T); L*(Q)). (3.116)
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Furthermore, choosing 7 = 6, in (3.115), rewriting the time derivative term and
integrating by parts in the convective term leads to

Cy Cy
w [ K-V = =0T+ S0 ~ [ k(6196
< . N (3.117)
+/0 (2v(0¢) [De|? + 2a419.,(By, 0¢) 0By - Dy, 0;).

We use this information to identify K as follows. We note that weak lower semi-
continuity and (3.111) (which is valid in L*(Q)) imply

2 i 2
/Q (6¢)| V6] < lim inf /Q k(80 [V O 2. (3.118)
Thus, if we integrate (3.92) over (0,7") and use (3.118), (3.113), weak lower semi-
continuity of ||-||, and the convergence results above to take the limes superior
n — oo and then apply (3.117), we get
wlimsup [ |VO,| 2
n—00 Q

.. .Gy Co ({ po .
= — liminf 210 (713 + 16513 ~ Hmind | w(60)] V60

T
+ lim [ (20(010)IDven|? + 20119, (Bin, Oen)0suBin - DVt O

Co s Couiio , (3.119)
< 10D+ S50~ [ w0190
+ /OT(QV(QMDUAQ + 2ap19.,(Be, 00) 0B, - Dy, ;)
= 1615 = S16.0)15 + [ K - V6,
To identify the initial condition for 6,(0), it is enough to show that
0,(t) — 65 weakly in L*(2) (3.120)
as t — 04 since then we can use (3.116) to conclude
0,(0) =65 a.e. in Q (3.121)

by the uniqueness of a (weak) limit. To prove (3.120), we return to (3.80), which
we multiply by ¢ € Wh(0,T) fulfilling ©(0) = 1, o(T) = 0 and integrate
the result over (0,7) to get

T T
- (CU86J7wk) _A (Cv‘gﬂmwk)at%p :/0 fn(,D (3122)

for all k = 1,...,n, where we integrated by parts in the time derivative and used
the abbreviation

Jn = —(coven - Vi, wi) — (K(0en) Vi + w|V0p,|" "V, Vwy)
+ (2V<(9[n)’]D’UEn|2 + 20419 (Ben, 0on) 0By - Dvgy,, wy,).

It follows from the results above (cf. the derivation of (3.115)) that

fo— f weakly in LUT2(0,7),
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where

f=—(cyve- VO, wy) — (k(0p) Vs, Vwy) — w(K, Vwg)
+ (2v(0,)[Dvg|* + 2apg., (B, 0,)0,B; - Doy, wy,).
Thus, by taking the limit n — oo in (3.122), we arrive at

T T
— (e we) = [ (e wae= [ fo

Making now a special choice

1 s<t
Pe(s) = 1_% s€(t,t+e),
0 s>t+e,

where ¢t € (0,7) and 0 < e < T —t, leads to

1 rtte t+e
(et 42 [ (ebow) = [ o

Furthermore, we can take the limit ¢ — 04 in this equation using (3.116) on
the left hand side and absolute continuity of integral on the right hand side to
get

t
— (e we) + (esbelt).w0) = [ F.
Finally, taking the limit ¢ — 0, yields

lim (0,(t), wy) = (05, wg),

t—04

forall k =1,...,n, from which (3.120) follows by exploiting the density of the set
span{wy }32; in L?(Q2). Hence, the identity (3.121) is proved and (3.119) hereby
simplifies to

timsup | V6 |+ S/K'VG@. (3.123)
Q

n—o0

Since the operator M : u — |'u,| u is monotone, we have that
0< [ (V0] Vb0 — [ul"w) - (VO —w) for all we L(Q).
Q

Thus, taking the limes superior in this inequality and using (3.123), (3.114) and
(3.97), we obtain

0 < limsup |(9gn|”+2 — lim / V0| VO, - u
n—o0 Q

n—oo

— lim / |u|Tu-V8gn+/ lu|"t?
Q

n—0o0 Q

S/K-V@—/K.u_/Q|u|ru.V@€+/Q|u|r+2
—/ — u|"u) - (VO — u).

Then, if we choose u = V6, — e, where ¢ > 0 and ¢ € L""(Q) (following
the Minty method), we get

0< /C2 (K — V6, — 20|" (VO — 2)) -
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after dividing by . Using continuity of the operator M and the dominated
convergence theorem, we arrive at

0< [ (K~ V010 o

Since this holds for arbitrary ¢ € L™(Q) (and thus even with equality), we find
K =|V6,"V, a.e.in Q.

Hence, we proved that

T T T
/ (CyOib, T) + / (cyvp - VO, ) + / (k(00)V O, +w|VO,|" Vb, VT)
0 0 0 (3.124)

T
:/0 (2v(0,)|Dve|* + 2apg.(Be, 0¢)0,B, - Dvy, 7)

for all 7 € L™2(0, T; WhT+2(QQ)).

3.5.3 Positive definiteness of B, and positivity of 6,

Here we closely follow the method developed in [6] (cf. (5.52) in Chapter 5), i.e.,
we use
Ay =x0nBx -z —wlz)’)_ TR,

in (3.104), where z € R, ¢ € (0,T) and

f+ :maX{()?f}? f* :mln{(]?f}

Note that, since B, € L*(0,T;W'*(Q)) N L72(Q) and x is a constant vector,
the function A, belongs to the same space, and is thus a valid test function
in (3.104). The key property of A, is that it vanishes whenever the smallest
eigenvalue of B, is greater than w (since Byy - y > wly|? for all y € R? in such
a case). Thus, we have

(A(By) — w)+(Bex - @ — w][*) - =0,

which implies

9u(Be,0)A, =0 a.e. in Q. (3.125)

Let us now evaluate separately the terms arising from the choice A = A, in
(3.104). For the time derivative, we write

/OT@th,Am) = /0t<(9t(]B%gm x —wlz?), Bz -z — w\a;|2>_>

2 2

= 2Bz~ wlaP)- ()]} - 5| Bz @~ wle)_(0)]

’2

2

- ;H(Bew -z —wlzl*) (1)

I

2

where the first equality is a consequence of the linearity of the weak time deriva-
tive, the second one follows from Lemma 4.4 since the function s +— s_ is Lipschitz
and

v 1
/ s_.ds=—(v_)* wveER,
0 2

20



and the third equality follows from (3.108) and (3.70). Furthermore, using inte-
gration by parts and the facts that v, - n = 0 on 02 and divy, = 0 in Q, we
get

T t
/0 (ve - VBy, Ay) :/0('vg-V(Bgm-:v—w|x|2),(]]33ga:-m—w|a:|2)_)

1 gt
= 5/0 AQ((ng-m—w\wP)_)Qw-n:0

and also

Moreover, since w < 1 and the functions ¢, 7 are non-negative, we also obtain
T
| 000(1B — 1) (B, D, 4.)
t
- /0 /95(95)7(@4 1) (Bex - — |2?) (Bex - & — wlaf2)_ > 0.

In addition, the right hand side of (3.104) vanishes due to (3.125). Thus, using
the above computation in (3.104), we obtain

|Be -2 — wlzP)-(1)]; < 0
for all t € (0,7) (recall (3.105)), whence
Bi(t)x - > wlx|* ae. in Q, for all t € (0,7) and for every & € R%. (3.126)
Note that this immediately yields B, € RZ{?, B, € RL? a.e. in @, and thus

_1 d
B < B, =trB; ' < o

Also, using the identity
VB,' = -B;'VB/B, ",

(see (4.38)) and (3.90) we conclude that B, ' exists a.e. in @ and satisfies
B, € L>°(0,T; L>®(Q)) N L*(0, T; W(Q)). (3.127)

Moreover, we define
Vo(By) = tr By — d — Indet B,

and observe, using (4.36), (4.37) and simple inequalities
det B, > w? and |Inz| <z + ;, x>0,
that
0 < ¢o(Be) < Vd|By| — d+d (| det By|7 + | det B,|~7)
< V| - d+C (1B + )

C
< C|By| + —
W

o1



and also, using (4.40), that

V6a(Ba)| = (1 - B") - VBi| < € (1+ =) VB

Hence, we conclude

Vo (By) € L2(0, T; WH(Q)) N LIT2(Q).

Next, we prove positivity of 0. Since 8, € L™ (0, T; W1m2(Q)), we can use

the analogous method as before. Indeed, we start by choosing
T = X0 (0 —w)- € L™2(0, T; Wh2(Q))

as a test function in (3.124) to get
) )
(00— )OI — L6 — 0)-O)]
t 2 t
+ [Vrov @ —w)-| + [196 )13

= / <2V(95)|D’Ug’2 + QCLIqu(Bg, 9@)95185 . ]D’Ug, (9@ — w)_).

t
0
<0
Hence, using 0,(0) = 65 > w in Q and (3.116), we obtain that
1(0c(t) —w)_|l, =0 forallte(0,T),

which means
O,(t) > w a.e. in Qand for all t € (0,7).

Consequently, since V8, = 0,2V6,, we also obtain

0,1 € L>°(0,T; L>(Q)) N L™2(0, T; W +2(Q)).

From these findings we also easily read that

1 1
Inby| <O+ — <0+ —
6@ w
and v .
IV In6,| = [V < Z|V8,|,
9( w
hence

Inf, € L"2(0, T; WH2(Q)).

3.5.4 Entropy equation

(3.128)

(3.129)

In order to take the remaining limits ¢/ — oo and w — 0, we need to replace
(3.124) by the equation for entropy, whose terms are easier to handle. From this
equation, we then deduce that det B, and 6, remain strictly positive a.e. in Q).

First, we rewrite (3.124) in the form

<CU8t¢94, T> -+ (cyw . V@g, 7') -+ (Ii(@g)veg + w\V@ATV@g, VT)

= (2v(6,) |Dv,|* + 2ap19..(Be, 6,)6,B; - Duy, 7)
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for all 7 € W(Q) and a.e. in (0,7). Then, we take ¢ € W1*°(Q2) and note that
7 = 0,'¢ can be used as a test function in (3.130) thanks to (3.129). This way,
we get

<Cvat0€7 g;> + (vaf : V]H 957 ¢)

+ (FL(Q@)VID 9[, V¢) - (K(@g”VID 9@’2, ¢)

) (3.131)
T w([VO,["VInby, Vo) — w([VO,|" |V Inb,|", ¢)

2
< v(6y) IDvy|? + 2apg.,(By, 0,)B; - Dve>¢)

a.e. in (0,7). Similarly, we observe that u(I — B, )¢ is a valid test function in
(the localized version of) (3.104) due to (3.127). Thus, using the same algebraic
manipulations as those leading to (3.13) in Section 3.2, we obtain

(0B, (1 — B 1)) + (nvg - Vibo(By), ¢)
T+ (u(8e)1(1Be — 1) |BZ —B; 22, 6) + (uA(6)|B; VBB, 2, ¢)  (3.132)
—(uA(0e) VP2 (Be), Vo) + (2a119.,(By, 00)B, - Doy, ¢)
a.e. in (0,7). If we define
N = ¢y In 6y — papo(By) (3.133)

and

2v(0
54 = VQ( Z) |]D)'Ug|2 + lﬁ(@g)‘VlIl@gF + w|V04|’"]V1n«94|2
L

11 1 1
+ p6(00)y(1By — INIBZ — B, |* + pA(60)|B, > VIB/B, *|*
and subtract (3.132) from (3.131), we get

<Cvat9£7 g;> - <(3th,,&(]1 - Bf_l)¢> + (’U@ : VTI@? ¢)

+ ((5(00) + w| VOV In 0 — uA\(B) Viin(By), Vo) = (&, 6)

a.e. in (0,7) and for all ¢ € WhH>(Q).

Obviously, we need to rewrite the time derivative accordingly. Concerning
the term containing 8,8, note that ¢ (s) = max{|s|,w} ", s € R, is a bounded
Lipschitz function. Since §, > w a.e. in @ by (3.128) and w < 1, we get

6, 9(1
/1@0(8)(18:/1 ~ds =,

Thus, if we apply Lemma 4.4, we get

o\ _ d
<Cvat9€7 9@> - dt(cv lneéa ¢)

(3.134)

by taking the (weak) time derivative of (4.32). Hence, if we multiply this by
o € WH°(0,T) with ¢(T) = 0, integrate over (0,7') and by parts, we are led to

/OT<Cvat6£7 >90— / /cﬂn@z(batso /cvln%’(ﬁgp() (3.135)
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where we also used (3.121).
Analogous ideas can be used to rewrite the second term of (3.134). However,
we can not apply Lemma 4.4 directly since the duality <8th, (I— B;1)¢> can

not be interpreted entry-wise. Thus, let us proceed more explicitly. We apply
Theorem 4.2 to obtain functions B; € C'([0, T]; W2(Q) N L¢+2(Q2)) such that

HBZ — E["L2W1,20Lq+2Lq+2 + ”8th - 8tB£HL2W 12+L3T—%Lgi? — O (3136)

as ¢ — 0, and also
AB;) >w ae. in Q.

Since B, € C([0,T7]; L*(2)) (cf. (3.105)), we know that
|B; — By||, = 0 uniformly in [0, 7. (3.137)
Furthermore, using (4.38) and (3.127), we can write, for any ¢ € W1°°(Q), that
V(- (B))e)| = \@a)—lm;( 7o+ (1— (B) )V
< SIvEillol+ (1+ 5 ) Ve
and thus, we eventually obtain that
(I—B) "o — (I—-B," )¢ weakly in L*(0,T; W'(Q)) N LT2(0, T; L13(Q)).

By applying this with (3.136), we get, for all ¢ € W>°(0,T), o(T) = 0, that
g -1 ! -1
\ [ (0851 - (B9 )oY — [ (0Bl - 5; )¢><p‘
0 0
T
< | [(0B; - aBe, (1 - (B5) )9} I+
0

+ /OT<6tIBW, p(I — (B7) ™) — u(l - Bil)¢>|

—0 ase—0;.

(3.138)

On the other hand, using 9,B5 € C([0, T]; W'%(Q) N L"2(Q)) and (4.40), we find

T T
| (085, w1 — (B) o )o = [ (u0rn(B7), )¢
0 0 (3.139)
= — [ 1B 0)op(0) — [ [ pia(B)oe
To take the limit in the last two terms, let us first remark that the set
{AeR™: Az-x>w forallzcR’

is convex in R4 (as it is defined by a linear constraint). This, (3.126) and (4.37)
imply, for any s € (0, 1), that

|(B + s(Bf — By)~!| < tr(B, + s(B; — B,)) "

< ! < L
dA(]Bg + S(BZ — Bg)) dw
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a.e. in Q. Thus, by the mean value theorem, (4.40) and (3.137), we get
| 1ea(B2) = (B

s

<C <1 + > IBS — B,||> =0 uniformly in [0, 7]
w

2

(Be + s(B; —B,))™") - (B — B,)ds (3.140)

as € — 0. Similarly, using (3.105) and (3.108), we can also show that
2(Be) € C(0,T5 L*(Q)),  12(Be(0)) = o (B). (3.141)

Using this and (3.140), we take the limit in (3.139) and then compare to (3.138)
to obtain

T T
| (0B n@=B0)p = = [ 1aB)op(0) = [ [ aBovre (3142
for all o € WH(Q), p(T) = 0, and every ¢ € Wh>(Q).

Finally, if we subtract (3.142) from (3.135) and use (3.133), we can rewrite
(3.134) as

T T
— [ s 9000 = (15, 0)2(0) = [ (e, V)
0 0 , (3.143)
+ [ ((6(00) + 19007 10— pAO)VB0), To)o = [ (610
for all o € WH(0,T), o(T) = 0, and ¢ € WH>(Q), where
Mo = co b5 — pepa(Bg).
Moreover, since In 6, € C([0,T]; L*(©2)) and (3.141) hold, we easily read

ne € C([0,T]; L*(2),  me(0) = 5. (3.144)

3.5.5 Total energy equality

The integrated version of the total energy equality is important in the derivation
of the apriori estimates below.
Let

1

We multiply the i-th equation in (3.103) by (v, w;), sum up the result over i =
1,...,¢ and then we add (3.124) with 7 = 1. This way, after several cancellations
using also (3.69), we obtain

- / = (f,v) (3.145)
a.e. in (0, 7).
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3.5.6 Final limit

We start by derivation of an estimate that is uniform with respect to £. In fact,
since we derive this estimate without appealing to the properties of g, (except
for 0 < g, < 1), it is uniform also with respect to w. This saves us some work
in exchange for the fact that this estimate is not optimal for the w-approximated
system.

Uniform estimates

As we explained several times before, the key to the uniform estimates is the en-
tropy (in)equality used together with the energy (in)equality. Let us first show
that the total energy of the fluid remains bounded. In (3.145), we apply Young’s
inequality, (3.45) and 6, > 0, to estimate

d 1 1 1
GBS g g (AP < [ e g [P
dt/Q =7 Q’W‘—i_Q Q|f| —Ja K+2 Q"ﬂ

a.e. in (0,7). Hence, by the Gronwall inequality (see e.g. [31, B.2.]), we get

[ By < e (/QEE(OH;/Ot||f||§) for all ¢ € [0,7].

Then, we apply (3.109), (3.121) to identify that
1 2 w
Eg(O) = §’Pg’vo| + CUQO
and if we use (3.76), (3.72), (3.45), we arrive at
10l o 1 + Vel o 2 < CllEel| oo 1 < C. (3.146)
Now we turn our attention to (3.143), which we need to localize in time. To
this end, we want to multiply (3.143) by ¢ = X with ¢ € (0,7)). However,

such a test function is not admissible in (3.143) and therefore, we approximate it
in a standard way as follows. Fix ¢ € W>(Q), and let us define

u= /Q né € C([0,T])  (cf. (3.144)) (3.147)
o = —vene + (K(0r) + w|VO[")V In b — \(0,) Ve (By) € LH(Q)
v= [ (e Vo - &) € L'(0,T).

Fix t € (0,7) and let

1 s <t
ee(s) = (t—s)k+1 se(t,t+7)
0 s>t+ 1

Then, for any k > we have ¢ € WH*(Q) and ¢,(T) = 0. Hence, by

_1
T—t’

o6



considering ¢y, in (3.143), we obtain
0= —/ NeOrprd — / 77‘6J<Pk(0)¢+/ ¢rje- Vo —/ Eoord
Q Q Q Q

zk/ﬁi/QW¢—/Q778’¢+/Q(je-V¢—&¢)%

, 1 (3.148)
t+E t+E
:k:/ u—/nff(b—i—/ VPR
t Q 0
t t+4 t+i
=u®) = [ o+ [ork [ Tu—u@)+ [
Q 0 t t
Since
t+4 t+4
‘k/ (u — u(t)) gk/ lu—u(t) =0 as k — oo (3.149)
t t

by the continuity of u and

t++
/ VPk
t

by the absolute continuity of Lebesgue integral, we obtain from (3.148) that

t++
g/ v =0 ask — oo
t

| ntvo+ [ t [d-vo=[mo+ [ t | & forallg e wh=(Q) (3.150)

and all ¢ € (0,7) (in fact, for all ¢ € [0,7] due to continuity of both sides of
(3.150)). In particular, taking ¢ = 1,> we deduce, using & > 0, that the function
t — [one(t) is non-decreasing, and thus

t
_ _ R / . 151
J = max [ &= max [ w0 = [ = [ (@)~ [ 5. 351)
Then, using (3.133), the inequalities
Inx<z—1 forallz>0 (3.152)

and
e (By) = p(trBy — d — Indet By) > 0 (3.153)

(see (4.36)), assumption (3.46) and (3.146) (recall also (3.116)), we obtain
&< [ (m0(T) — puB(T)) + C < C [ (0T) - 1) +C <O

hence
1€ell pipr < C- (3.154)

Also, it is easy to see using (3.151), (3.73), (3.72), (3.45) and (3.46) that

1l oo 2 < C- (3.155)

3The case with ¢ # 1 is used for the identification of initial conditions below
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Estimate (3.154) implies, using (3.31), (3.34) and (3.35), that

+ H,/H(eg)vm 0,
L2[2
+ |y (B - 1B - B, %)

In what follows, we improve the uniform estimate (3.156) considerably by choos-
ing appropriate test functions in (3.104) and (3.124) and then using (Al) and
the definitions of p, R, o to estimate the right hand sides.

From (3.156) and (3.36) one can deduce, using Young’s inequality that

+w||V0,[2V In o,
1212

|
7]])’(%
H Vo e (3.156)

<.

_1 _1
B, VBB, :
1212

*|

L2L2

”BéHLqHLqH < C.

However, we can obtain better information (cf. (3.49)) as follows. For any K > d
let us define the truncation function Tk as

Tk(s) = min{max{s,w}, K}, s>0,
and then we also define
P(s) = (Tk(s))”, s>0.
As Ty is a Lipschitz function bounded from below by w, from above by K and
¢ (s) = (0 = D(Tk(s))"*Tx(s),

the function ¢ is Lipschitz as well. Then, since B, € L*(0,T; W*(Q)) N LIT2(Q),
we obtain

p(trBy) € L*(0,T; WH2(Q)) N L>®(0, T; L=())
by a standard result (see e.g. [75, Theorem 2.1.11.]). Thus, we see that

A = ¢(trBy)I = (min{tr By, K})7 T (3.157)

is a valid test function in (3.104) (recall that trB, > A(B;) > w). Moreover, it
follows from Lemma 4.4 that

d
(0Br, k) = (0t By, T (B ) = — /Q O(trBy), (3.158)

where

Furthermore, noting that ¢ is non-decreasing as o > 1, we have

(VE@,VAK) = (V tr Bg,vqb(tI'Bg)) = (V tng,¢/(tng)v tng)

— | Vo @B VTl r)

Next, using dive, = 0 in 2, vy - n = 0 on 0€) and integration by parts, we can
write

2 3.159
-0 (3.159)
2

(v - VBe, Axc) = (v¢ - V tr By, ¢(tr By)) = /Q div(®(trBov,) = 0. (3.160)
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Furthermore, we use (3.36), (3.34), (4.37) and Young’s inequality to obtain

8(0e)y(|Be — L)) (tr By — d) (tr B,) "~
> (C1|Be]? — Cy) (trBy)” — C(|By|? + 1) (tr B,) !
> OBy — Cy|By|” — OB~ — C|B,|”*
Z 01|Bz|q+0 _

Since K > d, this yields the estimate

(5(‘96)7“1536 - H|)(Be - H)v AK)
= (6(00)y(1B, — 1)) (tr B, — d), Tk (tr B,)” ) (3.161)

> [ (C1[BE™| = C)xqumi <y

Hence, if we use (3.158), (3.159), (3.160) and (3.161) in (3.104) multiplied by A,
we obtain

d
E/Q(I)(U“IBZ) +/Q|BZ|‘I+U X{trBy<K} < C/QEE 'D'UZTK('CI“BZ)”_l e

By integrating this inequality over (0,t¢), t € (0,7, using (3.108), (4.37) and
Tk(trBy) < trBy in @, we get

t t
| 2@B®)+ [ [ Bl Xus<ry <C [ [ Bl IDvid + [ 0(trBy)+Ct.

Since

tr By (t) tr By (t)
O(trBy(t)) = / min{s, K}”*1 ds > X{rB,(1)<K} / s°Lds
> ((trBe(t) Xunoery — )
and
tr B tr BY
O(trBy) = / min{s, K}° " ds < / 7 = ;((trBf{)“ —w?)

a.e. in (), we are led to

t
/Q(tr Be(1))” X(orBo(<xy + /0 /Q IBe|™ " X tr Bo< k)
t
<C [ [ BoDod + [ (trBg)+Ct
0 JQ Q

As the integrands on the left hand side are non-negative and converge point-wise
as K — oo (due to trBy(t) € LY(Q) and trB, € L'(Q)), the application of
the limes inferior and the Fatou lemma gives

/maae +//|IB% |q+g<c//|xaae |]D)vg|+/ (trBE) + Ct. (3.162)

Thus, taking the essential supremum over (0,7"), using Young’s inequality on
the right hand side (with exponents ©% and ‘HT"), (3.72), (3.45) and (4.37), we
arrive at

pio gz +C, (3.163)

qa [ 4q

&N ==

||Bé||LO<>Lff + ||Bé||Lq+erq+o < C|| Dy ||
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where note that the right hand side is finite due to v, € L>(0,T; WhH>=(Q)).

Next, we use (3.163) and (3.124) to improve the information about 6, and
Dwv,. Here, we want to make clear that the term w|V6,|"V6, appearing in (3.124)
is not used any more to deduce estimates on 6, since we actually want that
the resulting estimate is uniform with respect to w. For any § € [0,1), we can
show that 0,7 € L™2(0, T; W' +2(Q)) N L>(0, T; L=(Q)) similarly as in (3.129),
and thus 753 = —6,” is an admissible test function in (3.124). Using Lemma 4.4
with ¢(s) = —max(s,w)™? to rewrite the time derivative, (3.146) with Young’s
inequality, integration by parts, v, € Wolﬁiv and (3.33), we obtain

T
/ <Cvat95,’fﬂ +/ CyVy - V@g,Tﬁ +/ 95 V@g,VTg)—HJJ/ (’V@VV@@,V’@)

v 1-3 Cy — —-1-8
> W TG Lt e s [ meora
=15 L) = @) + 8 [ 67 k(00| veP

re1—8 |2
zOﬁ/Q‘vez = _ e

We use this estimate in (3.124) with 7 = 73 to deduce, using also (3.31), g, < 1,
Holder’s inequality and (3.163) that, in the case o < ¢, we have

7‘+1 r+1-58 —ﬁ 9 1_5
@/ ‘ve +/Qe£ Do gc/@ez \Bgumwuc
e X +C
2(q+a) Q tlg+0;Q 2.0
1
< 01 2, Hmwnw .
qt+o—2 ’
+ CHeéHm Bate) () +C
q+o—2
1+1
< cueeuumw Queeuw o 3
+ C||9£||<z Blato) +C
qt+o—2 2Q
while if ¢ = ¢, we omit the final step to get
’!‘+17 ﬂ 9
o [[[ver |+ [ ome <l Qnmwnm Doy,
+ CHGZH(Q—Qﬁ)q/;Q %0 + C

Thus, using ¢ > 1, (

) ’vem

. +1) = 2¢' and the Young inequality, we arrive at

0, % |Du? < Ol6) ., ||9£|| ato
/ (qul-( ‘g ). Q ﬁ( + ). Q (3164)

+ C|0e1 % (2— ﬂ)(q+a) 0 +C

q+o—2
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if o0 < q and

5/ ‘V@H—l B

07| Dvgl? < CllSE, o lIDwel§
/Qg Dve|” < Cll0cll(225)q0 Dvellz (3.165)

+ Cl0,I75- (2— 5 ot C

if 0 = q, respectively. Next we focus on the case 0 < q. Let

Ou—lﬂm+@}’ 5 = mm{ Uﬂ+1ﬂq—®}

2 2q

Bo = max{(),rd +1-—

and note that
0<B<ph <1

since (recall o > 1, rd>r0:g%)
—1 —1 1 —rqg—q—1
Td"‘l_(rd )(Q+U)<rd+1_(7”d )(g + ):1_7”dq rqa—4q
2 2 2
=1-(¢-1) <1
and
(ra —1)(g +0) ( 2 )<m+nm+w
1-— = 1—1(1—
rat 2 rat P 2
1 1)(q —
ey A Dat0)  atD(a=0)
2q 2q
Then, we observe that the inequality
q+o q+o
2 — < 1-— 1
maX{( B)q+0_2,6q_0}_rd+ 3 (3.166)
holds if
ro < Trg <nm and Bogﬁgﬁl, (3167)
or
rq>m and 0< (<. (3.168)
Indeed, in the first case, we write
(2_5)Q+70: _5+M
q+o—2 q+o—2
2—2 -1
<2-8+ ra + (ra )(Q+U):rd+1—5
q+o—2
and in the second case we have
q+o (1-PB)g+o+2)—2(2-7)
2 J—
( 6)q+a—2 nt q+o—2
q+o
< l1—-f—-— 1—
S rg+ Bq—l— _2_7“d+ B,
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while the bound g < f3; is needed for

q+to
g
q

2
— B+ <ri4+1-B.
—0 qg—o
Thus, by application of (3.166), the Holder inequality, an interpolation inequality,
the Sobolev inequality, the Poincaré inequality and (3.146), we get

16ell e-riasen g + 100l staen o < Cllelly 415

d(r+1—p3)

2
d(r+1—p8)+2 d('r+1 B)+2
< OO0l Lo 16 HL t1-pp s +1-8)

(3.169)

r+1-48

d(r+176)+2

2d_
121d-2

7+1 B

<C

2
rq+1—38

+C.

<4W6

L2[2

If we use (3.166) and Holder’s inequality in (3.164), and then also (3.169), we
obtain

T

2 /
+ [ 0wl < cnwn?;f st cneeuwl s+ C

ri1s ri1s (3.170)
<4W9 +4h9 RG]
2;Q
where 2(2 ) ﬁ)
q J—
0< < = =<2
w2 s rq+1—7

due to 2¢" < ry + 1 (which is equivalent to r4 > rg). Hence, we can apply
the Young inequality in (3.170) to finally get

ﬁ/ ’V@Hl 8

for any r, § fulfilling (3.167) or (3.168). In case that (3.167) holds, we make

the optimal choice

+ [ 87Dod < @) (3.171)

B =D (3.172)
and note that
r+1-8 1 (ra—1l(g+to) R

2 d 4 2

cf. (3.41). Then, from Hélder’s inequality and (3.169), we deduce
8
Dol < I

where ) 5

— QM —9_ 28 < 9.

rg+1 rg+1

Note again that this definition of p agrees with the one given in (3.40) since

’I"d+1—5 Td—l
2 =
Td—f-l Td+1(q+a)
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by (3.172). In the special case r4 = 11, we can repeat the above estimates
without (3.172), choosing instead 5 > 0 arbitrarily small. Finally, if r4 > r1, we
can improve the information on Dwv, simply by taking 7 = —1 in (3.124). Then,
using similar computation as above with g chosen as to satisfy

. q+o q+o
1-2—— ry—13 = 1-2—— 3.173
0<6<m1n{rd+ q+0_2,rd } rq + p— ( )
and using (3.163), (3.169), o < ¢, we obtain
[ Dol <C [ OiBIDed < ClBelyygllDrll ] 2. +C
1
< € (IDvrl 2+ 1) Dol gl 1150 + € (3.172)
1 r+1-8 Wﬁ
<c (||]Dw||2;<; + Dol ) (HveZ e 1) +C.
Hence, using 1 + é < 2, (3.173), Young’s inequality and (3.171), we get
7‘+1 r+1-8 9
il Vo, T / Do ? < C(3) (3.175)
Q

for any [ satisfying (3.173). Finally, it remains to consider the excluded case
o = ¢q. However, in this situation, we have r; = ry < ry, and thus we can take
7 = —11in (3.124) as before. This way, adding also (3.165) and using analogous
estimation as in (3.174), we obtain

5/ ’veg /\Dwy?

2
< C/ O0|Be| [Dve] + Cll0e 17 0 <||DW||§;Q + 1) +C

1 r+1-8 ﬁ
< 0 (1wl +Dorlg) ([0 +1
2 r+1-8 ;ji;fg
+C(||]Dw\|§;Q+1) HV% 2 1] +c
2;,Q

If we choose § as in (3.173) and use Young’s inequality, noticing that

22-8) ,  .2¢ -84 (¢ -1)p
7d+1—EQ<22¢—5_2<1 ><2,

we again conclude that (3.175) holds.
To summarize the estimates up to this point, we proved (3.154)—(3.163),

R
Hve; 106 gy < C (3.176)
L2172

and
Dl oo < C- (3.177)
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Moreover, we deduce from (3.163), (3.177) and

q-+o
q

:<Q+U)<1—22q,><(C]+U)(1—rdil>=p (3.178)

that
IBell oo Lo + [Bell oo pore < C. (3.179)

Next, the combination of (4.33) and (4.35) yields
11 1 1 1
[VB| < [B7|[B, * VBB, *[|B] | = (tr Be)|B, * VBB, *|.

Then, since ¢ + ¢ > 2, we deduce by appealing to the Holder inequality and
(3.90), (3.179) that
VB,

e (3.180)

where
I 2q+o)

+1 g to+2

So — 1
q+o
Next, we derive the uniform estimates for the time derivatives. To this end,
we need to determine integrability of the non-linear terms in (3.103), (3.104) and
(3.143).
It follows from an interpolation inequality, Korn’s inequality, (3.146) and
(3.177) that

_2 _d_
loel o3 o 3) < Clloell 22Dl 53 < C (3.181)

We remark that (3.40) and (A2) imply

P (1 + 2) > 2. (3.182)

Indeed, this is obvious if r4 > r; (and p = 2 or p = 2)), while if 4 < 71, we use
(3.38) to estimate

1+2) = > = 2.
T4 T Td W, —17 Td T2 g1

( 2) d+2 q+o d+2 q+o
P _

Furthermore, the Hélder inequality, (3.176) and (3.163) yield
HQZBEHLmLel S C,

where

1
01= 71 1
R T ato
Recalling (3.41), we note that
1 q+o .
01 = 5 +L:@:p it rg <m
(ra=1)(g+o) * g¢to r4—1

and




and then obviously also gy > 2 = p if r4 > 1. Hence, we read from (3.103) that

HathHLpl Wo_;-,pl S C; (3183)

where p; is defined in (3.42).

Next, we focus on the non-linear terms in (3.104). There, we integrate by parts
in the convective term with the help of (3.69). Then, using Holder’s inequality
and (3.163), (3.181), we observe that

B, @ vy

Lo <O, (3.184)

with

1 1
11 > 1 1 = So, (3.185)
gto T p(1+2) gto ' 2

S1 —

where we used (3.182). Moreover, Young’s inequality, (3.36) and (3.34), give
16(60)v(IB, — I|) (B, — I)| < C(|Be|*™ + 1),

hence, making use of (3.179), we obtain

16(8e)y(1Be — I)) (B — D)l forpor < C, (3.186)
where
q+o
S9 = .
qg+1

Furthermore, using (3.179), (3.177) and Holder’s inequality, we get

||(a]Dw + W’Ug)Bg 15353 <C, (3187)
where ] N N
g g
53 = 1 T 1 - 1q ra+1 > a T 1 = 59 (3188)
q+o P + rq—1 q

(using 74 > 719). Thus, we read from (3.104) using (3.180), (3.184), (3.185) and
(3.186), (3.187), (3.188) that?

0B

IN

!

LOW*0nL%2 L%2)*

C. (3.189)

This property is important for obtaining a point-wise convergence of B, using the
Aubin-Lions lemma. To avoid any confusion regarding this argument and the
space appearing in (3.189), we can use sy < so (which follows from o < ¢) and
obvious embeddings to replace (3.189) by a weaker information

10, B,

praw-ts2 < C, (3.190)

which is still sufficient for the use of Aubin-Lions lemma (and for weak compact-
ness of 9;By as sy > 1).

Finally, we examine the non-linearities related to (3.143). There, since & is
under control thanks to (3.154), the problematic terms could be only on the left

4For the definition and properties of intersection (and sums) of two normed spaces, we refer
to Section 4.2 below.
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hand side. To get an appropriate uniform control over the convective term, we
need to show that 7, is bounded in L?*(Q) (or only slightly worse, recall (3.181)
and (3.182)). To this end, we use inequalities (3.152), (3.153) once again to get

e < 1+ b2 (Be) = ¢y Inby < ¢ (6, — 1).
This, together with (3.146) and (3.155), yields
IOl < C. (3.191)
Then, since (3.156) and (3.33) give
IV 1n0y|2;2 < C, (3.192)

we can use Sobolev’s inequality, Poincaré’s inequality and an interpolation to
obtain

1 _d_
6] 2rg 2y < Cl BT [ 6l| oy < C (3.193)

d
Now we observe that a similar reasoning applies also for the quantity In det B,.
Indeed, using (3.155), (3.191), (3.163) and (3.133) in the form

1
IndetB, = —(n; — ¢, In6,) + tr B, — d,
L

it is clear that
|Indet By ;0o < C. (3.194)

Further, the estimate of its derivative follows immediately from (4.40) and (3.156)
as

IV Indet By|| 2, = ||tr(B, VBB, 2) <C. (3.195)

L2[2

Hence, using again the Sobolev, the Poincaré and interpolation inequalities, we
get

I det Bl 213 205 < C. (3.196)
From (3.193), (3.196), (3.163) and (3.133), we finally deduce
ellposos,  where sq=min{2+2 g+0}>2, (3.197)
and thus
d 1\~
i <C, wh (-5 =) >1 3.108
HWW LS5 LS5 where Sj <p<d+ 2) + 84> ( )

due to (3.182) and (3.197). We remark that, since

Ve = e,V In 6y — u(tr VB; — tr(B, 2 VBB, ?)),

we also have, using (3.192), (3.180), (3.156) and Poincaré’s inequality that

17ell oo < C. (3.199)

Looking at (3.143), we still need to verify that the flux terms are under control.
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As for the term x(6,)V In6,, we use Holder’s inequality, (3.33), (3.176) and
(3.156) to get

(607 100 2y, < H\/ 92) H\/ @)vIne) <o (3200
where note, using (A1), that
R, — (rg — 1)2(q—|—0) -~ rd(q+0—22) —q—o0
2 ) (3.201)
q“+qo—2q+q+0—-2 —q¢°—qo+q+o o—1
> rg+ =ry+ > 1.
2(¢ - 1) ¢—1

Finally, let us derive an estimate on w|V,|"V,, from which it follows that
this term vanishes as w — 0;.. The number sg defined by

- Rd(T+2) . Rd—T’
ST Ryr+ 1D +r Ry(r+1)+r

is greater that one due to (3.201). Next, we remark that (3.156) yields

r+2
w/Q ’wei; <cC. (3.202)

Using this together with (3.176) and Hoélder’s inequality leads to

o R a N
Ry(r+1)+r d"
_ 4 d Ry(r+1)+r
I
eRd(r+1)+r
d< r+1)+r
Rg(r+2)(r+1) Rg(rt2) Ryr Ry(r+1)+r
r r R(r+2
|V9£’ Ralr+D+ g Rat+D+7 a(r+2) (3.203)
= 2R (r+1) 4 Ry (riD)+
d(r r.
QeRd(HIHT Ry(r+1)+r i

Rd(r+1) ;

B ; |V0 |rF2 2
_w+ /Q< 0@ H@g

From this and from (3.200), (3.195), (3.156), (3.143), we see, using the defi-
nition of a weak time derivative, that

1+2 < er+2

10mel| 212 < C, (3.204)

where M is so large that WM2(Q) — W1 (Q).

Taking the final limit

Let us note that the estimates above are independent not only of ¢, but also of w
(except for (3.202), which is used only to infer (3.203)). Indeed, since 0 < g, < 1,
the presence of g, in some terms does not affect the corresponding estimates.
Actually, the only information which is w-dependent are the lower estimates on
A(B;) and 6,, but we used this information only quantitatively to verify that B, *
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and 0, " are admissible test functions in (3.104) and (3.124), respectively. Hence,

to spare us some work, we set
1

Za
and hereby, it remains to take the limit £ — oo only.

By collecting the estimates (3.146), (3.177), (3.183), (3.179), (3.180), (3.190),
(3.197), (3.199), (3.204) and using Lemma 4.1, we get the following convergence
results:

w =

v — v weakly in LP(0, T; Wy b, ), (3.205)

vy — v strongly in Lp+%p)(Q) and a.e. in @,  (3.206)
Oyvg — Oy weakly in LP*(0, T W(;C}i’fl),

B, —~B weakly in L% (0, T; W' (Q)), (3.207)

B, — B strongly in L9*9)(Q) and a.e. in Q, (3.208)
0B, — 0,B weakly in L*2(0,T; W~1%2(Q)),

Ne — 1 weakly in L% (0, T; W ((Q)),

Ne =N strongly in L*Y(Q) and a.e. in Q, (3.209)

0 — 0 weakly in Lf(Q). (3.210)

Now we explain how to take the limit in equations (3.103), (3.104), (3.143),
(3.145) and then, we also identify the corresponding initial conditions. First, we
focus on taking the limit in the function g1. From (3.126), (3.128) and (3.205),
(3.207) (or (3.206), (3.208)), we obtain

Bx-z>0 forallz eR?Y and >0 ae. inQ, (3.211)

however, we need these properties with strict inequalities. To this end, we use
the Fatou lemma, (3.208) and (3.194) to get

/|1ndetIB%]§liminf/ IIndetBy| < C ae. in (0,7).
0 {—00 0

Thus, by taking the essential supremum over (0,7"), we obtain
|Indet B ;01 < 00,
which, together with (3.211) implies
Bx-x >0 forallzecR? ae. inQ. (3.212)
Then, note that, by (3.133), we have
coIn0p = e + piha(By) (3.213)

and, by (3.209), (3.208), the right hand side of (3.213) converges a.e. in ). There-
fore, we also have

colnbp — n+ uhe(B) a.e. in Q
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with the limit being finite a.e. in ) thanks to (3.212). This we can rewrite as

0y — exp ( ! (77 + /ﬂ/}g(IB%))) a.e. in Q,

Cy

where the limit is positive and finite a.e. in ). But looking at (3.210), this yields

1
0 = exp (c (77 + u%(B))) >0 a.e. inQ, (3.214)
which is (3.56), and
0y — 0 a.e. in Q. (3.215)

By combination of (3.212), (3.214) and the point-wise convergence (3.207),
(3.215) we deduce that, at almost every point (¢,z) € @), we can find M;, € N
such that for all £ > M, , we have

1 1 1 1
A(By(t,x)) > iA(B(t,x)) > and  0(t,z) > 59(75,3:) >
Then, looking at the definition of g, we see that at almost every point (¢,x) € @
and for ¢ > M, ,, the positive parts max{0, -} can be removed and thus, it is clear
that g1 (By, 0¢) converges point-wise a.e. in () to 1. Hence, the Vitali theorem and
0< g1 < 1, imply
g%(IB%g, 0,) — 1 strongly in L>(Q). (3.216)
Therefore, regarding the first two equations (3.103) and (3.104), we can take
the limit in the same way as we did in the limit n — oo (using the scheme
(3.100)—(3.102)). Indeed, the integrability of the resulting non-linear limits was
already verified when estimating d;v, and 0,B, ((3.181)—(3.187)). This way, taking
(3.216) into account, using the density of {w;}3°; in W()lﬁlv, integrating by parts
in the convective term of (3.104) and extending the functional 9;B to the space
stated in (3.50) using (3.189) and

, 2(g+o)
Sy = ——~
q+o—2

we obtain precisely (3.57) and (3.58).
Next, we show how to take the limit in (3.143). In particular, we need to
prove that

|=

e =c,nbf — p(trBf —d — Indet Bf) (3.217)
— ¢, Infy — p(trByg —d — Indet By) = o, £ — o0,

weakly in L1(£2), at least. Using (3.73) and (3.72), we estimate

5] < el In 0| 4+ (| trBg | +d+ | Indet BF|) < C(|Inby| + |Bo| + | Indet Bo| + 1),

where the right hand side is integrable by assumptions (3.45) and (3.46). More-

/e

over, the function /" converges point-wise a.e. in Q due to (3.74) and (3.75).
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Thus, the limit (3.217) indeed holds (even strongly in L'(Q)) by the dominated
convergence theorem. In order to take the limit in the convective term, we use
(3.206), (3.209) and (3.198). Next, in order to identify the objects VIn6f and
V Indet B, note first that (3.193), (3.196) with (3.215), (3.208) yield

Inf, —Ino weakly in L217(Q),

Indet B, — Indet B weakly in L2+%(Q).
This, together with (3.195) and (3.192), implies

Ving, - Viné weakly in L*(Q), (3.218)
VindetB, — Vindet B weakly in L*(Q). (3.219)

Then, for the term x(6,)V In 6,, we use (3.30), (3.33), (3.176) and Vitali’s theorem
to find that

\/l{(gg) - \/14(9) strongly in L@)(Q), (3.220)

where we recall that R; > r4. As an immediate consequence of this and (3.218),
we get

VEO)VInG, — /k(0)VInd weakly in L*(Q). (3.221)

However, this weak convergence is true (up to a subsequence) also in L?(Q) due
to (3.156). Therefore, using again (3.220), we obtain

k(0)VIng, — k(0)VInf weakly in L'(Q).

Next, the term containing w|V6,|"V In 6, tends to zero by (3.203). Furthermore,
in the term pA(0,)V tr By, we use (3.30), (3.35), (3.215), Vitali’s theorem and
(3.207). Analogously, we take the limit in the term pA(6,)V In det B,, only we use
(3.219) instead of (3.207).

Now we take the limit in the terms on the right hand side of (3.143). From
(3.156), we deduce that there exists K € L*(Q) such that

ZVQQZ)]D)W — K weakly in L*(Q). (3.222)
¢

For € € (0,1), let h. : (0,00) — [0,1] be a smooth function satisfying

) ={o 2%
and define
o= 00022y, 1= 02
For fixed € > 0, the function
he(0) 21/9(5[)
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is bounded independently of ¢ and converges point-wise due to (3.215) and (3.30).
Thus, using the Vitali theorem and (3.205), we find

fer P f-  weakly in L'(Q). (3.223)
—00

Next note that, by Holder’s, Chebyshev’s inequalities and (3.191) we have

2v (915)
= — Dv,| < CH6, <
L= {w\/ o] < Clf6 < <}
(/|1n9e> <
—ln5

for all £ € N. Hence, using (3.222), (3.223) and weak lower semi-continuity, we
get

<CH{-Inb, > —1n5}]2 <

2v(0
/ Ife — K| < liminf/ fer — V(e)]D)'vg‘ < L,
Q t—oo Jg |7 0, —Ine
and thus, for e — 0, we obtain
f- = K strongly in L'(Q). (3.224)

On the other hand, since > 0 a.e. in @) by (3.214), it is clear that

2v(0)
0

Therefore, from (3.224) and (3.225), we conclude

fe—

Dv a.e. in Q. (3.225)

2V<0)]Dv

K f—
6 Y

which, using (3.222) and weak lower semi-continuity of [|-||,.;., finally gives

2 2
limint [ 229 Dy,2 > / 20) py2.
(o0 Jq O Q 0

In the next term x(6;)|V In6,?, we can use the weak lower semi-continuity
directly since we already proved that (3.221) is valid in L?(Q)). Moreover, the aux-
iliary term w|V6,|"|V In6,|* is simply estimated from below by zero.

To take the limit in the term 8(60)v(|Be — I))|BZ — By 2|2, we use (3.215),
(3.208) and apply Fatou’s lemma.

To handle the limit in the last term of (3.143), we use again the function h.,
but this time, we define

Foo = ho(det B)yA(6)B, 2 VBB, 2,  F. = h.(det B)\/A(6)B 3 VBB 3.

Let G € L*(Q) such that

JNO)B, *VB,B;F ~ G weakly in L3(Q). (3.226)

For £ > 0 fixed, the function

H, = \/h.(det B) A (00)B,
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is bounded and converges point-wise a.e. in ¢ due to (3.208) and (3.215). Thus,
using Vitali’s theorem and (3.207), we get

F.,=H.,VB/H., o F. weakly in L'(Q). (3.227)
—00

Moreover, using Holder’s and Chebyshev’s inequalities and (3.194), we find

/Q For— MN0B VBB, * < [ /M6)[B,*VEB, ]

{det By<e}

< C|{det]133,Z <clF <Cl{—IndetB, > —Ine}|?

3 C
< Indet B ) <
_\/—1n </|n ¢ £| ~ V—Ine

for every ¢ € N. Therefore, from (3.226), (3.227) and weak lower semi-continuity,

we deduce
_1 _1 C
FE —\/A0,)B, 2VB,/B, 2| < ,
£ (f) ¢ 1Dy > \/Tne

/ |F. — G| < hmlnf

hence
F. — G strongly in L*(Q).

Since det B > 0 a.e. by (3.212), we also have that

F. = JAO)B 2VBB 2 ac. in Q.

Thus, we identified that
G = /\NO)B VBB 2

and, by (3.226) and weak lower semi-continuity, there holds

limint [ A(6,) |B; 2 VBB, ?
Q

l—00

2 _1 _12
Z/QA(Q) ‘IB% :VBB ’ .

Using the argumentation above to take the limit £ — oo in (3.143), we obtain
(3.59).

Finally, to take the limit in (3.145), we first integrate it over (0,t), t € (0,7,
and use (3.121), (3.109) to get

[ Bty = [ (1Pl + c08) = /t(f,w). (3.228)
Then, note that (3.206) and (3.215) yield
Ei(t) — E(t) ae.inQ (3.229)
for almost every t € (0,7") and also that
vy — v strongly in L*(0,t; L*(Q)) (3.230)

(cf. (3.182)). Thus, in order to take the limit £ — oo in (3.228), we use (3.229),
Fatou’s lemma and (3.75), ||Pvo — vol|, — 0 on the left hand side and (3.230)
on the right hand side. This leads precisely to (3.60).
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3.5.7 Attainment of initial conditions

To finish the proof, it remains to identify the initial conditions stated in the The-
orem 3.2. Note in particular, that we search for the initial condition for the tem-
perature while now we only have the entropy inequality at our disposal. Let us
start by an observation that v and B are weakly continuous in time. Indeed, first
of all, let us recall that

v € L®(0,T;L*(Q)), 0w € LP'(0,T; Wy g2 (), (3.231)
where p; > 1 is given in Definition 3.1. Concerning B, we have
Be L>0,T;L°(2)), 0oBe L 0,7; W ¥y (Q)),

cf. (3.190) and (3.179). From this and (3.231) we obtain, by a standard argument
known from the theory of Navier-Stokes equations (see e.g. [54, Sect. 3.8.]), that

v € Cu([0,T]; L*(R2)) and B € C,([0,T]; L°(Q)). (3.232)

Then, to identify the corresponding weak limits, we can use an analogous idea as
in the part where the limit n — oo was taken together with (3.74). This way, we
obtain

lim [ v(t) w= /Qvo ~w for all w € L*(Q) (3.233)

t—=04 JQ

and

lim B(t)-szhm/Bg -W:/BO-W for all W e L7(Q).  (3.234)

t—=01 JO

Before we improve this information, it is worthy to realize that, unlike in
the theory of Navier-Stokes(-Fourier) systems, we can not draw any information
about limsup,_,q, |v(t)])2 from the (kinetic) energy estimate because of the pres-
ence of 6B in (3.57). However, we can use roughly this idea for B. Indeed, let us
return to (3.162), where we apply the Young inequality to deduce that

/(tI‘Bg </ trIB%“”+C//|]Dw| o +Ct

for all ¢ € [0,T] (appealing also to (3.232)). Recalling (3.178) and (3.177), we see
that application of Holder’s inequality yields

/(tng </ (trBy)? + Ct** + Ct

for certain €; > 0.° Thus, using (3.208) and Fatou’s lemma on the left hand side
and (3.74) on the right hand side, we get, for all ¢ € [0, T, that

/ﬂ (trB(t))° < lim inf Q(trlaag )+ Ot + Ct = /Q (trBo)” + Ot + Ct.

l—o0

Thus, by taking the limes superior, we arrive at

limsup [ (trB())” < / (tr Bo)°. (3.235)

t—04

5This is possible whenever o < ¢. In the special case o = ¢, p = 2, one has to derive a version
of (3.162) with the number o replaced by o1 < 0.
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It is evident that the functional

1

A (/ (tr A)”>° isanormin {A€L7(Q); AcREY.  (3.236)
Q

Then, using (3.234), weak lower semi-continuity of that norm and (3.235), we
obtain
Jim [ (B(1)” = /Q (tr Bo)°. (3.237)

Since the norm defined in (3.236) is, by (4.37), one of the equivalent norms
in the space L?(Q2), which is uniformly convex as ¢ > 1, we conclude using
the Radon-Riesz property, (3.234) and (3.237) that (3.62) holds.

Next we focus on obtaining the initial condition for #. From (3.60), (3.45),
(3.233) and weak lower semi-continuity, we get

t
| Glool? + o) = esstimsup | (o) +e.0(t) = im [ £, ],

t*>0+

> liminf [ $|v(t)]> + esslimsup [ ¢, 0(t)
Q t Q

t—04 —04

> / Lvo|* + esslimsup [ c,0(t),
Q t—04 Q
hence
esslimsup [ 6(t) < / 6. (3.238)
t—04 Q Q
To obtain also the corresponding lower estimate, we need to extract the available
information from the entropy inequality (3.59). To this end, we proceed analo-
gously as we did between (3.146) and (3.150), with two small nuances, however.
First, now we are working with an inequality and thus ¢ has to be non-negative.
Second, instead of (3.147), we can only use that

u:/QngzﬁELOO(O,T).

Consequently, the fixed time ¢ € (0,7) has to be chosen as a Lebesgue point of u
and to conclude (3.149), we use the Lebesgue differentiation theorem (for which
we can refer to [29, Corollary I11.12.7]). This way, we obtain

/Qn(t)¢+/ot/9j.v¢z /9770¢+/0t/95¢ for all 6 € WH(Q), ¢ > 0, (3.239)

a.e. in (0,7) (in every Lebesgue point of [, n¢), where

j=—vn+k0)VIng — pA(O)V(trB — d — Indet B),
§

(2”0“’) D2 + k(6)|V In 62

+ 8(6)1(|B — I)|B: — B4 + uA(6) B VEB 4,0 )

are both integrable functions. Hence, by taking essliminf;, ,o, of (3.239), we
deduce

esst1_1>%1+1nf Qn(t)qbZ /Qﬁoﬁb,
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which is (3.64).° Let us now fix ¢ € C'(Q) such that ¢ > 0 in Q and [, = 1.
Since 1 is convex (cf. (2.27)), we get from (3.64) and (3.234) (or (3.62)) that

| emtog = [ mp+ [ pia®B)p < esslimint [ n(t)e +limint [ ¢a(B(1)

< o
< esstl_lgimf o In ().

If we use this information together with Jensen’s inequality and the fact that
the function s +— exp(3), is increasing and convex in R, we are led to

1 1
exp (2/ hu%go) < exp (2 ess liminf/ lne(t)go)
Q
= ess, hm inf exp (/ In \/6( gp) (3.240)
< ess, hm mf/ \O(t)p.

By (3.60), we have

esssupH\/_H < 00,
(0,7)

which means that

o) <C in(0,7)\ N, (3.241)

where C' is independent of t and Nj is a set of zero Lebesgue measure. Let us
denote

= esslimsup (3.242)

t—04

Then, since |No| = 0 (and thus the values at points ¢ € Ny can not affect L), we
can find a set N C (0,7), such that N D Ny, |N| = 0, and there exists a sequence
{t,}>2, C (0,T)\ N for which

(3.243)

n—oo

Using (3.241) and reflexivity of L?(Q), we get a subsequence {s,}°2, C {t,}°,
and a function h € L?*(Q2), such that

\0(s,) = h  weakly in L*(Q). (3.244)
Therefore, we can write
esstlir&mf/Q Vo) < lim A 0(sn)p = /Q he,
which, together with (3.240), gives

1
— < . .
exp (2 /Q ln90<p) < /Q he (3.245)

6Using a similar technique, we could prove that 7 is essentially lower semi-continuous on
[0,T] in the weak topology of measures.
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Let zg be a Lebesgue point of both In #y and h. Furthermore, let B(e) be the ball
centered in zo with radius € so small that B(e) C ©Q and choose . € C!'(R?),
e > 0, with the properties:

2 . oy
OS@EE]B(@)] inQ, =0 inR’\B(e) and /Rd%:l,
Then, by the Lebesgue differentiation theorem, we obtain
/ In . — (In ) ()| < / 06y — (In6o)(o)| - (3.246)
< Infy — (In 6 —0 — 0
< B0 g 20 ~ () =0 as 0,

and similarly also

‘/Q hpe — h(zg)| = 0 ase — 0.4. (3.247)

On choosing ¢ = . in (3.245), taking e — 0, and using (3.246), (3.247), we get

Oo(z0) = exp(3 InO(zg)) < h(zo),

\/%Sh a.e. in €.

From this, (3.243), (3.244) and (3.238), we deduce that

7}1_)120”\/ Sn) \/T) <esshmsup —th_{go/ \/0(sn) \/% /90

t—04

<2/0—2/h6<0,
<2 Qﬁ_

which, looking at the (3.242), yields

and, consequently, also

ess lim
t—0 +

Hence, by Holder’s inequality, we get

esstlim supl|0(t) — b, = esstliﬁrf)isup/Q ’(W—i— \/97)) <\/9(7t) - \/%)

~>0+

< Cesslimsup
t—04

which is (3.63).
Using information above, we can finally improve the initial condition for v as
well. Indeed, from (3.60), (3.63) and (3.45), we obtain

limsup [ F|v(t)]> < esslimsup | (3|v(t)]* + c,0(t)) — essliminf | ¢,0(t)
Q

t—04 Q t—04 =04 Q

t
L2 i — — [ Ly 2
S/Q(2|vo| +cv6’0)+tl_1>r&/o(f,v) /cheo /92|v0| :

Thus, using also (3.233), we conclude that

lim supl[o(t) — v 3 = limsup [ o)+ [ ool =2 lim [ v(t)-vo <0,
t—)0+ Q Q

t—04 t—04 JQ

which implies (3.61).
The proof of Theorem 3.2 is complete. O]
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We remark that the differentiability of B could be slightly improved to
VB € L3 (Q)

if we used B! instead of (trB)?~'T as a test function in (3.58) (or rather its
truncation, recall (3.157) and (3.159)). However, as long as d > 2, this additional
information does not improve the integrability of B (via the Sobolev embeddings
and interpolation), and thus conditions (A0)—(A2) can not be relaxed based on
this information. Since the corresponding matrix computation (in order to show
B! ¢ WHH(Q) and VB - VB! > C|VB2|?) seems quite involved (due to
the non-commutativity of B and VB), we decided to omit this improvement.

It remains unclear whether a suitable weak solution constructed above fulfils
the local balance of total/internal energy. It seems that the conditions (A0)—(A2)
are insufficient to give any sense to these balances. However, it turns out that
if the parameters r, ¢ and g are large enough (in certain sense), then the local
balance of total/internal energy holds. In the next two sections we show that
the sufficient conditions for this to happen are (B1), (B2) and (C), respectively.

3.6 Local balance of total energy
If we insisted on fulfilment of
OE +v-VE —div(k(0)VE) = div(—pv + 2v(0)(Dv)v + 2aufBov) + f - v

locally, we need to ensure that every its term can be defined in a weak (i.e.,
the distributional sense). Thus, in addition to the requirements imposed by
Definition 3.1, it is necessary that the terms |v|?, k(6)V0, pv, (Dv)v and 6Bv
are integrable (or actually slightly better for the compactness arguments to work).
In particular, we need to construct the pressure p which appears in (3.9) explicitly.
To this end, we need to consider different boundary conditions than we did so far
(there are indications that with Dirichlet boundary conditions for v, the pressure
is only a time-distribution, see [8]). For example, if we consider a Navier’s slip
v-n=0nx(Tn+v)xn=0o0n (0,7) x 2 as in Chapter 5 or in [12], we
can formally estimate the pressure using regularity of solutions to the following
Neumann problem:

Ap = divdiv(v ® v — 2v(0)Dv — 2au0B) + div f.

If the domain €2 is sufficiently smooth, then it follows from this equation that
the pressure p has the same integrability as the terms inside the double divergence
operator on the right hand side (see e.g. [37]). Thus in fact, we only need to verify
that the terms |v|?, (Dv)v, 0Bv and k(0)VH are integrable (with some exponent
greater than one).

The condition (3.39) (which is an equivalent version of (B2)) yields

q+o N q+o 3d £ <
p= = Hrg<mnr
2y =17 (g+o0) d+2
while if r4 > rq, we use d < 4 to write 2 = ZdT*; > d%. Hence, property (3.65)

ensures that v € L*™(Q) for some ¢ > 0 sufficiently small. Next, we rewrite
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the condition (B1) equivalently as

ry <1+

—9
2o =2

and then we estimate, using also d > 2, that

2d -1 2 2 d+1
b= q,+a - q+a1 S92 sl _ 5 +
2rg—1 qt+o—5 d d+d d+2 d+2

(this inequality is obviously true also if r4 > 71). Hence, we get

1 1 1+ 7%

4+ o =

p p(1+3) p
and thus, with the help of Holder’s inequality, (3.47) and (3.65), we see that
(Dv)v € L'(Q). Furthermore, we remark that 6B € LP(Q) (i.e., the same

integrability as that of Dv) if 4 < r;. Indeed, this follows from (3.41) and (3.40)
as

<1

i i SDVUAS

1 1
Ry q+o  q+o  qto p
and thus we deduce using (3.53) and (3.49) that also 6Bv € L'**(Q). If rg > ry,
then we write
1 1 1 gto—2 1 d  2d+2
rd—|—1+q—|—a+2(1—|—%)< 2(q + o) q+0+2d—|—4:2d—|—4

<1

and we see by Holder’s inequality that also in this case we have §Bv € L'*¢(Q).
Finally, to verify that the term x(0)V6 is integrable, we first use (3.33) to write

1K(0)VO| < C|VO| + C|07V6| < C|V6| + CO-2|Voz|,
where note that r +1 — % > () since

R Ry 1 p(ra—1)(2rg—1) 1<rd+1_1_r—|—1

2 2 d 4 d 2 d 2

if r4 < r; and the other case is obvious. As (B1) gives

R (ra—1)(¢g+o0) 2
2o(r+1-)=2r+2- -
(” 2) rE 2 T
2
:Rd+4—3—(rd—1)(q+a—2)<Rd,

the term 671~ 2| VA | is integrable in view of (3.52), (3.53) and Hélder’s inequal-
ity. To see that also VO € L'™¢(Q), let us distinguish two cases. If R > 2, we
write

VO] = 0|V 1n0),

use Holder’s inequality, (3.54), (3.53) and the fact that R; > 2. On the other
hand, if R < 2, we can write

2 R R
Vo] = Eel—ﬂveﬂ. (3.248)
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Then, note that (3.41) and (B1) imply

(ra—1)(g+0—2) P

R
d > 9 d’

hence

2 4

due to d > 2. Therefore, if we apply (3.248), the Hélder inequality, (3.53) and
(3.52), we also obtain V8 € L**(Q).

Based on these observations, we postulate the following theorem, which how-
ever, is not proved here. Due to different boundary conditions, we denote the trace
operator by 7 and we replace the space W&’dpiv by

Wi ={weC=(Q), w-n=0 on 9Q) ",
Wit —{welC>Q), w-n=0 on 02 divv=0 in Q}H-nl,p.

n,div

Theorem 3.3. Let the assumptions of Theorem 3.2 be satisfied and suppose that
functions (v,p,B,n) are a suitable weak solution in the sense of Definition 3.1
with properties (3.47), (3.48) replaced by

ve LP0,T; W) Hiv) N Cyw([0,T]; L*(Q))
dyv € LPY (0, T; W, 1)

n,div

Tv € L*(0,T; L*(09))
and with equation (3.57) replaced by
T
/ (0, @) — (v ® v, Vep) + (20(0)Dw, Vep) +/ Tv-Teg)
0 o9

T T
:/0 (pH—2au9E%,Vso)+/0 (f, %)
for all @ e LP1(0,T; Wim).

Moreover, let d = 2, or d = 3, suppose that Q0 is a domain of class Ct' and
assume that (B1), (B2) hold.
Then, the functions E and Eq defined by

1 1
E = §\v|2 +c,0 and Ep= §|v0]2 + c,b0,

respectively, satisfy
E € L®(0,T; L}(Q)) N LXE(Q)

and
~ (B0, 0)p0) ~ [ (B, 0)00 — [ (Bv. Vo)

[0 iToPep+ [ l0)v0, Vo) (3219)
— /0 pv — 2v(0)(Dv)v — 2apbfBv, Vo)p

for all ¢ € W'>°(0,T), o(T) =0, and every ¢ € W"(Q).
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To prove this theorem, one has to introduce an additional layer of approxima-
tion in (3.67)—(3.68), in which the pressure p is constructed. This can be achieved
by relaxing the divergence free condition on v in the Galerkin approximation and
by adding the constraint

eAp = divw

instead. Then, as ¢ — 0., one recovers divv = 0 and moreover, appealing
to the regularity of solution to the Neumann-Poisson problem, one can deduce
the a priori estimates for the pressure. See [12] for details. Besides that, one
can proceed analogously as in the proof of Theorem 3.2. The compactness of
all the terms appearing in (3.249) follows from (B1), (B2) as was verified above.
A detailed proof of Theorem 3.3 falls outside the scope and aims of this thesis,
and therefore is omitted.

3.7 Local balance of internal energy
Finally, we investigate when the local balance of internal energy
040 + c,v - VO — div(k(0) V) > 2v(0)|Dv|* + 2au6B - Do (3.250)

holds. To make the right hand side of this equation integrable, we need to impose
conditions that are even stricter than those from the previous section. Let us now
verify that the condition (C) is optimal for this purpose. First of all, recall that
(C) is equivalent to 74 > r; and that we have p = 2 and Ry = rg +1) > 2
in this case. Hence, we easily deduce that the terms fv and x(0)VO are well
defined, using the ideas from the last section. Next, the viscous dissipation term
is obviously integrable as (3.31) is assumed and p = 2. However, we can not
improve this information, and therefore (3.250) is stated only as an inequality.
Finally, the term 6B - Do is integrable since (C) gives

1+1+1—1+1+1<1+1+
Ry gq+o p r+l) q+o p T4 1 gto 2

_q+0—2+q+0+2_
2(q+ o) 2(q+ o)

Now let us state the precise result.

Theorem 3.4. Let the assumptions of Theorem 3.2 be satisfied and let (v, B, 0,n)
be a corresponding suitable weak solution.
If the condition (C) holds, then

— (et 0)0(0) = [ 0,000~ [ (00, 90)0+ [ (s(0)76,V0)

T
> / (20(0)|Dw? + 20468 - Dw, ¢)p
0
for all 0 <o € WH®(0,T), o(T) =0, and every 0 < ¢ € WHe(Q).

(3.251)

Proof. In the proof of Theorem 3.2 it was shown that the suitable weak solution
(v,B,0,n) can be constructed as weak limit of a sequence (vy, By, 0, 1,) satisfying,
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among other things, the equation

—(e0]00(0) = [ (600000 — [ (esbrwn, Toe + [ (509 V01, Vo)

. (3.252)
> /O (2v(00) [De|* + 2ap1g1 (Be, 0¢)0,By - Dvg, d)y

for all o € WH(0,T) and every ¢ € WH>(Q) (recall (3.124), take 7 = p¢ and
integrate by parts in the first two terms). Moreover, as p = 2 and Ry = rg+1), we
have the following information about the convergence of (v, By, 0;) to (v, B, 6):

v — v weakly in L*(0,T; Wol,’(iv), (3.253)

vy = v strongly in L2+%)(Q) and a.e. in @, (3.254)

B, — B strongly in L979)(Q) and a.e. in Q, (3.255)

0, — 6 strongly in L%(Q) and a.e. in Q,  (3.256)

V@f N weakly in L*(Q), (3.257)
g%(Bg, 0)) — 1 strongly in L(Q). (3.258)

(recall (3.205)-(3.210), (3.215), (3.176) and (3.216)). It remains to take the limit
¢ — oo in (3.252).

Taking the limit in the first two terms of (3.252) is easy, we use (3.75) and
(3.256), respectively. In the convective term we apply (3.256), (3.254) and the fact
that Ry =rq+ 1) > 2. Next, we observe that

T—|—1) T—Fl—l Td—i-l—l Rd
<r+1- 4 — 4 <=
2 Tt 2 2 2

R
0<7‘+1—§:r+1—

and thus

ol

/i((%)Gf — /i(@)@l_g strongly in L*(Q)

by (3.33), (3.30), (3.256) and Vitali’s theorem. Hence, using also (3.257) (and
6 >0 a.e. in @), we arrive at

2 |_R R 2
k(0,)V0, = E@i 2 k(0,) VO — ﬁel—%@(e)ve? = k(0)V6

weakly in L'(Q).

To see that the term %/@((%)V&g vanishes in the limit { — oo, we can use
roughly the same argumentation as for the analogous term in the entropy in-
equality (recall (3.203)). First we need to realize that in the estimates that follow
after (3.163), we can keep the term

. Ve r+2
w/Q|V95| v :5% | eﬁlﬂ

on the left hand side (this term was previously omitted on the first occasion since
we were interested only in w-uniform estimates). This way, we observe that the
estimate (3.175) can be replaced by

r+1—8 |v9£|r+2

i Vo, |+ B I pEa | Ipud? < ¢8)
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(recall that we are now in the case r4 > r1). Then, using an analogous estimation
as in (3.203), we arrive at

r+1)a 14+8)(r+1
|V9£|( ) %

W]V O™V O] = 0

eI
Q

r42
0(

V0,2 (1+8)(r+1)
sm( ”’) X s
Q

1 2\ o(1+8)(r+1)
06+ a(r+1) )/ r+2

A+8)(r+1)

< C(B)w™ [0il|py”

where « solves

r+2 /a(1+5>(7“+1)_R
a(r+1) r+2 o
Since this is equivalent to

42
r+1

and we have Ry =ry+ 1) > r+ 1 we see that 8 > 0 can be chosen so small that
a > 1, and hereby we get

| VO" V| .0 < ﬁ —0 as {— oc.

+

Next, using (3.31), (3.256) and (3.253), it is easy to see that

v(0,)Dv, — \/T]D’v weakly in L*(Q).

Then, by the weak lower semi-continuity, we get
im i 2> / 2,
héII_l}(l)glf/Q 2v(0p)| Doy~ > 0 2v(0)|Dv|

Finally, since

1,1 1 1 11
Ry q+o rq+1) q+o qifrg—i—l qto 2

due to r4 > r1 (which is equivalent to (C)), we deduce from (3.256) and (3.255)
that
0B, — OB  strongly in L*™¢(Q)

for some sufficiently small € > 0. Hence, by (3.258), it is also true that
g(By,0,)0,B, — OB  strongly in L*(Q).
But this together with (3.253) implies
(B, 0,)0,B, - Dv, — 6B -Dv  weakly in L'(Q).

Therefore, we can indeed take the limit ¢ — oo in every term of (3.252), leading
0 (3.251), and the proof is finished. O
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4. Auxiliary analytic tools

In this chapter, we prove all the auxiliary assertions that were used in the thesis.
Based on similar results in simpler settings, it should be intuitively clear that these
assertions hold true, however it seems difficult (or impossible in some cases) to
find a precise reference.

For the purposes of this chapter, we replace the interval (0,7) (or [0,7]) by
an arbitrary bounded interval I C R and set Q = I x 2. The set Q2 is always
assumed to be a bounded Lipschitz domain in R%, d € N.

4.1 Sequential (weak) compactness

To deduce that some subsequences of solutions constructed in Chapter 3 converge
in an appropriate sense, we need to combine several classical results of functional
analysis. To make the corresponding argumentation clear, let us formulate pre-
cisely the following auxiliary lemma, which is used many times in the proof of
Theorem 3.2.

Lemma 4.1. Let 1 < pq,pa, e < 00 be such that

and suppose also 1 < v < 0o and 1 < w < oo. Let the sequence {ux}32, C LY(Q)
be bounded in the sense that

”VUkHLmLpl + ||Uk||LP2L42 + ||atuk||LwW—mv” <C (4.1)

for some m € N.
Then, there exists a subsequence, which we do not relabel, and its limit u, such
that

Up — U weakly in LP*(I; WP (Q)), (4.2)
Up — U weakly in LP*(1; L%2(Q)), (4.3)
Up —> U almost everywhere in @, (4.4)
Up — U strongly in L*(1; L*(Q))  for all1 < s < S, (4.5)

where Lo

= _l’_ - =
S= 1d T (4.6)

p2d T gz pip
Moreover, if w > 1, then also

Owup, — Opu weakly in L (1; W™™0(Q)). (4.7)

Furthermore, if py = 00 or paqa = 0o then the conclusion of the lemma still
holds if the weak convergence in (4.2) or (4.3), respectively, is replaced by the weak
star convergence.

83



Proof. Let us first consider the case p1p2gas < oo. Note that, since p; < py, we
have |||l o1 < Cllugl psree < C, and thus we also get

||uk:||LP1W17p1 <C

from (4.1) and Poincaré’s inequality (see, e.g., [31, Sec. 5.8., Theorem 1]). Since
the spaces LP'(I; WWHPL(Q)) and LP2(I; L%(Q2)) are reflexive Banach spaces, there
exists a (not relabelled) subsequence of {u,} which is weakly converging to u
in these spaces by the Kakutani theorem (see [9, Theorem 3.18] or [29, V.4,
Corollary 8]). This proves (4.2) and (4.3). Further, the compact embedding

WPH(Q) <5 LP1(Q)

holds by the Rellich-Kondrachov theorem (cf. [1, Theorem 6.3 part I]). Thus,
since we also control Oyuy, we can apply the Aubin-Lions lemma (see, e.g., [66,
Lemma 7.7]) to select another subsequence such that

up — u  strongly in LP*(1; LP1(Q)).

Thus, by the properties of (Bochner-)Lebesgue spaces, there exists another subse-
quence which fulfils (4.4), hence it remains to show (4.5). To this end, let p; < d
and start with the Sobolev embedding

dpy
d—p

WiPH(Q) — LF1(Q), where pt = (4.8)

(for a reference see, e.g., [1, Theorem 4.12]). Then, for the § € [0,1] and S € [1, oc]
solving

1- 6 1—-6 0

1
P D2 i @ S
we observe that S satisfies (4.6) and

—0 0
Jukllpsps < ||uk||2p1Lp’{ 1wkl 72 pao

by the Holder (interpolation) inequality. Thus the sequence {u}52; is bounded
in L3(I; L°(2)). Therefore, by Holder’s inequality, the sequence defined as a =
|ur, — ul®, k € N satisfies

S

[ ax < el | B < 018)

for any measurable £ C @, and thus a; is uniformly integrable whenever 1 <
s < S. Moreover, by (4.4), we get ar — 0 a.e. in ). Hence, by Vitali’s theorem
(see [29, II1.6, Theorem 15]), there exists yet another subsequence of {u}32,, for
which a; — 0 strongly in L'(Q), which is (4.5). If p; > d, then (4.8) holds with
p} = oo and there is no other change in the proof!. Finally, if pf = d, then (4.8)
can be replaced by

WPH(Q) < LP3(Q) for any p3 < oo,

'Here we are obviously losing some information. To deduce a corresponding precise result
in the case p; > d, one can use the interpolation between Lebesgue and Sobolev-Slobodeckij
spaces. This is omitted since in Chapter 3 we actually only need the case p; < d.
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which is again sufficient to prove (4.5).

The property (4.7) holds since the Banach space LY(I; W~"?(2)) is reflexive
if and only if 1 < w,v < oo.

If p1pega = oo, we think of the sequence {ug}72, as of a bounded subset of
an appropriate dual space. Then, relying on separability of L' spaces and using
the Banach theorem (cf. [4, Ch. 8, Theorem 3] or [9, Corollary 3.30]), we obtain
weakly star converging subsequence(s). Also, we can use the Aubin-Lions lemma
on a slightly worse space (to ensure its separability and reflexivity) if p; = oo.
We can argue similarly in the case w = oo. Otherwise, there is no change in
the proof. n

4.2 Intersections of Sobolev-Bochner spaces

Suppose that X < H < X* is a Gelfand triple and consider the space W (I; X)
(defined in (3.2)) with 1 < p < oo. Then, it is known that the space C!(I; X)
is dense in W'P(I; X). Also, we have the embedding WP(I; X) — C(I; H)
and the corresponding “integration by parts” formula holds true. These classical
results can be found in [74, Problem 23.10], [66, Ch. 7] or [35, Ch. IV]). In this
section, we derive an analogous result with WP (I; X) replaced by the space

W={ue ’(I; X)NLYLY); Oue (LP(I; X)NLYL;Y))"}, 1<p,q< oo,
equipped with the norm

lullyy = llull o xapey + HatuH(LPXmLQY)*‘

The primary application which we have in mind is the case where X = W12(Q),

Y = L¥(Q) and w > 2L (i.e., we know better integrability than what follows

from the Sobolev embedding). Thus, we may assume that both X and Y admit
the Gelfand triplet structure with a common Hilbert space H:

XS HYS X and VS HS v

(even though this assumption could be relaxed if we needed similar results as
presented below in a more general setting). This implies

X4Y s Ho (X+Y) (4.9)

(the space H is identified with H* using the canonical isomorphism). Before we
continue, let us first review some properties of sums and intersections of normed
vector spaces.

Let A, B be normed vector spaces. The intersection A N B is defined simply
as the set intersection of A and B, equipped with the norm

[ull anp = llull 4 + llull5-
Furthermore the space A + B is defined as

A+B={a+b ac A, be B}
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with the norm
|ull oy 5 = inf{llall , + [|bllg; a € A, b€ B, a+b=u}.

We recall that the norm in the continuous dual space A* is given by

[l 4o = sup{[{u, v)|; v € A, |vll, <1}.
Then, one has
(ANB)*=A"+ B” (4.10)

and
(A+ B)* = A*n B", (4.11)

where the equalities must be understood as isomorphisms. Since we actually
do not need (4.11), let us verify (4.10) only. If w € (A N B)*, then we can
extend this functional to up € A* (using the Hahn-Banach theorem) and thus,
we can identify ug with an element of A* + B* (adding the zero element of B*).
Moreover, the extension up is chosen as to satisty |[up| 4. = [[ull 4np)-- Then, we
can estimate

|upll 4=y g < luplla- +1[0[ 5. = HUH(AmB)*

and the embedding
(ANB)" — A"+ B*

follows. Vice versa, let u € A* + B*, and choose a € A* and b € B* such that
a + b = u. We denote the restrictions of the functionals a and b to AN B by ar
and bg, respectively. It is obvious that ag,br € (AN B)*, and thus ugr = ar + bg
satisfies ug € (AN B)* as well. Moreover, note that

(ug,v) = {agr,v) + (bg,v) = (a,v) + (b,v) = (u,v) forallve AN B.
Hence, the definition of ug is independent of the choice of a,b and we may write

[urll(anp)- = sup{l{ur, v)|; v € AN B, [jv]| 45 < 1}
< sup{[{a,v)|; v € AN B, [[v]| 45 <1}
+sup{[(b,v)[; v € AN B, |[v]l4np <1}
< sup{[(a,v)]; v € A, [Jv] 4 <1} +sup{[(b,v)[; v € B, ||v[|z <1}
a- 0]

= [lal B

Since a € A* and b € B* are arbitrary functionals satisfying a + b = u, we get

HURH(AmB)* < [luf A*4+B*

and the embedding
A"+ B*— (AN B)*

follows. Thus, identity (4.10) is verified.
Note that (4.9) implies

X+Y <> (X+Y) = (XNnY).
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Thus, denoting P = max{p, ¢}, it is to see that

PLX)NLYLY) = LP(LX+Y)N LY X +Y) (4.12)
=L (LX+Y)—= LP(L(XNY)) '
and also that
(LP(LX)NLULY) = (LP(LXNY)N LY XNY))”

=L XnY) =LY (I; (X NY)").
Hence, the time derivative appearing in the definition of W is correctly defined
by

/8tug0 = —/u@tgo for all ¢ € D(I),
I I

which is an equality in the space (X NY)* (cf. (3.1)). Furthermore, from (4.10)
and (3.3), we see that

(LP(I; X) N LY(L;Y))* = LP (I; X*) + LY (I; Y™) (4.13)
(up to an isomorphism) and therefore, the norm ||-||,,, is equivalent with the norm

||U||;/v = ||U||LpXquY + HatuHLP'X*—i-Lq'Y*'

Theorem 4.2. Let 1 < p,q < oo and suppose that X, Y are separable reflex-
ive Banach spaces and H is separable Hilbert space forming Gelfand triples in
the sense that

XSHS X and YSHS Y (4.14)

Then, we have the embeddings
CHLXNY)<SW s C(I; H). (4.15)

Moreover, the integration by parts formula
(u(te), v(te)) g — (u(ty),v(t1))y = /:(3,5% v) + tf((‘?tv,u) (4.16)
holds for any u,v € W and any t1,15 € I.
Proof. Let us prove the first embedding in (4.15). If w € C}(I; X NY), then
weCHL; XNY)=C(LXNY)NnCHI; X NY)
— CHI; X)NCYI;Y) — LP(I; X)N LYI;Y)
and, using (3.3), (4.12), we also get
du e C(L;XNY) = LY XNY) = (LY (I; XNY))* — (LP(I; X)NLY(L; Y))*.

Hence, we obtain C'(I; X NY) < W. To show that this embedding is dense, we
take u € W and extend outside I. Let a < b € R be the left and right endpoints
of I, respectively. We define the extension of v on (2a — b,2b — a) by

_ fu(2a—t), te€ (2a—-10,a);
u(t)_{u(%—t), t € (b2b—a).
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Then, for £ € (0,%%), let o. € C'(R) be a non-negative function supported in
(—¢, e) satisfying

0:(t) <

o | =

forall t€R and /9521.
R
Next, we define u. by a convolution as
ue(t) = u* oo(t) :/u(s)ge(t—s) ds, tel.
R

Note that o.(t — s) is non-zero only if s € (t —¢,t+¢) C (a— b_T“, b+ I’_T“), which
is an interval, where u has been defined. Since g. € C'(R) and

Dyuc(t) = /Ru(s)g’a(t — 5)ds,

it is evident that u. € C}(X NY’). Then, using the properties of g., we can write

Jue(t) —u(®) | dt = (u(s) —u(t))o-(t —s)ds|| dt
J I \
= [ [t +5) = u@e-(s) s idt

S/I(/_i”u(t—l—s)—u(t)HXQs(S) d5>p at
< [ ([ ety as)™ [ ute +) — utt) asar

P re
=% /_ /I”“(t +5) —u(t)| dt ds

< 2Psup [ |lu(t+ s) — u(t)|%,

|s|<e

where the right hand side tends to zero as ¢ — 0, by the classical property
of the translation operator in Bochner spaces (see [35, Ch. IV, Lemma 1.5.]).
Analogously, we obtain that

J e =ulig o,

and thus

lue — ull o xpay — 0
as e — 0. Next, note that dyu exists also in the interval (a— %%, b+ 25%) (thanks
to the even extension of u outside I) and satisfies dyu € LP (I; X*) + L9 (I;Y*)
(cf. (4.13)). Therefore, there exist w; € LY (I; X*) and wy, € LY (I;Y*) with
w1 + wy = Oyu. Then, using the same estimate as above, we can show that

Sl o = w5 + [ lwex 0. = wallf. 0
as € — 0,. This implies
|Oue — atu”LP’X*—i—LQ’Y* = || (w1 * 0 — w1) + (wa * 0 — w2)||Lp’X*+Lq’Y*

< wy * e — leLP/X* + [Jws * 0c — wZHLq’Y* —0
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as € — 0, which finishes the proof of C}(I; X NY) S w.

If u,v € CH{I; XNY) — C(I; H), then dyu, v € C(I; X NY) < C(I; H) and,
using density of the embeddings in (4.14), the duality in (4.16) can be represented
as

<atu7 U> + <at1), U> = (atu7 U)H + (atva u)H - at(u7 v)H a.e. in -[7

hence (4.16) is obvious in that case. Now we proceed as in [66, Lemma 7.3.].
Note that, for any a,b > 0, the inequality

r—y <yl =) (4.17)
holds. Indeed, it is obvious if x < y and in the other case x > y, we can rewrite
it as

(z —y)* < (z —y)(x +y),

which is again evident. Let ¢t € I and in (4.16) we take v = u € CH{[; X NY),
to =t and t; € [ such that

1
()l = 7 el (4.18)
(using the mean value theorem). This way, we obtain
2 2 ¢
) = (eI =2 [ (Gru,w)

and by taking /| - | of both sides and using (4.17), we get

-l (e o) <5100

If we rearrange this, use (4.18), estimate the duality pairing and use Young’s
inequality, we obtain

ut) i < o [Nl + VIO sy

< Olllull g+ llully)-

1
UHianLqY (4.19)

Moreover, by (4.14), we have
W e LP(LEX)NLYLY) — LNLEX)NLNLY) < LN X +Y) — LY H),
and thus (4.19) yields

[uller < Cllully- (4.20)

Since C'(I; X NY) is dense in W, the estimate (4.20) and identity (4.16) remain
valid for all uw € W. Moreover, if u € VW, then we can take v = v and t, — t;
n (4.16) to deduce that w € C(I; H). Thus, the embedding W — C(I; H) holds
and the proof is finished. O

By taking X =Y and p = ¢ in the previous theorem, we obtain the classical
result as an obvious corollary.
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Corollary 4.3. Let 1 < p < co. Suppose that X is a separable reflexive Banach

space and that H is a separable Hilbert space such that X S HS X isa Gelfand
triple.
Then, we have

CH(I; X) <5 W (I, X) — C(I; H).
Moreover, the integration by parts formula
to

(u(ta),v(te)) g — (u(ty),v(t))g = /t2 (Opu, v) + (Opv, u) (4.21)

t1 t1
holds for any u,v € WHP(I; X) and any ty,ty € I.

Let H = L*(Q). The formula (4.21) can be used to identify that
(OQu,u) = =—— [ u (4.22)

a.e. in I. This is an useful identity when deriving an a priori estimate by multi-
plying a parabolic equation including the term dyu by its solution. However, in
certain situations we need to consider also test functions of the form (u) and
then, we would like to generalize (4.22) to

@ v =< [ [ ps)as

Whether this is possible depends on what kind of function v is and also on
the choice of X. The next lemma characterizes one situation where such an iden-
tification is possible.

Lemma 4.4. Let1 < p,q < oo. Suppose that ) : R — R is a Lipschitz function.?
For w € R, we define

U(x) = /x@/)(s) ds, xeR.
Then, for any uw € WIP(I; W14(Q)), there holds
U(u) € C(I; L'(Q)) (4.23)

and

/ ® Oy, () = [t~ [ W) forainner (124

t1

Moreover, if 1 is bounded, then
U(u) € C(I; L*(Q)).

Proof. First of all, we remark that ¢¥(u) € Wh4(Q) a.e. in I, e.g. by [75, The-
orem 2.1.11.], and thus the duality in (4.24) is well defined. Next, we apply
Theorem 4.2 to find u. € C'(I; WhH4(Q)) satisfying

lue — || poyyra + |Ostte — O] fpryp—1.0 — 0 as e — 0. (4.25)

2This means that there exists L > 0 such that |¢(z) — ¥ (y)| < L]z — y| for all z,y € R.
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Then, using the classical calculus (chain rule and changing the order of integration
and differentiation), it is easy to see that the identity

[ Ot / | ¥we)oru.

=/ /Qﬁt\lf(ua) :/Q‘If(us(h))—/g‘l'(“e(tl))

holds true for any ¢;,t, € I. Since 1 is Lipschitz (with some Lipschitz constant
L >0), we can estimate

[ (us)| < |(ue) = (0)] + [(0)] < Lluc] + [4(0)]

(4.26)

and

Vb (ue)| < [o" (ue)|[Viue| < LI V.

Hence, the sequence ¥ (u.) is bounded in LP(I; W14(Q)). As 1 < p,q < oo, this
is a reflexive space, and thus, there exist a subsequence and its limit ¥ (u) €
LP(I; W14(Q)) such that

Y(us) = P(u) weakly in LP(1; WH(Q)). (4.27)

Since p > 1, a subsequence of u. converges point-wise a.e. in () to u, and thus
Y (u) = ¢(u) using the continuity of 1. Hence, by (4.25) and (4.27), we obtain

* e, () = [ {Brue — By, () + [ (B (u))
— <8tu7¢(u)>

t1

as ¢ — 0,. Next, using the embedding
WP (I WH(Q)) < C(I; L ()
from Corollary 4.3 and (4.25), we get, for any ¢, € I, that
llu(t) —u(to)l], =0 as t—t (4.29)

and
|ue(to) — ulto)|l, =0 as e —04. (4.30)

Then, the Lipschitz continuity of ¢, Holder’s inequality and (4.29) yield

1) vt = )| [* was < [ [0 o)+ zis)
<//(0 1+ Ju(to)| + [u(?)] SC/QlJr]u to)] -+ |u(t)])|u(t) — ulto)]

< Cl1 A [ulto)| + |u(®)[ll[lu(t) — ulto)lly < Cllu(t) — ulto)]l, — 0
(4.31)
as € — 04, which proves (4.23) (and thus, the values ®(u(t)), t € I, are well
defined). By an analogous estimate, using (4.30) instead of (4.29), we can prove
that

[ 1®(ue(t0) ~ B(u(t))| >0 as < -0,
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for any ¢ € I. This and (4.28) used in (4.26) to take the limit ¢ — 0, proves
(4.24).
If ¢ is bounded, we replace (4.31) by

[ w0~ vt = [ [ visras]

u(to)
and the rest of the proof remains the same. O

<C | Ju(t) ~ u(to)

We also consider a small modification of the above lemma. In (4.24), we can
replace () by ¥(-)¢, where ¢ € WH>(Q), leading to the identity

/(&uzﬁ // s)ds ¢ — // s)ds¢ foralltel. (4.32)

Then, since ¢ is a Lipschitz (time independent) function, the proof is basically
the same as the one presented above.

4.3 Calculus for positive definite matrices

W

We recall that the operations and | - | on matrices are defined by

d d
Al . AQ = Z Z(Al)U(AQ)U and |A| =V A A,
i=1j=1

respectively. Then, the object |A| coincides, in fact, with the Frobenius matrix
norm of A. Thus, we also have that

|A| = \/tr(ATA) = /tr(AAT), where trA = zd:(A)

i=1

and
|ATA| < A% (4.33)

As a consequence of the Schur decomposition, every symmetric (and thus
normal) matrix admits a spectral decomposition of the form

A=QDQ",

where D is a diagonal matrix containing the eigenvalues of A and () is a unitary
matrix satisfying Q7' = Q7, |Q] = 1, see [39, Theorem 2.5.4] or [51, Theo-
rem 1.13]. Moreover, since A is positive definite, the eigenvalues of A are strictly
positive. Thus, we may consistently define any real power a of A by

A® = QDQ".

Then, the matrix A® is again symmetric and positive definite.
In the next lemma, we collect some basic algebraic facts.
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Lemma 4.5. Let A, € R4 § = 1,234, d € N be some matrices and let
A = AT € R¥4 be q symmetric matriz. Then, the identities

sym

(ii) |A]> = tr A (4.35

~— —

hold. Moreover, if A € R is a positive definite matriz, then the estimates
(iii) 0<trA—d—IndetA; (4.36)
(iv) IA] < trA < Vd|Al; (4.37)
(v)  min{1,d=" }A]* < |A%| < max{1,d" =" }|A]*  for any a € [0,00).
hold.

Proof. The identity (i) is a consequence of the well known identities for the trace
operator. Indeed, we can write

A1A2A3 . A4 = tr(AlAgAgAZ) = tr(AgAgAIAl)

= Ay - (AsATA)T = Ay - ATALAL

The property (ii) then follows from (i) and symmetry of A since
AP =A-A=A*T=trA”%

Let us denote the eigenvalues of A by {\;}¢ ;. Then, it is well known and
easy to see using the spectral decomposition that invariants of A satisfy

d d d
A=A, A= (3 22  detA =]\
=1 i=1 i=1

Thus, we get (iii) from the fact that z +— = — 1 —Inz > 0 for all x > 0 (this
function attains its minimum at x = 1). Furthermore, by (4.33), (4.35) and
Young’s inequality, we get

Al = [(A%)TAZ| <A = tr A
d d
= > X < V(DO = Vd|D| = VdlQDQT| = Vd|A],
=1 =1

which proves (iv). Next, for a € [0,00), we denote o(a) = ¢, A2*. If we use
concavity of the power function x +— z® for a € [0, 1] twice (first time in the form
ex® < (ex)®, e € (0,1)), we get the inequality

Thus, since

0'(05)% — ’DOI| — \/QDaQT . QDQQT — \/m: |Aa|,
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we obtain
A[* = 0(1)% < o(a)? = [A% = 0(a)? <d2(0(1)% =d =" |A[*
Analogously, for a € [1,00), using the convexity of z +— 2%, we obtain
2" [A]* < [A%] < |A]°
and the proof of (v) is finished. O

Next, we assume that
) dxd
A:Q >R deN,

is a Sobolev mapping defined in a domain Q@ C R?% d € N, with a Lipschitz
boundary. Thus, the derivatives of A exist in the distributional sense and they
are integrable in €). The result below is stated only for the domain €2 just for
simplicity. However, it is easy to see that an analogous assertion will hold also in
the case where the domain 2 and the symbol VA are replaced with (0,7) (i.e.,
only an one-dimensional domain) and 0;A, respectively. This fact is occasionally
used in Chapter 3.

Lemma 4.6. Let A, A~ € W2(Q) be positive definite a.e. in Q2. Then the fol-
lowing identities hold:

(i) VA™ = —A"'VAATY (4.38)

(i) ~VA-VA™' = |A"2VAA 2 |% (4.39)

(i) VindetA =A™ - VA = tr(A 2 VAA?) (4.40)
a.e. in €.

Proof. Let ¢ € D(R2). Using integration by parts twice, we obtain
/AVA‘1¢+/ VAA o = —/ V(Ap)A™! +/ VAA o
) Q Q Q

Q o0

AVA™' = —-VAA™" ae inQ (4.41)

hence, we find

by the fundamental theorem of variational calculus. The identity (i) then follows
upon multiplying (4.41) by A~! from the left.
The identity (ii) is an easy consequence of (i) and (4.34) since

VA - VA !1=VA - AVAA ! =VA.-A A 3VAA 3A"3
=ATIVAATE - ATIVAATE = [ATIVAATI

To prove (iii) (which is a version of well known Jacobi’s formula) we consider
a suitable approximation of A. For \,e > 0, we define

Ay =2+ A,
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where A, € C*(Q) satisfies
A=A aeinQ and [[A-A],, >0 ase—0,. (4.42)

Since A, can be constructed using a convolution and Az - > 0 for all x € R?,

we may suppose that
Acx-x >0 forall x € R (4.43)

Consequently, we also get
Az -z =Ax x+ \Nz|* > Nz> foral x € R?
and Ay ., AL € C*(Q). Then, we recall the Jacobi formula
Vdet Aye = det Ay AT - VA,
which we divide by det A, . and rewrite as

/ Vindet Ay p = / AL VAo forall p € D(Q) (4.44)
Q Q ’

(see [51, Theorems 8.1, 8.2]). Next, denoting the eigenvalues of A, by {\}L,
(which are positive due to (4.43)) and using (4.37), we observe that

1
<
A

>

‘A;,y < tr (()\]I + AE)—1> _ Z ;

i=1

Therefore, we have

st

<O

Loo Lo

and moreover it follows from (4.44) and the properties of A, that
[VIndet Ay |, < C(A).

Thus, by selecting appropriate subsequences we get

AL — Ky weakly in L™ (), (4.45)
Vindet Ay, — K, weakly in L*(Q) (4.46)

as € — 0. Due to (4.42), we have K; = (A + A)~'. Furthermore, note that

|Indet Ay.| = d|In(det Ay )| < d| det Ay |7 + d| det A}L|7
S C(|A)\76| + |A;é|)a

which implies, using also (4.42), that
Indet Ay, — Indet(Al + A) weakly in L*(€2).

Hence, we identify that Ky = Vindet(AL + A). If we use VA, = VA, (4.42),
(4.45) and (4.46) to take the limit in (4.44), we obtain

/ VIndet(\ + A)p = / AL+ A)"-VAp forall peD(Q).  (4.47)
Q Q
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Denoting the eigenvalues of A by {u;}%, and using (4.37), we find that

1
M+ A <tr(MNI+A) =
O+ )7 < T+ 4)7 =30

1=

<trA7' < VdATY.

Together with the Sobolev embedding W2(Q2) — L%(Q), this yields

w <C

d—2

(AT + 4)~

Thus, from Holder’s inequality and (4.47), we see that
|V Indet(AI + A)H% < C.
Then, using analogous procedure as above, we eventually find that

AL+ A)™" — A" weakly in L72(1Q),
Vindet(A\I+A) — Vindet A weakly in L7 (Q),

which is sufficient to take the limit A — 04 in (4.47) and obtain

/VIndetAg0:/A*1~VAgp for all ¢ € D(R).
Q Q

Consequently, the first part of (4.40) is proved. The second equality in (4.40)

follows directly from (4.34).
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5. Analysis of viscoelastic fluids
in the isothermal setting

This stand-alone chapter contains the work [6] titled Large data ezistence theory
for three-dimensional unsteady flows of rate-type viscoelastic fluids with stress

diffusion.

5.1 Introduction

We aim to establish a global-in-time and large-data existence theory, within the
context of weak solutions, to a class of homogeneous incompressible rate-type vis-
coelastic fluids flowing in a closed three-dimensional container. The studied class
of models can be seen as the Navier-Stokes system coupled with a viscoelastic
rate-type fluid model that shares the properties of both Oldroyd-B and Giesekus
models and is completed with a diffusion term. Such models are frequently en-
countered in the theory of non-Newtonian fluid mechanics, see [30, 27] and further
references cited in [27].

In order to precisely formulate the problems investigated in this chapter, we
start by introducing the necessary notation. For a bounded domain Q C R3
with the Lipschitz boundary 02 and a time interval of the length 7" > 0, we set
Q = (0,7) x Q for a time-space cylinder and ¥ = (0,T) x 0N for a part of its
boundary. The symbol n denotes the outward unit normal vector on 92 and, for
any vector z, the vector z, denotes the projection of the vector to a tangent plane
on 09, ie., z; = z — (z -n)n. Then, for a given density of the external body
forces f : Q — R3, a given initial velocity vy : Q2 — R?® and a given initial extra
stress tensor By : Q — R (here RS denotes the set of symmetric positive
definite (3 x 3)-matrices), we look for a vector field v : @ — R3 a scalar field
p: Q — R and a positive definite matrix field B : Q — R%$? solving the following
system in Q:

dive = 0, (5.1)
0w +v-Vv —vAv + Vp =2uadiv(1—)B - 1) +y(B*~B)) + £,  (5.2)

OB +v-VB+6(B—1)+d5,(B> - B) — \AB

5.3
= 21(VoB + (VuB)") + 2 (BVw + (BVv)'), (5:3)
and being completed by the following boundary conditions on :
v-n=70,
—ov, = ((VVU + v(Vo)! 4+ 2ua(1—~)(B - 1) + Q,MG/}/(BQ—B)) n)T . (5.4)
n-VB =0, (here @ stands for zero 3 x 3-matrix)
and by the initial conditions in §2:
U(07 ) = o, ( 5
B(0,-) = By. (5.6



The parameters v € (0,1), v, \,0 > 0, d;,02 > 0 and a € R are given numbers.

The main result of this chapter can be stated as:

Let vy and By be such that the initial total energy is bounded. Then, for
sufficiently reqular f, there exists a global-in-time weak solution to (5.1)—(5.6).

Although the above result is stated vaguely, we would like to emphasize that
we are going to establish the long-time existence of a weak solution for large
data and for three-dimensional flows. A more precise and rigorous version of
the above result including the correct function spaces and the properly defined
weak formulation is stated in Theorem 5.2 below.

We complete the introductory part by providing the physical background rele-
vant to the studied problem and by recalling earlier results relevant to the problem
(5.1)—(5.6) analyzed here.

5.2 Mathematical and physical background

The system (5.1)—(5.4) can be rewritten into a more concise form once one rec-
ognizes some physical quantities. First of all, let

Dv = L(Vo + (Vo)T) and Wo = (Vv — (Vo)T)

denote the symmetric and antisymmetric parts of the velocity gradient Vo, re-
spectively. Then, looking at the equation (5.2), we see that (5.2) is obtained from
a general form of the balance of linear momentum, namely

ov =divT + of, (5.7)

once we set the density ¢ = 1 and require that the Cauchy stress tensor T has
the form
T = —pl + 2vDv + 2ap((1 — ~)(B — 1) + v(B* — B)). (5.8)

In (5.7), ¥ stands for the material time derivative of v, i.e., ¥ = v + v - V.
Defining similarly the material time derivative of a tensor B as

B=0B+v-VB,

we can recognize the presence of a general objective derivative in (5.3). Namely,
defining
B =B — a(DvB + BDv) — (WuB — BWw),

we can rewrite the system (5.1)—(5.3) into a more familiar form as

dive =0, (5.9)
0 =divT + f, (5.10)
B+ 6,(B — I) + 6,(B*> — B) = AAB, (5.11)

which is supposed to hold true in ) and which is completed by the initial con-
ditions (5.5), (5.6) fulfilled in © and by the boundary conditions (5.4) on ¥ that
take the form:

v-n =0, (5.12)
(Tn), = —0ov,, (5.13)
n-VB=0. (5.14)
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We provide several comments regarding (5.8)—(5.11) as well as the boundary
conditions (5.12)—(5.14). The Navier slip boundary condition (5.13) is considered
here just for simplicity; note that for smooth domains, namely if Q € C%!, we can
introduce the pressure p as an integrable function, e.g., by using an additional
layer of approximation as in [12], see also [16, 15] or [8] which discuss the treatment
of the pressure in evolutionary models subject to the Navier boundary condition.
Nevertheless, since we always deal with formulation without the pressure (see
Definition 5.1), we can also treat the Dirichlet boundary condition, as well as
very general implicitly specified boundary conditions see, e.g., [58, 13, 14] or [8].
The Neumann boundary condition for B is considered here only for simplicity
and without any specific physical meaning.

A further aspect, which makes the above system more complicated than the
Navier-Stokes equation is the form of the Cauchy stress tensor T as in (5.8).
The term —pl 4 2vDwv corresponds to the standard Newtonian fluid low model
with a constant kinematic viscosity v. The next part of the Cauchy stress, which
depends linearly on B, appears in all the viscoelastic rate-type fluid models - see,
e.g., [53, (7.20b), (8.20e)], [40, (6.43e)] or [27, (43a)]. On the other hand, the
addition of the term 2auy(B* — B) is, to our best knowledge, considered here for
the first time. The fact that we require that v is positive (and strictly less than
1) plays a key role in the analysis of the problem, as is shown below. Note that
the linearization of T with respect to B when B is close to the identity I yields

T = —pl + 2vDw + 2au(B — 1)

and we recover the standard form of T (after possible redefinition of the pressure).

The quantity B takes into account the elastic responses of the fluid and the
equation (5.11) describes its evolution in the current configuration (Eulerian coor-
dinates), just as the velocity v. It is frequent to call the tensor (B —1I) the extra
stress or conformation tensor and to denote it by 7. More importantly, since the
material derivative of B is not objective, it must be “corrected” and this is the
reason, why in (5.11) the derivative B appears. The parameter a in the definition

of B determines the type of the objective derivative. The case a = 1 leads to the
upper convected Oldroyd derivative, that has favourable physical properties and
that leads to a clear interpretation of B within the thermodynamical framework
developed in [63], see also [64, 55, 56, 57]. Next, the case a = 0 leads to the
corrotational Jaumann-Zaremba derivative and this is the only case for which the
analysis is much simpler than in other cases. Furthermore, if a € [—1,1], one
obtains the entire class of Gordon-Schowalter derivatives. However, it turns out
that the physical properties of these derivatives are irrelevant for the analysis
presented below (except the case a = 0), therefore we may take any a € R. For
a =1 and A = 0 we distinguish two cases: if §; > 0 and d, = 0 we obtain the
classical Oldroyd-B model while if ; = 0 and d5 > 0 we get the Giesekus model.
Next, by considering a € [—1, 1], we obtain the class of Johnson-Segalman mod-
els. If we further let A > 0, we are introducing diffusive variants of the previous
models. It has been observed that including the diffusion term in (5.11) is physi-
cally reasonable, see, e.g., [30] or [27] and references therein. However, up to now,
it has been unknown what precise form should the diffusion term take and also
whether it actually helps in the analysis of the model. Our main result provides
a partial answer to this question, namely: for v € (0,1) and with the diffusion
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term being of the form AB (or more generally, a linear second order operator),
the global existence of a weak solution is available.

Compared to the equations describing flows of standard Oldroyd-B viscoleastic
rate-type fluids, there are two deviations in the set of equations (5.9)—(5.11)
studied hereafter. We provide a few comments on these differences.

The first deviation concerns the incorporation of the stress diffusion term, i.e.
the term —AB, into the equations. Following the pioneering work of [30] it is
clear that a quantity related to |VB|? has to be added into the list of underlying
dissipation mechanisms. On the other hand, the precise form in which stress
diffusion should appear depends on the choice of a thermodynamical approach
and specific assumptions. In fact, using the thermodynamical concepts as in [53]
or [27], one can derive models, where the stress diffusion term takes the form
—BAB — ABB, —B:ABB3 etc., however, we would prefer —AB simply because
it coincides with the form proposed by [30], and, from the perspective of PDE
analysis and numerical approximation, one prefers to deal with stress diffusion
that leads to a linear operator.

The second deviation from usual viscoelastic models consists in the presence
of the term (B® — B) in the Cauchy stress tensor, see (5.8). This term arises
if we slightly modify energy storage mechanism and apply the thermodynamic
approach as developed in [53]. In what follows, we give a clear interpretation and
a thermodynamic derivation of our model.

5.3 Thermodynamical derivation of the model

Viscoelastic models with (nonlinear) stress diffusion, but without the term B2
in the stress tensor are derived, e.g., in [53] and [27] even in the temperature-
dependent case. Here, we briefly explain the approach in a simplified isothermal
setting (sufficient for the purpose of this study), referring to the cited works for
the derivation in a complete thermal setting and for more details.
First, we postulate the constitutive equation for the Helmholtz free energy in
the form
Y(B) = p((1 —7)(trB — 3 — Indet B) + 1~[B — IJ?), (5.15)

where > 0 and ~ € [0, 1] is a parameter interpolating between two forms of the
energy. The choice v = 0 would lead to a standard Oldroyd-B diffusive model.
To our best knowledge, the case v > 0 was not considered before in literature.
The term 1+|B — 1], which is newly included in 1 is obviously convex with the
minimum at B = I and depends only on trB and on tr(BB), i.e., on invariants of
B, therefore it does not violate any of the basic principles of continuum physics.
Moreover, such an addition does not affect the first three terms in the asymptotic
expansion of ¢ near I, on the logarithmic scale. To see this, let H denote the
Hencky logarithmic tensor satisfying e = B (which exists due to the positive
definiteness of B). Using Jacobi’s identity, we compute that

trB—3—IndetB = tr(e" — I — H) = tr(3H* + O(H?)).
On the other hand, we easily get
B =1 = 4 tr(e®™ — 2e" + 1) = tr(H* + O(H?)),
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hence we also have
(1—7)(trB—3—1IndetB) + 9B — I|* = tr(:H* + O(H"))

and we see that for B being close to identity, the form of 1) is almost independent
of the choice of parameter 7 and the second part of ¥ in (5.15) can be just
understood as a correction for large values of B.

Next, we show how the constitutive equation for T (see (5.8)) appears natu-
rally if we start with the choice of the Helmholtz free energy (5.15) and require
that the form of the equation for B is given by (5.11). For the derivation, we
followed the approach developed in [53] that stems from the balance equations
and requires the knowledge of how the material stores the energy, but we simplify
the derivation presented there by assuming that the density is constant (in fact
we set for simplicity ¢ = 1 and hence dive = 0) and the flow is isothermal,
i.e., the temperature 6 is constant as well. Under these assumptions the balance
equations of continuum physics (for linear and angular momenta, energy and for
formulation of the second law of thermodynamics) take the form

¢ =T -Dv — div j.,
f=¢—divj, withé>0,

where e is the (specific) internal energy, 1 is the entropy, & is the rate of entropy
production, T is the Cauchy stress tensor and the quantities j., j, represent the
internal and the entropy fluxes, respectively. Since the quantities ¢, e, 8 and n
are related through the thermodynamical identity

e =1 +0n,
we can easily deduce from above identities that
0¢ = 04 + div (65,) = T - Dv — div(je — 05,) — 0. (5.16)
To evaluate the last term, we rewrite (5.11) as
—B = —AAB — a(DvB +BDv) — (WuB — BWov) +6,(B — 1) + 6,(B2 — B). (5.17)
Next, it follows from (5.15) that

U(B) _ |

where J is defined by

J=p(1 =7 -B"")+py(B-1).

Consequently, taking the inner product of (5.17) with J we observe that (since
BJ = JB, the term with Wv vanishes)

—tp) = —AAB - J — a(DuB + BDv) - J — (WoB — BWv) - J
+6(B—1)-J+ (B> —B)-J
— —Adiv(V¢(B)) — a(DvB + BDw) - J
+61(B—1)-J+6(B*—B)-J+ A\VB- VJ.

(5.18)
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To evaluate the terms on the last line, we use the symmetry and the positive
definiteness of the matrix B to obtain

(B—1)-J=p(l—7)B2 —B 2+ py[B - 17,
(B —B)-J = p(1 - 7)[B - I + uy|BZ — B3P,
VB - V] = py|VB|* — u(1 —)VB - VB! (5.19)
= wy|VB]? + pu(1 —4)VB-B~'VBB*
= wy|VBP + (1 — 7)|B~2 VBB "
Similarly, we obtain
a(BDv + DvB) - J = [2pa((1 - 7)(B — 1) + (B - B))] - Dv. (5.20)
Thus, using (5.18)—(5.20) in (5.16), we conclude that
0¢ = — div(AVY(B) + e — 03y)
+ [T = 20p((1 = 7)(B - I) + 7(B” - B))| - Do
+ uA(|VBP + (1 - 7)|B-2 VBB 2 %) (5.21)
+ 1 ((1=7)du[B2 — B2 + 16|B2 — B2 )
+ 1 (1= 7)82 +76)[B - 1%).
Hence, assuming that the fluxes fulfil
AVY(B) + g, — 04, = 0, (5.22)
and setting (compare with (5.8))
T = —pl + 2vDv + 2ap((1 — v)(B — 1) + v(B* — B)),
the identity (5.21) reduces to (noticing that —pl - Dv = —pdivw = 0)
0¢ = pA(v|VB|2 + (1 — 7)|B 2 VBB 2|?) + 2v|Dv|
+ 1 (1= 7)61B2 — B2 [2 + 16,|B* — B3[?) (5.23)
+ 41 (((1 = 7)82 + 700 |B - I?)

which gives the nonnegative rate of the entropy production. Moreover, we have
seen how the form of the Cauchy stress tensor T in (5.8) is dictated by the second
line in (5.21). Furthermore, we can also see in (5.23) (and also in the last line
of (5.19)) how the choice of the free energy (5.15) affects the entropy production
due to the presence of the diffusive term AB in (5.3).

5.4 Concept of weak solution

In order to introduce the proper concept of weak solution, we first derive the
basic energy estimates based on the observations from the previous section. First,
taking the scalar product of (5.10) and v, we deduce the kinetic energy identity
1 1
§8t]v|2 +3 div(Jv[*v) — div(Tv) + T -Dv = f - v
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and replacing the term T-Dw from the equation (5.16), and using then also (5.22)
and (5.23), we finally obtain

O (Y + Lof?) + div((¢ + 3|v[*)v) — div(Tv + AVY(B)) + 2v|Do|?
+ux (YIVB]? + (1 - )[B~: VBB 2 |?)
i ((1=7)61B2 — B72[2 4+ 165|B= — B2|? + ((1 — )0 + 701)[B — 1)
=f- v

Integrating the above identity over €2, using integration by parts and the boundary
conditions (5.12)—(5.14), we obtain

d
= LGP+ w@®) +20 [ ot [ jof
+ M/ (¥IVBJ> + (1 — 7)[B-* VBB # )
. 1 1 L (5.24)
1 [ (1= BE — B +6/BE - B
F(1 =40 17) = [ -0

The identity (5.24) indicates the proper choice of the function spaces for the
solution (v,B) and the form of the (weak) formulation of the solution to (5.1)-
(5.6).

Definition 5.1. Let T > 0 and assume that Q C R3 is a szschztz domain. Let

€(0,1), v,0,A >0, 6,0, >0, a € R, and f € L*(0,T; W, dw) vo € L2 4 (9).
Furthermore, let By € L*(Q) be such that

—/ Indet By < oo.
Q

Then, we say that a couple (v, B) : Q — R3xRE? is a weak solution to (5.1)(5.6)
if the following hold:

v e L0, T, Wha,) N L0, T5 LA(Q), dw € L5(0,T; W, 1),
B € L*(0,T; Wh2(Q)) N L®(0,T; L*(Q)), 0B € L3(0,T: W 12(Q));
For all ¢ € L*(0,T; Wifhv) we have
T T
/ <8tv,<p)—|—/ v-V'v-cp—l—a// Tv-Te
0 Q 0 JoQ (5 25)
. .
= — [ @Dy + 200((1-1)(B ~1) + (B ~B))- Ve + [ (F.0
For all A € L*(0,T;W'%(Q)), A = AT, we have
T
/ (OB, A) + / (v- VB + 2BWo — 22 BDw) - A
0 @ (5.26)
+/Q(61(IB%—]I)+62(B2—]B))-A+/\/QVIB%-VA:O;
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The initial conditions are satisfied in the following sense

lim ([lo(t) = woll, + [[B(t) — Bolly) = 0. (5.27)

t—04

Moreover, we say that the solution satisfies the energy inequality if, for all t €

(0,7):

/Q <|'v(;f)|2 + w(B(t))> + /Ot (21/||]D'v||§ + 0||7"v||§789>
+;M/Ot ((1 —)|B-:VBB-:
+uf(a—wamé—mé

+ (901 + (1= )[BT

sA(@P+M&Q+fﬁm)

In the above definition we used the following notation. By L?(£2) and WP (),
1 <p<oo,neN, we denote the usual Lebesgue and Sobolev space, with their
usual norms denoted as |-, and [|-[],, ,, respectively. The trace operator that
maps W1P(Q) into L4(00), for certain ¢ > 1, is denoted by 7. Further, we set
W=7 (Q) = (WHP(Q))*, where p' = p/(p — 1). We use the same notation for the
function spaces of scalar-, vector-, or tensor-valued functions, but we distinguish
the functions themselves using different fonts such as a for scalars, a for vectors
and A for tensors. Also, we do not specify the meaning of the duality pairing
(-, ), assuming that it is clear from the context. Moreover, for certain subspaces
of vector valued functions, we use the following notation:

2
. +1IVEIZ)

2

z X 752"}33 _ B3 ) (5.28)

C>® = {w: Q — R*: w infinitely differentiable, w - n = 0 on 90},

Cocgiv = {w € G 1 divw = 0 in Q},
2 Ao Hlle 1,2 _ 7se e 3,2 _ 7Aoo a2
Ln,div — Yndiv ’ Wn,div — Yndiv ’ Wn,div — Yndiv )
-12 1,2 \x -32 3,2 \x
Wn,div - (Wn,div) ) Wn,div - (Wn,div> .

Occasionally, we denote the standard inner products in L?(2) and L?(9) as
(+,-) and (-, -)aq, respectively. The Bochner spaces of mappings from (0,7) to a
Banach space X is denoted as LF(0, T; X) with the norm ||-[| 1, o 7.x) = (I H’)’()%
If X = L9Q), or X = Wk4(Q), we write just |||l .ppas OF ||| Loyyrar TESPECtively.
The space Cyeak(0,T;X) C L>(0,7; X) denotes a space of weakly continuous
functions, i.e., for every f € Cyeax(0,T; X) and every g € X* there holds

lim (f(t), g) = (f(to), 9)-

t—to

The symbol R3X3 denotes the set of symmetric 3 x 3 real matrices. Furthermore,

sym
by R%? we denote the subset of R3? which consists of positive definite matrices,
i.e., those which satisfy

Az-z>0 forall z€ R\ {0}.
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5.5 Existence of a weak solution

The key result of this chapter is the following

Theorem 5.2. Let T > 0 and assume that Q C R® is a Lipschitz domain.
Suppose that v € (0,1), v,0,A >0, 6,00 > 0, a € R, and f € L*(0,T; Wn_’éf,),
vy € L2, 41(Q). Furthermore, let By € L*(Q) be such that

—/ Indet By < oo.
Q

Then there exists a weak solution to (5.1)—(5.6) satisfying the energy inequal-
1ty.

Let us briefly explain the main difficulties connected with the analysis of the
system (5.9)—(5.13) and our ideas how to solve them. In the standard models
where v = 0, to get an a priori estimate for B, the appropriate test function
to take in (5.11) is T — B~'. Then, using (5.9) and (5.10) tested by v, one
can eliminate the problematic terms, such as B - Dv coming from the objective
derivative. However, the non-negative quantity to be controlled, which comes
from the diffusion term, turns out to be just |B_%VIB%IB3_%|2 and this provides
little to no information. In particular, the terms VvB appearing in (5.11) are
going to be just integrable and it is unclear if one can show strong convergence
of B. Instead, one would like to test also by B to achieve control over |VB|?.
But this is not possible, since the resulting term VoB - B cannot be estimated
without some serious simplifications (such as boundedness of Vv, two or one
dimensional setting or small data). Quite remarkably, this problem is solved
simply by adding %’y[]BS — T|? into the constitutive form for . More precisely,
considering v € (0, 1), we observe that the appropriate test function in (5.11) is
in fact (1—7)(I-B~!)+~(B—1I). Indeed, the terms from the objective derivative
cancel again due to the presence of y(B? — B) in T. But now, we also get v|VB|?
under control, which is much better information than in the case v = 0 and it
yields compactness of all the terms appearing in (5.10) and (5.11). We have seen
above that such a modification of ¢, and consequently of T, is not ad-hoc and
that it rests on solid physical grounds.

The second and also the last major difficulty which we encounter is how one
can justify testing of (5.11) by B! on the approximate (discrete level), where B~
might not even exist. This we overcome by designing a delicate approximation
scheme, which takes into account the smallest eigenvalue of B, and also by noting
that testing (5.11) only by B yields sufficiently strong a priori estimates for the
initial limit passage (in the Galerkin approximation of B).

Up to now, there have been no results on global existence of weak solutions to
Oldroyd-B models in three dimensions, including either the standard, or diffusive
variants. The closest result so far is probably [59, Theorem 4.1}, however there
it is assumed that 2 > 0 and A = 0 (Giesekus model), whereas we treat also the
case 0y = 0, but with A > 0 (diffusive Oldroyd-B or Giesekus model). Moreover,
in [59], only the weak sequential stability of a hypothetical approximation is
proved. We, on the other hand, provide the complete existence proof, including
the construction of approximate solutions (which, in viscoelasticity, is generally
a non-trivial task). In the article [49], Lions and Masmoudi prove the global
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existence in three dimensions, but only for a = 0 (corrotational case), which is
known to be much easier. The local in time existence of regular solutions for the
non-diffusive variants of the models above (A = 0) is proved in the pioneering
work [38, Theorem 2.4.]. There, also the global existence for small data is shown.
In two dimensions, the problem is solved in [25] in the case A > 0, §; > 0, 0o =0
(diffusive Oldroyd-B model). There are also global large data existence results
in three dimensions for slightly different classes of diffusive rate-type viscoelastic
models, but under some simplifying assumptions. For example, in [19] and [11],
the authors consider the case where B = bl. This assumption, however, turns
(5.11) into a much simpler scalar equation. Moreover, note that if B = bl, then
the equations (5.10) and (5.11) decouple (which is not the case in [19] and [11]
since there the considered constitutive relation for T is more complicated than
here). Furthermore, in [50], the authors consider yet another class of Peterlin
viscoelastic models with stress diffusion and prove existence of a global two-
or three-dimensional solution. However, the free energy associated with these
models depends only on the trace of the extra stress tensor. This is a significant
simplification, which can even be seen as unphysical. See also [23] for various
modifications of Oldroyd-B viscoelastic models, for which an existence theory is
available. Finally, in [5] (see also [42]), the global existence of a weak solution is
shown for a certain regularized Oldroyd-B model (including a cut-off or nonlinear
p—Laplace operator in the diffusive term in B). Thus, one might argue that since
the case v > 0 could be also seen as a regularization of the original model, we
are just proving an existence of a solution to another regularization. However,
this argument is not, in our opinion, correct for several reasons. First of all, the
“regularization” v > 0 does not touch the equation (5.11) at all. Second, it is not
obvious why the nonlinear term ~(B — I)? should have any regularization effect.
And, perhaps most importantly, we already showed in Section 5.3 that the model
with v > 0 is physically well founded and worthy of studying in its own right.
Since the topic is quite new and unexplored, we decided, for brevity and clarity
of presentation to consider only the isothermal case. However, we believe that the
framework and ideas presented here are robust enough to provide an existence
analysis also for the full thermodynamical model if the evolution of the internal
energy is described correctly. This is the subject of our forthcoming study.

Remark. Finally, we close this section with several concluding remarks on possible
extensions, but we do not provide their proofs in this paper.

(i) Theorem 5.2 holds also in arbitrary dimensions d > 3 (in d < 2, it is
known), however with worse function spaces for the time derivatives and
better for the test functions. Indeed, the only dimension-specific argument
in the proof below is in the derivation of interpolation inequalities, which
are then used to estimate J,v and O0B. Moreover, all of the non-linear
terms in (5.25), (5.26) are integrable for arbitrary d if the test functions
are smooth. In addition, if d = 2, then we can prove the existence of a
weak solution satisfying even the energy equality, i.e., (5.28) holds with the
equality sign.

(i) When Q has C%! boundary, then, in addition, there exists a pressure p €
L3(Q), which appears in (5.2). Then, the test functions in (5.25) need not
be divergence-free if we include the term [, pdiv ¢ in (5.25). This follows
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in a standard way, using the Helmholtz decomposition of v (see e.g. [8] for
details).

(iii) It is possible to replace (5.12), (5.13) by the no-slip boundary condition
v = 0 on 09. Then, we only need to change the space W2 to W, and
so on. However, then it seems that the pressure p can be only obtained as
a distribution (see [8]).

Proof. Throughout the proof, we simplify notation by assuming
A=pu=v=0c=1

and refer to Section 5.3 for a detailed computation for general parameters. To
shorten all formulae, we also denote

S(A) = (1 —9)(A —T) +v(A* — A) for A € R¥
R(A) = 61 (A — 1) + 55(A? — A) for A € R**?,
The general scheme of the proof is the following: In order to invert the matrix

B and to avoid problems with low integrability in the objective derivative, we
introduce the special cut-off function

max{0, A(A) — e} 3x3
f X
AA)L+ APy oA € Ram

p(A) =

where A(A) denotes a minimal eigenvalue of A (whose spectrum is real due to its
symmetry)!. Since eigenvalues of a matrix depend continuously on its entries, the
function p. is continuous. Moreover, for any positive definite matrix A there holds
pe(A) — 1 as e — 0. We construct a solution by an approximation scheme with
parameters k,[ and e, where k,[ € N correspond to the Galerkin approximation
for v and B, respectively, and € corresponds to the presence of the cut-off function
p- in certain terms. The first limit we take is [ — oo, which corresponds to the
limit in the equation for B. This way, the limiting object B is infinite-dimensional
and, using the properties of p., we prove that B! exists. With the help of this
information, we derive the energy estimates that are uniform with respect to all
the parameters. Next, we let ¢ — 0, in order to remove the truncation function
and finally we take k — oo, which corresponds to the limiting procedure in the
equation for the velocity v.

Galerkin approximation

Following e.g., [52, Appendix A.4], we know that there exists a basis {w;}°; of

Wi’:iiv, which is orthonormal in L?(Q2) and orthogonal in WthV. Moreover, the

projection P, : L*(Q)) — span{w;}%_,, defined as

k
Pk‘P - Z(@?wz)wla 2lS L2(Q)7
i=1

is continuous in L?(Q) and also in Wi’ﬁiv independently of k, i.e.,

IPpllz < Cliel 1Peellzs, < Clielhess,

We set p-(A) =0 if A(A) = 0.

107



for all ¢ € W23 divs Where the constant C' is independent of k. Furthermore,
by the standard embedding, we also have that ngliv — W2%(Q) — Wh>(Q).
Similarly, we construct the basis {W;}32, of W'?(Q), which is L*-orthonormal,
W12 orthogonal and the projection

Q1A = ZA,WJ 5 A€ LX(Q),

is continuous in L*(2) and in WL?(Q) independently of [.
Then for fixed k,l € N and ¢ € (0, 1), we look for the functions v®!, B¥! of
the form

k !
T) = Z cf’l’s(t)'wi(x) and B (t,x) = Z d?’l’s(t)Wj(x),
i=1 j=1

ke dkla i=1..

where c; ..., k,j=1,...,1, are unknown functions of time, and we

require that v®! BF! (and consequently the functions ¢ (t) and d?’l’e(t)) satisfy
the following system of (k + [) ordinary differential equations in time interval
(0,7):

d

b wn) - (0F V)b, wn) 4+ 2(D0b, Vo) + (Tob, Twgon

= _2a(pE<B§l) (Bkl) sz) + <f7 wz) for ¢ = 17 te k7

(5.29)

d
S (BEL ) (05 V)BE W) + (. (BEYR(BED), W) + (VEEL VW),
= 2(p.(B¥H B (aDof' — Wokh) W) forj=1,...,L

Due to the L*-orthonormality of the bases {w;}, and {Wj}ﬁl, the system
(5.29)—(5.30) can be rewritten as a nonlinear system of ordinary differential equa-
tions for ¢ and d?’l’e, where 1 = 1,...,k and 7 = 1,...,[, and we equip this

system with the initial conditions
A20) = (v, wi)  and  dY°(0) = (BY,W,). (5.31)
Here, By is defined by

oy [ Bo(z) if A(Bo(x)) > e,
Bolw) = { I elsewhere.

Since By(z) € RS for almost every x € Q, we have that A(By(x)) > 0 for almost
all x € Q. Consequently, using the fact By € L*(€2), we obtain, as € — 0., that

B: — B 2:/ T—By|2 — 0
IB5— Bl = [ [E-d

Note also that the initial conditions (5.31) can be rewritten as v*!(0) = Pyv, and
BL(0) = QuB;.

For the system (5.29)—(5.31), Carathéodory’s theorem can be applied and
therefore there exists T* > 0 and absolutely continuous functions cklE dkls
satisfying (5.31) and (5.29)—(5.30) almost everywhere in (0,7*). If T is the
maximal time, for which the solution exists, and T* < T', then at least one of the
functions ck e dk "¢ must blow up as t — 1. But using the estimate presented
below (see (5 36) valid for all ¢t € (0,7™)), this never happens. Thus, we can set
T =T.
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5.5.1 Limit [ — oo

In this part, we simplify the notation and denote the approximating solution,
constructed in the previous section, by setting (v;,B;) = (v¥!, B*!). We start by
proving estimates independent of I. Since B;(¢) and v;(¢) belong for almost all ¢
to the linear hull of {W;}._, and {w;}}_,, respectively, we can use v; instead of
w; in (5.29) and B; instead of W, in (5.30) to deduce

1d

§EHBZH§ + | VBy|5 = 2a(p-(B))B,Dv;, B;) — (p-(B))R(By), By), (5.32)
1d
5@”””3 + 2| Dwyl; + [ Toill5 90 = —2a(p:(B)S(B,), Dvy) + (f, vy), (5.33)

where we used the integration by parts formula and the facts that dive, = 0 and
Tv-n =0. Next, it follows from the definition of p., R and S that

LB o, (5.34)

2
p(B) (IS(B)| + [RB)|IB| + [Bi) < O 55 <

Here, the notation C'(¢) emphasizes that the constant C' depends on ¢; we keep
this notation in what follows. Summing (5.32) and (5.33) and using the estimate
(5.34) to bound the term on the right-hand side, we obtain with the help of
Holder’s, Young’s and Korn’s inequalities that

d 2 2 2 2 2 2
= (ol + IBZ) + Dol + | Tl g + VB < C(E) + CILF e

After integrating over (0,7") with respect to time, we obtain the following bound:

T
sup (ol + 1BU2) + [ (Dol + 1T w1l e+ [VELE)
t€(0,7) 0 (5.35)

T
< C(e) + | Peonll3 + QSIS+ C [ 1£1 12 < CCo)

where the last inequality follows from the continuity of the projections P and (),
and from the assumptions on data, namely that

T
Jool3 + [Boll3 + in et Boll, +C [ 112 < oo.

Next, we focus on the estimate for time derivatives. First, it follows from
L2-orthonormality of the bases and the estimate (5.35) that

() + > di(t)? < C(e). (5.36)

k l
-1 j=1

(2

Then, since v; is a linear combination of {w;}¥_, C W1°°(Q), we can estimate

k
101l poepyrroe < esssup > lei()[|willy o < Cle, k), (5.37)
te(0.T) =1
and we can deduce from (5.29) that
0001l perpne < CLe B) (539
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Finally, it follows from (5.30) and (5.35) that
10:B1] 2177-12 < Cle, k). (5.39)
Using (5.35), (5.37)—(5.39) and Banach-Alaoglu’s theorem, we can find subse-

quences (which we do not relabel) and corresponding weak limits (denoted with
the subscript ), such that, for | — oo, we get

v — v, weakly in L*(0,T; W,ifﬁv), (5.40)
v > v, weakly* in L>°(0, T; W' (Q)), (5.41)
dyv; = Opv. weakly* in L>°(0, T; Wh*°(Q)), (5.42)
T — To: weakly in L*(0,T; L*(052)), (5.43)
B, — B, weakly in L*(0, T; W'?(Q2)), (5.44)
OB, — 0,B. weakly in L*(0,T; W~1%(Q)). (5.45)

Moreover, it follows from (5.40), (5.42), (5.44), (5.45) and from the Aubin-Lions
lemma that for some further subsequences, we have

v — V. strongly in L*(Q), (5.46)
B, — B. strongly in L*(Q) and a.e. in Q, (5.47)
p-(B;) = p=(B,) a.e. in Q. (5.48)

Using the convergence results (5.40)—(5.48), it is rather standard to let [ — oo in
(5.29)—(5.30). This way, for almost all ¢t € (0,7"), we obtain

(Oyve, w;) + (ve - Vo, w;) + 2(Dv., Vw;) + (To., Tw;)sq

- _2a(p6(Be)S(B5), V'wz) + <_f, fw2> (549)
forv=1,...,k, and

<atB57 A> + (’Ua ' VBE» A) + (VB<€> VA)

= 2(p.(B.)B.(aDv. — Wwv.), A) — (p.(B.)R(B.), A) (5.50)

for all A € Wh2(Q). Also, from (5.44) and (5.45), we get B. € C(0,T; L*(9)) and
it is standard to show that B.(0,-) = Bf and v.(0, ) = P,vy.
5.5.2 Limit ¢ — 0

In this part we consider the solutions (v., B.) constructed in the preceding section
for € € (0,1) and we study their behaviour as ¢ — 0,. To do so, we first have
to derive estimates that are uniform with respect to €. Following the ideas used
before in the derivation of the model, we wish to test (5.50) by the function

Je=(1-7)(I-B")+7(B. - D). (5.51)

This test function, however, contains B-! and we need to justify that it exists
(for any € € (0,1)).
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Estimates for the inverse matrix, still e-dependent

First, we prove that A(B.) > e. For this purpose, let z € R? be arbitrary and
consider?

A=(B.z-z—¢lz]*)_(2®2), where (2® 2);; = 2 (5.52)

in (5.50). Due to the properties of B, (see (5.44)), we know that A belongs to
L0, T;W'2(Q)) and we can use it as a test function in (5.50). Upon inserting
A into (5.50), we integrate the result over (0,7) with some fixed 7 € (0,7"). We
evaluate all terms in (5.50) separately. For the time derivative, we have

/(;(@BE,A) = /OT<(9t(IB%Ez cz—¢|z)?),(B.z -z — Slz‘2)7>

= ;H(BE(T)Z sz — 6|z|2)_H; _ ;H(Bgz Dy €|Z|2)_Hz (5.53)

2

= 2Bz 2 —elzp)- |

where, for the last equality, the definition of Bj was used. Furthermore, we obtain
/ VB. - VA = / / VB, —cl)- V((B.z - =z — e|2[?)_ (2 ® 2))
Q 0 JQ
. ) (5.54)
= / HV(IB%Sz -z — 5|z|2)_H
0 2

and
/ v, - VB, - A = /T/ v, - V(B.z -z —¢|z|*)(B.z - z — ¢|z|*)_
Q 0o Jo
Lo 212
= f/ / v. - V(B.z -z —¢|z|7)Z (5.55)
2Jo Jo
1 T
= —5/0 /Q((IBaz -z —¢glz[h)? dive, =0,
integrating by parts and using the fact that divw, = 0 and 7w, = 0. Since
B.z -z > A(B.)|z| a.e. in @,

we also observe, that

|
e

0> (AB.) — &)1 (Boz - 2 — elz)- > (A(B.) — £)(A(B.) — &) |2 =

Hence, we get
p-(BHA =0 a.e. in Q. (5.56)

Consequently, inserting A of the form (5.52) into (5.50), we see that the right-
hand side is identically zero. Therefore, relations (5.53), (5.54), (5.55) and (5.56)
yield

|B.2 - 2 —clzP)-|.(7)

< H(IB%Ez cz— 5]2\2),“2(7) + Q/OTHV(IBgz cz— €|z|2),Hz =0,

2In this subsection, we use the notation (f); = max{0, f} and (f)_ = min{0, f}.
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which implies
B.z-z>¢|z|* for every z € R® and a.e. in Q. (5.57)
Thus, we have the following estimate for the minimal eigenvalue of B.:

B .
AB.) > inf —2 %>
0£zeR3 |z [?

Therefore, the inverse matrix B! is well defined and satisfies
C
IB-Y < - ae in Q. (5.58)

Furthermore, since

VB! =B 'B.VB.! = B;'V(B.B!) — B-}(VB.)B.! = —B_!(VB.)B_*

3 3 3 o

we conclude from (5.35) and (5.58), that
| IVBI < [ BB < C(e).
Q Q
Hence, the inverse of B, exists and B_! € L*(0,T; W12(Q)).

Estimates independent of (¢, k)
At this point, we can test (5.50) with J. defined in (5.51). This way, we obtain

(0B, J.) + (v - VB,,J.) + (VB,, VI.)
= 2(pe(B:)B.(aDv: — Wo,), J.) — (pe(B-)R(B.), J.).

Next, we evaluate all terms. Here, we follow very closely the procedure developed
in Section 5.3, see the derivation of (5.18) and consequent identities. Since

9 (B.)

Je = B,

where 1 is defined in (5.15), it is clear that
aBEa E - /
0B..3) == [ v(B
('Ua : VB&)Q]]&) - Lva : V@b( 5) -
Next, recalling (5.19), we get
(p-(BIR(B.),1.) = [ p.(B. (61 (1= )IBS —BH + (17 + 0a(1 = )[B — I
+on|B ~ B,

(VB., VI.) = 7| VB3 + (1 - 7)|[B< > VB.B: *|;
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and due to the fact that B.J. = J.B. we also have

(pe(B)(Wo.B. — B.Ww,),J.) =0,

a(pe(B:)(Dv.B. + B.Dv.), J.) = 2a(p.(B.)Dv., B.J.)
= 2a(pe(B:) Do, (1 — 7)(B. — I) + 7(153? - B.))
— 24(p.(B.)S(B.), Dv.),

where we used the fact that the trace of Dw, is identically zero. Hence, using
A = J. (defined in (5.51)) in (5.50) and taking into account the above identities,
we deduce that

2
VB

2

d ~lop ot
a/ﬁd}(l&)—i—(l—v) B2 VB.B:

+(751 + (1 - 7)62> ps(Be)(Bs - H)

1 2 (5.59)
+(1 - '7)61 pa(Bs)(Bg — B 2)

1465 [\/po(B.) (B2 — BE)|| = 2a(p.(B.)S(B.), Dv.).

Similarly as in previous section, replacing w; in (5.49) by v., we get

1d

§a|l’va||§ + 2||D'U€||§ + ||T'U€||§,BQ = (f,ve) — 2a(p:(B:)S(B.), Dv.). (5.60)

Thus, summing (5.59) and (5.60) and integrating the result with respect to time
t € (0,7), we deduce the identity

1 2
Sl + [ w(Be(r)

+ [ (200l + 1Tl + (1= )

2

_1 _1]|?
B. *VB.B: 2| + ||VB.|>
2

(5.61)

+ (701 + (1 = 7)d2){|\/ p=(B:) (B — )

2
2

2
+(1-7)3 9%, )
2 2
1

1 T T
= SRl + [ (B + [[(F.0.) < Sllwoll + [ v(Bo) + [ (F02)

pE(B€>(Bg - IB%E_E) pe(Bs>(Bg - BE)

where, for the last inequality we used the continuity of P, the definition of Bj
and the fact that ¢ (I) = 0.

From (5.61), we get, using Korn’s, Sobolev’s, Holder’s and Young’s inequali-
ties, that

[Vell oo 2 + [[0ell 2o + Vel Loz + [ Bell pawyie + [Bellos <€, (5.62)

where the constant C' depends only on €2, vy, By and f. Furthermore, the inter-
polation inequalities yield

loll 10 30+ lloellpaps + 1Bell 10 30 4 [1Bell s + (1Bl

<C.  (5.63)

L%L4
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Finally, we focus on the estimate for time derivatives. Let ¢ € L*(0,T; W dw)
be such that ||@]| 42 < 1. Then, since v, is a linear combination of {w;}¥ |,
we obtain, using (5.49), Holder’s inequality, (5.61), (5.63) and W3%-continuity of
Pk, that

T
/0 <atvsa QO> S Ca

hence
HatUEHL%W—SQ < C. (564)

n,div

Similarly, by considering A € L*(0,7; W?(Q2)) in (5.50), we get
10:B.]| 4 <C. (5.65)

L5W 1,2 —
Taking the limit ¢ — 0.

From (5.62), (5.64), (5.65), the Banach-Alaoglu theorem and the Aubin-Lions
lemma, we obtain the existence of a couple (v, By) satisfying the following con-
vergence results®

v, — vy weakly in  L*(0, T} Wn G,
Oyv. — Oy, weakly in L%(O W, dw),
Tve. — Ty weakly in  L*(0,T; L*(99)),
B. — B, weakly in  L*(0,T; W2(Q)),
8,B. — O,By, weakly in L3 (0,T; W ~12(Q)),
V. — Vg strongly in L*(Q) and a.e. in Q, (5.66)
B. — By strongly in L*(Q) and a.e. in Q. (5.67)

Using (5.67) and letting ¢ — 04 in (5.57), we obtain
Brz-z >0 a.e. in @ and for all z € R3.

Hence A(By) > 0 and det By, > 0 a.e. in (). Therefore, using (5.67) again and the
continuity of v, there exists (still possibly infinite) limit

w(Bs) — ¢(Bk) a.e. in Q.

However, since ¢ > 0, Fatou’s lemma implies that, for almost every t € (0,7T),
we have

/Q@/)(Bk)( <hm1nf/ w(B)(t) < C.

Thus, we deduce that
[ Bi)l| o2 < C. (5.68)

If there existed a set F C @ of a positive measure, where A(By) = 0, then also
—Indet By = oo on that set, which contradicts (5.68). Thus, we have

A(By) > 0 ae. in Q. (5.69)

3The convergence results (5.66), (5.67) are true in any space LP(Q), 1 < p < 12, as can be
seen from (5.63) and Vitali’s theorem. The space L3(Q) is chosen for simplicity; in our proof,
we need p > 2.
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Then it directly follows from the continuity of A, that p.(B.) — 1 a.e. in Q.
Then, since p.(B.) < 1, we further get, by Vitali’s theorem, that

p:(B.) — 1 strongly in LP(Q) for all p € [1, 00).

Using the established convergence results, it is easy to let ¢ — 04 in (5.49) and
(5.50) and obtain, for almost all ¢ € (0,7, that

(Oyvg, w;) + (v - Vg, w;) + 2(Dog, Vwy)
= _(T'Uk, Twz)aQ - 20’(S(Bk)7 vwz) + <f7 wi>7 for ¢ = 17 R ku

and that

<6t]B%k7 A> + (’Uk : VBk, A) + (VBk, VA)
= 2(Bi(aDvy, — Wuy),A) — (R(B),A) for all A € WH3(Q).

Furthermore, we can take the limit in the estimates (5.61), (5.63), (5.64) and
(5.65) using either the weak lower semi-continuity of norms or, in the terms

which depend on B, e.g. g pE(BE)HB%a% - IB%,%P, we apply (5.69) to conclude the
pointwise limit and then use Fatou’s lemma. Thus, inequalities (5.61), (5.63),
(5.64) and (5.65) continue to hold in the same form, but for (vx,By) instead of
(ve, B.) and with 1 instead of p.(B.). In particular, for almost all ¢t € (0,7"), we
have

1 2
Sl + [ v(B(r)

+ [ (2ADonl + 1 Tvel3 0 + (1)

+ (Y61 + (1 = 7)82) || By — I

B, : VBB, *

)

2
VB

1 _1? 3 1
+ (1= 75 [B] ~B? | + 0B} — B

< Sl + [ oo+ [, w0

The attainment of initial conditions is standard (see the last section for details
in a more complicated case).

5.5.3 Limit £ — o0

Since we start from the same a priori estimates as in the previous section, we
follow, step by step, the procedure developed when taking the limit ¢ — 0. The
only difference is that the term p.(B.) is not present. Thus, using the density of
{w;}2, in WSﬁiV, we obtain, after letting k — oo, for almost all ¢ € (0,7"), that

(O, ) + (v - Vv,p) + 2(Dv, V)
= —(Tv, Tp)oa — 2a(S(B), Vo) + (f, ) forall p € W,

n,div

(5.70)

and that

(0B,A) + (v- VB, A) + (VB, VA)
= 2(B(aDv — Wo),A) — (R(B),A) for all A € WhH2(Q).
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Moreover, from the weak lower semi-continuity of norms, we obtain the energy
inequality (5.28) for almost all ¢ € (0,7"). Furthermore, the same argument as
above implies that B is positive definite a.e. in ). Now observe that, by Holder’s
inequality and (5.63), all the terms in (5.70) except the first one, are integrable
for every ¢ € L*(0,T;W,y3,) — L*(0,T;L%()). Indeed, for example for the
non-linear terms, we get

Lo vl < [0l V0l el e

and

2
| 18(8) - Vol < CIBIL 5, Vel oo

Hence, the functional d,v can be uniquely extended to dv € L3(O T W 12)

n,div
and we can use the density argument to conclude (5.25). Analogously, we obtain

(5.26). Hence, it remains to show that (5.28) holds for all ¢ € (0,7") and that the
initial data fulfil (5.27).

Energy inequality for all ¢t € (0,7
First, we observe, that due to (5.62), (5.64) and (5.65), we have that
V € Cyear (0, T; L*())  and B € Cyear(0, T; L*(Q)). (5.71)

Next, we notice that the function v is convex on the convex set R‘%d. Indeed,
evaluating the second Fréchet derivative of 1, we get

0*Y(A)
A2
which is obviously a positive definite operator for any v € [0, 1] and consequently,
) must be convex on RE{?.

Further, we integrate (5 28) over (ty,t; +0), where t; € (0,7"), and divide the
result by §. Using also an elementary inequality

t1 ]_ t1+0 t
[rossl(fo)a
0 0 Ju 0

valid for every integrable non-negative g, we get

i), W0l [ ve

+ /0 (2HDUHQ [Tl g0+ (1 - wHBWM*E
+ (761 + (1= 7)d2)|B — 1|
+(1—7)5|B2 B~

=(1-7A'"®A " +4I®1 forall A € RE?

2 2
9 +7HVBH2

)
< Slwoll3 + /wBO g

Finally, we let 6 — 0,. The limit on the right hand side is standard and conse-
quently, if we show that

;H’U(tl)Hg—i—/Qw(B(h < hmmf(s e <||'v )l —I—/ (B >7 (5.72)

-+ mHB% — B
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then (5.28) holds for all ¢ € (0,7). To show (5.72), we notice that due to (5.71)

v(t) = v(t;) weakly in L*(Q) as t — 4,

2.73
B(t) — B(t;) weakly in L*(Q) as t — t, (573)

Consequently, due to the weak lower semicontinuity and the convexity of ¢ we
also have for all t € (0,7)

L@+ @) < c

Hence denoting by Q; C € the set where |v(t1, )| + [B(t1, )| + B~ (1, )] < M,
it follows from the previous estimate that |2\ Q] — 0 as M — oo. Hence, since
1 is nonnegative and convex, we have for all ¢t € (¢1,t; + ) that

!’U(t)|2 [v(t)]?
[ +¢®u»zLM + 9 (B(1))

2
‘““‘+w<<» o(tr) - (w(t) — v(ty)) + 2B

[ [« 55 - (Blt) ~ B(t)).

Since, v(t1) and Op(B(t;)) are bounded on ), we can integrate the above
estimate over (t1,%; + d) and it follows from (5.73) that

11512(1)? /:M/ [v(!) +¢ / V(B(t1))-

Hence, letting M — oo, we deduce (5.72) and the proof of (5.28) is complete.

Attainment of initial conditions

First, it is standard to show from the construction and from the weak continuity
(5.73), that for arbitrary ¢, A € L?(2) there holds

lim (u(t), ) = (vo,) and lim (B(t),A) = (Bo,A).  (5.74)

t—04 t—04

Next, using the convexity of 1) and (5.74) (and consequently weak lower semi-
continuity of the corresponding integral) and letting ¢ — 0 in (5.28), we deduce
that

ool +2 [ w(Bo) < limint (Jo(0)I3+2 [ v(B©))
< timsup ([[o(t)]3 +2 [ v(B®)) < ool +2 [ v(Bo).

t—04

(5.75)

We claim that this implies that

t—0

ool = lim o) and [ v(Bo) = lim [ w(B®).  (5.76)

Indeed, assume for a moment that

2 . . 2
Jooll3 < T no(0)]3
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But then it follows from (5.75) that
/Q@/J(Bo) > htrggff/QIb(B(t)),

which contradicts (5.74) and convexity of ¢. Consequently, (5.76) holds.
It directly follows from (5.74); and (5.76); that

. 2 o
Ji [o(t) = vl = 0.

To claim the same result also for B, we simply split ¢ as follows
Y(A) = ZJA T2+ (1= 7)(trA — 3= Indet A) =: ye51(A) + (1 — 7 )a(4).

Similarly as above, it is easy to observe that ¢, as well as 1)» are convex on the
set of positive definite matrices. Therefore, (5.76), and (5.74)y imply

B0~ 1P =2 [ va(Bo) = 2 Jim [ 0u(B(2)) = im [ [B(5) 1.
| va(Bo) = lim [ o (B(1).

t—04

(5.77)

Finally, (5.74) and (5.77); lead to
Jim [B(#) ~ B2 = lim (B() ~ 1) + (1~ Bo)|

~ Jim (IB() — 13+ 1Bo — 1~ 2 | (B() - 1) - (B — D))

t—04

=0,

which finishes the proof of (5.27) and consequently also the proof of Theorem 5.2.
[
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