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ABSTRACT. We prove that there exists a large-data and global-in-time weak
solution to a system of partial differential equations describing an unsteady
flow of an incompressible heat-conducting rate-type viscoelastic stress-diffusive
fluid filling up a mechanically and thermally isolated container of any dimen-
sion. To overcome the principle difficulties connected with ill-posedness of
the diffusive Oldroyd-B model in three dimensions, we assume that the fluid
admits a strengthened dissipation mechanism, at least for excessive elastic
deformations. All the relevant material coefficients are allowed to depend
continuously on the temperature, whose evolution is captured by a thermo-
dynamically consistent equation. In fact, the studied model is derived from
scratch using only the balance equations for linear momentum and energy,
the formulation of the second law of thermodynamics and the constitutive
equation for the internal energy. The latter is assumed to be a linear function
of temperature, which simplifies the model. The concept of our weak solution
incorporates both the temperature and entropy inequalities, and also the local
balance of total energy provided that the pressure function exists.

1. INTRODUCTION

Material properties of both synthetic and organic viscoelastic materials are very
sensitive to temperature changes. Reliable predictions of corresponding processes
by computational tools requires to incorporate complex thermal /mechanical effects
into the description of the model. The understanding how thermal and mechanical
processes are coupled and what is the structure of the complete temperature equa-
tion has been considered as an open issue till recently (see [54, 31]). A methodology
that can be used to develop such a complete model (system of partial differential
equations — PDEs) and that is followed in this study has its origin in [50, 51].
A complete (i.e. including elastic contribution to the internal energy) thermody-
namicly consistent models for viscoelastic rate type fluids is developed in [31] where
also further references to earlier studies including in particular [36, 56, 22, 32] are
given. Incorporation of additional stress diffusive phenomena into this thermody-
namic framework is then developed in [42].
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The aim of this study is to establish mathematical foundation for a robust class
of heat-conducting viscoelastic rate-type fluids with stress diffusion. In particular,
we identify reasonable conditions on material functions/coefficients that are suf-
ficient to prove long-time and large-data existence of weak solution. To develop
analysis for complete thermal/mechanical systems of PDEs is considerably harder
than to studying merely mechanical systems. To our best knowledge, there is only
one existing analytical work dealing with such a problem, see [13], where however
the elastic response is drastically reduced to a spherical stress governed by a scalar
quantity. In our work, we do not make such an assumption and we work with
the full d-dimensional elastic tensor. On the other hand, we assume that there
is a linear relation between the internal energy and temperature. The main pur-
pose for this assumption is to simplify the (already very technical) presentation of
the existence analysis. Additionally, the linear relationship between the internal
energy and temperature is used in applications involving viscoelastic fluids, such as
polymer melts, see [52]. Taking this aside, our model contains no further simplifica-
tion. A complete physical derivation of the model studied in this paper and a more
detailed description of the participating physical quantities are given in Section 2.
This opening section continues below with an informal formulation of the main
result, a brief description of the PDE system and a basic overview of the rele-
vant literature. In Section 3, we introduce necessary notation, derive informally
a priori estimates that naturally leads to the definition of function spaces in which
the existence theory is established. This section also contains precise definition of
the solution to studied problem and the formulation of the main result. Its proof
represents the content of remaining sections of the paper, see Sections 4-6. Their
more detailed description is given at the end of Section 3.

Formulation of the problem. We consider an incompressible fluid with the con-
stant density set to be one, for simplicity. The fluid is flowing inside an open
bounded connected set 2 C R? with a Lipschitz boundary 9. For an arbitrary
(but fixed) time interval (0,7, T > 0, we set @ = (0,7) x Q and X := (0,T") x 0.
Our main objective, in this study, is to develop a long-time and large-data existence
theory for the following initial- and boundary-value problem.
For given
e right-hand side g : Q — R?,
e initial data vy : Q@ — RY By : Q — ngxn‘f being positive definite and
00 Q= (07 OO)7
e constants a € R, a > 0, u > 0 and ¢, > 0,
e continuous functions v, \,k : (0,00) — (0,00) and P : (0,00) x RZXd —

sym
dxd
Rsym )

we look for functions v : Q@ — R?, p,f,e,E.n,6 : Q - Rand B,S: Q — ngxn‘f
fulfilling the (physical) restrictions

0 >0,

Bx -2 >0 forall xR\ {0},
S = 2v(0)Dv + 2au6B,

e = 0,

A~ o~ o~~~
—_ = e e e
UL = W N =
= I U =

E = %|’U‘2 +€,
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n=c,In0— f(B), where f(B):=pu(trB—d—IndetB), (1.6)
€= 2”9(9) |Dv|? + k(0)|VInd)? +P(6,B) - f'(B) + A\(O)VB - Vf'(B), (1.7)
and solving (in a suitable sense) the following system of PDEs in @
dive =0, (1.8)
Ov+v-Vo+ Vp—divS =g, (1.9)
OB +v-VB+P(6,B) —div(A(0)VB) = WuB — BWv + a(DvB + BDv), (1.10)
Oe +v-Ve —div(k(0)VO) =S - Do, (1.11)
OE +v-VE —div(k(0)V0) = div(—pv + Sv) + g - v, (1.12)
o +v-Vn—div(k(0)VInb) + diviINO)Vf(B)) =& (1.13)
completed by the boundary conditions on X
v-n=0, (Sn + av), =0, (1.14)
n-VB =0, (1.15)
n -V =0, (1.16)
and by the initial conditions fulfilled in €2
v(0, ) = vy, B(0,-) = By, 6(0,-) = bp. (1.17)

The physical meaning of the above unknowns is the following: v is the flow
velocity, p is the pressure, B is the extra stress tensor (arising due to the elastic
properties of the fluid), 6 is the temperature, e is the internal energy, F is the total
energy and 7 is the entropy. We shall now state informally our main result.

Main result. If the material coefficients k(0) and P(-,B) grow sufficiently fast as
0 — oo and |B| — oo, respectively (with the other coefficients being merely bounded
and positive), then there exists a generalized global-in-time solution of the system
(1.1)—(1.17) for any initial data with finite total energy and entropy.

In order to explain the equations above, let us first clarify some notation, see also
the beginning of Section 3. The symbol v-Vv denotes a vector with the ¢-component
(v Vo), = 22:1 U0y, v;. Similarly, v - VB is a tensor with the ij-component
(v-VB);; = ZZ:1 Vg 0z, (B);;. The first two terms of each equation (1.9)—(1.13)
represent the material (or convective) derivative of the respective unknown and we
shall sometimes use the abbreviation

U= Oyu + v - Vu.

Further, the symbol n denotes the outward unit normal vector at a given point of 92
and z, stands for the tangential part (with respect to 9Q) of any vector z € R?No9,
i.e. z; = z—(z-n)n. Furthermore, for any vector u :  — R?, the symbols Du and
Wu denote the symmetric and antisymmetric parts of a gradient Vu = (6jui)§-{ =1
so that Vu = Du + Wu with (Du)? = Du and (Wu)? = —Wa.

The first two equations (1.8) and (1.9) resemble the incompressible Navier—Stokes
system for the unknowns velocity field v and the pressure (constitutively undeter-
mined part of the Cauchy stress) p, however, with an additional term 2ap div(6B)
coming from S and bringing to the problem two other quantities: the temperature
0 and the tensor B representing the elastic response of the fluid. The presence of
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this additional term prohibits one to use the usual methods known in the analy-
sis of the Navier-Stokes-Fourier-like systems, as there is no longer an useful form
of the balance of kinetic energy (the inner product B - Dv does not have a sign).
Instead, the estimates on Vv are deduced only after taking into account the whole
thermodynamical evolution of the system.

Since the dependence of the material parameters (namely the viscosity of the fluid)
on the pressure p is neglected, we simplify the analysis by eliminating the pressure
from the system completely, taking the Leray projection of (1.9) and searching for
v in divergence-free function spaces. If needed (for example if we want to preserve
the equation (1.12)), the pressure can be reconstructed at the last step. Then,
it is known that Navier’s slip boundary condition (1.14), or even more generally
stick-slip boundary condition, allows one to prove that p is an integrable function
(if the boundary of §2 is smooth enough so that W2"-regularity for the classical
Neumann problem holds), see [15, 6, 11, 12, 5] for details. Recall that the inte-
grability of the pressure is not known to be true in general for no-slip boundary
condition. The integrability of p is not only important in itself, but is also useful
for the validity of the weak formulation of (1.12).

To understand equation (1.10), it is better to define first the objective derivative
of B as

B:=B — (WoB — BWv) — a(DvB + BDv), a€R. (1.18)
This turns (1.10) into

B+ P(0,B) — div(\(0)VB) = 0, (1.19)

which is a mathematical formulation of a generalized (due to an implicit form of P)
Johnson—Segalman ([33]) viscoelastic model with stress diffusion (cf. [48] and ref-
erences therein) and temperature dependent material parameters. The reason why

B appears in (1.19) is that, unlike the material derivative, the objective derivative
B (for any a) transforms correctly (as a tensor) under a time dependent rotation

of the observer. When a € [—1,1], then B is precisely the Gordon-Schowalter de-
rivative ([28]). It is known (see e.g. [49]) that by modifying the value of a, it is
possible to capture a shear-thinning behaviour of the fluid. The case a = 0 leads to
the class of models with the corrotational objective derivative (cf. [59]), which has
very special properties that simplify the analysis. The case a = 1 in (1.18) coincides
with the upper-convected objective derivative, which is probably the most popular
choice in the literature. One of the main features of our analysis is that, we are
able to treat (1.10) with any a € [—1,1] (or even a € R). As we shall see later, if
a # 0, the summability of the nonlinear terms like BDwv in (1.10) (and especially
the related term in (1.11)) becomes the main difficulty. This is essentially the rea-
son, why we formulate (1.10) with a general function P(0,B). The strategy is that
if P(6,B) grows sufficiently fast as |B| — oo, then B admits enough integrability to
define a meaningful concept of solution of the system (1.1)-(1.17). Moreover, as
the form of P can be attributed to the dissipation mechanism of the fluid, restricting
its asymptotic growth should not be seen as a significant physical drawback of our
model. Recall that, for the classical Oldroyd-B and Giesekus models, the function
P takes the form

P(6,B) =06(0)(B—1) and P(0,B)=45(0)(B>—B),
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respectively. While these models are not covered by the analysis presented below,
the existence result, in three dimensions, holds for

P9,B) =6(0)(B* —B*Y), a>2,

or
2

P(0,B) = 6(f) max{1, |BK2]I‘ HB-1), K>0. (1.20)
Note that the last model coincides with the Oldroyd-B model as long as [B—1| < K.

Due to (1.4), the balance of internal energy (1.11) is also the temperature equa-
tion. As we hinted above, the term 2au6B - Dv on the right-hand side of (1.11) is
the most difficult term to control in the whole system (1.8)—(1.13) and it is also
the term which is occasionally omitted in some “naive” approaches to thermovis-
coelasticity, as pointed out in [31, Section 3]. Note also that this term does not have
a clear sign and thus, one cannot conclude the positivity of temperature directly
from (1.11) as in the Navier-Stokes-Fourier case. The equations (1.12) and (1.13)
govern the evolution of two other unknowns E and 7, respectively. Since these
quantities together with 6 are mutually connected by simple algebraic relations
(1.4), (1.5) and (1.6), the equations (1.11)—(1.13) are interchangeable and each of
them alone can be used as the equation for temperature evolution. To see this,
note that (1.5) and (1.6) imply

atE =7 8,5'1) + 8te (121)
o = c,0710,0 — f'(B) - 0,B. (1.22)

Within the considered system of equations (assuming that all involved operations
are meaningful), one can verify that the equations (1.11), (1.12), (1.13) are mutually
equivalent. We remark that this equivalence may no longer be in place when, on
the level of generalized solutions, the integrability of the solution is not sufficient
to define the critical nonlinear terms in (1.11) and (1.12), that is 6B - Dv and
OBw, respectively. For example, this would be the case where the initial datum By
has low integrability, as then the available a priori estimates deteriorate (cf. (3.15)
below). In such cases, one may be forced to discard (1.11), or even (1.12) from
the notion of generalized solution and leave only (1.13), which is least restrictive
but still sufficient (together with the global version of (1.12)) to keep track of
the thermal evolution of the system. Generalized solutions relying on the weak
formulation of balance of entropy were applied, e.g., in [25], [8], [23], [26] or in
[24] for different fluid models. See also [9] for similar ideas in context of certain
mixtures. For brevity, in this work, we shall avoid the low integrability case and
work only in the setting, where both (1.11) and (1.13) (and (1.12) if the pressure
can be defined) hold simultaneously, but only as the inequalities. Although these
become automatically equalities if the solution is smooth enough (see (3.48) below),
in general this is unknown.

State of the art. Regarding the existence analysis of a viscoelastic fluid model
including the full temperature evolution, there is a recent study [14], where the au-
thors develop a long-time and large-data existence theory for a rate-type incom-
pressible viscoelastic fluid model with stress diffusion under the simplifying assump-
tion that B = bl. This assumption leads to annihilation of irregular terms coming
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
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stress dependent viscosity. Other than that, to the authors’ best knowledge, there
is no existence theory in a setting that would be of similar generality as considered
here. Thus, for the first time, we provide an existence analysis for a viscoelastic
fluid model with a full thermal evolution and taking into account all components
of the extra stress tensor. Moreover, the equation for the temperature we consider
is derived from fundamental thermodynamical laws (similarly as in [14], [31], [42])
and consequently, the heating originates from both the viscous and elastic effects.
Also, we would like to point out that the all material coefficients of the model
depend on the temperature. Although we place some restrictions on the growth
of these coeflicients, these are only asymptotic and therefore unimportant from
the point of view of physical applications. Furthermore, the model considered here
has the property that the evolution of the temperature cannot 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 processes, the exis-
tence 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 an essential way. For example, in [37] 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 corrotational 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 up-
per convected (Oldroyd) derivative (see [41], [44], [45], [50] or [51]). Then, in [46],
a proof of existence of a weak solution to FENE-P, Giesekus and PTT viscoelas-
tic models is outlined. In fact, it is shown there that certain defect measures of
the non-linear terms are compact. A complete proof in the case of two-dimensional
flows of a Giesekus fluid is given in [10]. In the case of spherical elastic response
when B = bl, we refer to [13] (and [6], [38] in the compressible case) for an anal-
ysis of such models. In the two-dimensional case, existence and regularity results
can be found in [20]. An existence theory for related viscoelastic models (Peterlin
class) was developed, e.g., in [39]. 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 [34], where
the author obtains a global weak solution to an Oldroyd-like diffusive model under
certain growth assumptions on the material coefficients. However, the overall ther-
modynamical compatibility of the studied model is unclear. Furthermore, there
are existence results for viscoelastic models involving various approximations that
improve properties of the system, see e.g. [2] or [35].

The article [4] develops the existence theory for viscoelastic diffusive Oldroyd-B
or Giesekus models. This result relies on a certain physical correction of the energy
storage mechanism away from the stress-free state resulting at L? a priori estimates
for VB. Interestingly, for such models, in two dimensions, uniqueness and full
regularity of weak solution is available (at least in the spatially periodic case),
see [16]. Various modifications of the classical Oldroyd-B model are also discussed
in [18]. The article contains also existence results that are of local nature or for
small (initial) data. Local-in-time existence of regular solutions to a viscoelastic
Oldroyd-B model without diffusion was shown in [29]. 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. [1].
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2. THERMODYNAMICAL COMPATIBILITY OF THE MODEL

In this section, we show the physical consistency of the system (1.1)—(1.17) as it
follows naturally from the elementary balance equations for mass, momentum and
energy and some reasonable constitutive assumptions. The latter can be efficiently
encoded in just two scalar quantities describing how the energy is stored and dis-
sipated in the material, see [50] and [51] for the origins of this method. Physical
justification of viscoelastic fluid models similar to ours is carried out in many works,
see [21], [31], [42], [44] or [45].

For the rest of this section, we make an implicit assumption that all functions
depend smoothly on time and space position (if not specified otherwise), with the ar-
guments (¢, z) suppressed as usual.

Since the density of the fluid is assumed constant (¢ = 1), the balance of mass

0+ odivv =0

is reduced to (1.8). Next, the general form of the balance equations of momentum,
total energy and specific entropy is

v =divT, (2.1)
E +divj, = div(Tv), (2.2)
o+ divg, =€, (2.3)

where T is the Cauchy stress tensor and j, and j, are energy and entropy fluxes,
respectively. Tensor T is symmetric due to the conservation of angular momenta.
Furthermore, the balance equation for the internal energy e := E — %|v|2 is

é+divy, =T - Dw, (2.4)
as follows easily from (2.1) and (2.2).

Turning to thermodynamics, we assert the following fundamental relation (cf. [17,
(1.8)]) between specific entropy, internal energy and positive definite tensor B:

n=2S5(,B), where 9.5 >0. (2.5)
In this case, the temperature @ is defined as usual by
1
g = 0.5(e,B). (2.6)
Taking the material time derivative of both sides of (2.5) then leads to
1

i1 = 5+ 0pS(e, B) -B.
This in turn allows us to express the rate of entropy production in the general form
via the balance equations (2.3) and (2.4) as follows:
1 . . .
£ = é(T-Dv—dlv_ye)—i—dlv_yn—l—@BS(e,]B)~IB% (2.7)

In the next step, we make special choices of T, j., j, and S that lead to (1.9),
(1.11)—(1.13) and verify, using the above formula and also (1.10), that & > 0.
The formula for specific entropy is chosen as

S(e,B) :=c,Ine — f(B), (2.8)
where ¢, > 0 is the specific heat constant and

fB) =p(trB—d—IndetB), p>0, (2.9)
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is a function that characterizes the elastic properties of the fluid. If y =0 or B =1,
then (2.8) reduces to the classical Navier-Stokes-Fourier model, where one has

e =c,0. (2.10)

Note that as long as pu does not depend on temperature (which is the case in this
work), this property actually remains valid even with our generalized assumption
(2.8), as is immediately obvious from (2.8), (2.6) and (2.5).

Next, comparing (2.1), (2.4) and (2.3) with (1.9), (1.11) and (1.13), respectively,
the constitutive choices for the fluxes are evidently as follows:

T :== —pl + 2v(0)Dv + 2a46B, (2.11)
Je = —r(0)V, (2.12)
Jy = —r(0)VIng +\O)V f(B), (2.13)

where v(0) > 0, k(f) > 0 and A\(#) > 0 are the kinematic viscosity, thermal
conductivity and stress diffusion coefficients, respectively, and parameter a arises
from the definition of the objective tensorial time derivative (1.18).
Finally, plugging the relations (2.11)—(2.13) and (1.19) into (2.7) and taking
advantage of the identities
—pl-Dv = —pdive =0,
oBS(e,B) = —f'(B) = —u(I—B~ 1) (see (A.21) below), (2.14)
I-B7Y) - (WoB —-BWv) =1-B HB-Wo —B(I-B!)- Wo =0,
I—-BY) - (DvB +BDv) = 2(B —1) - Dv = 2B - Do,
VI-B ') -VB=B 'VBB ! VB =B 2VBB 2| (2.15)

—~ o~

(here we used that B is a symmetric positive definite matrix, which follows from
the same property of By as we shall see later) leads to

¢ = %(ZV(H)HD)'U\Q + 2a0B - Do + div((0)V0)) + div(—k(0)V In 0 + A(0)V f(B))

— (I —B1) . (WoB — BWo + a(DvB + BDv) — P(6,B) + div(\(§)VB))

= 2”;” IDv|? + £(0)|VIn 6| + u(l —B~Y) - P(6,B) + pA(6)|B~2 VBB |2,

which validates (1.7) and verifies the physical consistency of the model. Moreover,
from the last expression, it is evident that £ > 0 whenever (I—B~1) - P(6,B) > 0,
in which case the second law of thermodynamics is always fulfilled.

3. WEAK FORMULATION & MAIN RESULT

In this section, we focus on mathematical properties of the problem (1.1)—(1.17).
After we introduce the necessary notation, we formally derive a priori estimates
that clarify the imposed restrictions on model parameters. They also indicate
the functions spaces in which the long-time and large-data existence theory can be
established. Then we provide the definition of weak solution to (1.1)—(1.17) and
formulate the main result of the paper.
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Notation and function spaces. The sets of symmetric, positive definite and
positive semi-definite matrices are defined as follows:

RdXd — {A c Rdxd A= AT},

sym
RS = {A e RO Az - > 0 for all 0 # € R},
R = {A € RIX: Az -2 > 0 for all z € R},

If d = 1, we set Ry := RIS = (0,00) and Rsg == RS = [0, 00). We use the sym-
bol “” to denote the standard inner product in any multi-dimensional space, while
the symbol “®” denotes the outer product. Further, the symbol |-|” can be applied
to either scalars, vectors or matrices, meaning always the Euclidean (or Frobenius)
norm. The functions of matrices, such as matrix real powers, matrix logarithm
and matrix exponential, are understood in the standard way, using the spectral de-
composition for symmetric matrices, for instance. For various products of matrix-
valued functions, we use an intuitive index-free notation. One can follow the rule
that V can only be contracted with another vector (or one-form), but never with
columns or rows of some matrix, so for example: VA - VB = Zi’j’k 0;A;,0;B;), or
(v®A) VB =3, , vAdiBji or [AVBC]> = 3, 1 (30 AudiBimConj) .

If not stated otherwise, the set Q C R is an open bounded set with a Lipschitz
boundary (i.e. of the class C%!) in the sense of [47, Sect. 2.1.1]. Let O C R™ be
an open bounded set (such as (0,7), 2 or Q) and V be a subset of an Euclidean
space. The symbol (LP(O; V), ||-|Lr(0;v)) denotes the Lebesgue space of functions
u: O — V. The standard inner products in L?(0; V) and also in L2(9Q;V) are
denoted as (-, -)o and (-, -)sq, respectively. In the special case that O = Q, we write
just ||-||, instead of ||-[|zr(q;vy and (-, -) instead of (-,-)q.

The symbol (W*?(Q; V), ||-lk.p), 1 < p < 00, k € N, is used to denote the Sobolev
spaces with their standard norm considered over the set 2. If p > 1, we set
W=k2(Q; V) == (WP (Q; V))*, where p' == p/(p — 1), k € N, and the star symbol
“*” denotes the topological (continuous) dual space. For vector-valued functions,
we introduce the following subspaces:

WE? = {u e WFP(RY) :u-n =0}, k€N, p<oo,
Whe = {u e WhP . divu =0}, keN, p< oo,

n,div

—k,2 k.2 \x
Wn,div T (Wn,div) ) ke Na
2 gyl

n,div " n,div

The expression u - n is understood as a trace of a Sobolev function, for which we
do not use any special notation. The meaning of the duality pairing (-,-) is always
understandable in the given context.

Let X be a Banach space. The Bochner spaces LP(0,7;X) with 1 < p < oo
consist of strongly measurable mappings u : [0, 7] — X for which the norm

T 1
) <<
[ullzeo,r:x) = 0

ess sup||ul| x if p= oo,
(0,T)
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is finite. If X = LI(Q; V) or X = WF(Q; V), with 1 < ¢ < 0o, n € N, we use
the abbreviations ||||rera or ||| Lryr.a, respectively, for the corresponding norms.
Next, the space of weakly continuous functions is defined as
Cw([0,T); X) :== {u € L>(0,T; X) : the function (g, u) is continuous in [0, T

for every g € X*},

whereas the standard space of continuous X-valued functions on [0, 7] is denoted
by C([0,T]; X) and equipped with the norm

lulleqo,r);x) = sup [Ju(t)|x.
te[o

s

In addition, if X is separable and reflexive, we define two more spaces. First,
the space of X*-valued Radon measures on [0, 7] is defined as
M([0,T); X7) = (C([0,T]; X))".
Then, we set
BV([0,T]; X*) == {u € L=(0,T; X*), dyu € M([0,T]; X*)}

to be the space of functions having X*-valued bounded variation with respect to
the time variable. Note that if v € BV (][0,T]; X*) then it makes sense to define
value from left and from right at any point ¢, i.e., there exist

u(ty) = TlLr£1+ w(r) for any t € [0,7) and w(t_):= TILI?_ u(7) for any ¢ € (0,77,

where the limits are considered in the strong topology of X*. For properties of BV
mappings in Bochner spaces, we refer e.g. to [30].

Assumptions on material coefficients. The mathematical properties of the sys-
tem (1.1)—(1.17) depend crucially on the behaviour of the material coefficients,
which we now specify. We will require that

v,k, A, P are continuous functions in R, R, R and R x Rg;gi respectively, (3.1)

and there are numbers ¢, > 0, C,C, > 0 and wp > 0, such that, for all s € R,
the following conditions hold:

cl<y(s)<C, (3.2)

C'(1+4s" ) k(s )<C’(1+sr), (3.3)

C7<\(s) < (3.4)

P(s,A) = P(s, ) for all A € RS, (3.5)

IP(s,A)] < C(1+ |A]7Hh) for all A € REXY (3.6)

P(s,A) - A* > Oy |A|7T T —C foralla>0and A € RS (3.7)

P(s,A)-1> —C for all A € RZ%? (3.8)

P(s,A)-T—A"1 >0 for all A € RZS%, (3.9)
P(s, A +wpl)x -2 <0 for all A € RYXY and « € R?

such that Az -« <0.  (3.10)

Assumption (3.2) is quite standard for fluids. Restriction (3.3) means that  is
a bounded function near zero and has an r-growth near infinity. Assumption (3.4)
is chosen just for simplicity. Condition (3.5) is necessary for validity of (1.10).
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Assumptions (3.6) and (3.7) mean that P(-,A) behaves asymptotically as A9,
which is a crucial information to get sufficient a priori estimates. Condition (3.8)
simplifies the analysis at one step and means basically that the leading order term
of P(-,A) appears with the positive sign, compare e.g. with the Oldroyd-B and
Giesekus model, where P(-,A) = A — I and P(-,A) = A% — A, respectively. Prop-
erty (3.9) is important for the validity of the second law of thermodynamics in our
model. Again, both Oldroyd-B and Giesekus models fulfill this requirement. Fi-
nally, the assumption (3.10) restricts the behaviour of P(-, A) when A is not positive
definite or if its eigenvalues are too small. We remark that this technical condition
concerns the case s < 0 or A € R4xd \Riﬁd that actually never arises in the studied
problem. An explicit example of function P satisfying (3.5)—(3.10) would be

P(s,A) = 6(s)(1 + |A —T)97P)AP(A - T),

where § is a continuous positive real function and S € [0, g]. Indeed, note that, for
any A € R4 we can write

>0 >
APA—T)- I—A ) =AZAT(A? —A"3)AZ . (I— A~
B

—AT(AT —A"3). AT(I—AVHAZ = [AT (AT — A )2 >0,
implying (3.9). The properties (3.6), (3.7) and (3.8) follow easily from (A.20) in
Appendix. Finally, we claim that (3.10) holds with wp = 1. Indeed, let 0 # x € R?¢
be an eigenvector of A € ngxnf, for which A :== Az - z/|z|> < 0. If A+ 1 ¢ RES?
then we can redefine P(-, A +I) as needed. Otherwise, we have A +1 € Riﬁd, and
thus A > —1 and we can write

P(s,A+Dx-x =06(s)(1+ A7) A +D)PAz -«

=6(s)(1+ A" YA+ 1)PA|z> < 0.

Nl=

Conditions on ¢ and r. To make sure that the individual terms appearing in
the weak formulation of the governing equations (defined below) are well defined,
we need to restrict the parameters ¢ and r by the conditions

r>1—§ and g¢>1+
we recall that d > 2 is the dimension of the domain 2.

Condition (3.11) is sufficient to define every term of the system (1.1)—(1.17)
in a weak sense, with the exception of (1.12), which needs additional technical
assumptions due to the presence of pressure (see the second part of Theorem 3.1
below). As such, condition (3.11) is actually sufficient for the existence of a weak
solution, which is the content of our main result.

By imposing (3.11), we place some restrictions on the coefficients of the model
which may not agree with experimental measurements. Note, however, that (3.3),
(3.6) and (3.7) restrict only the asymptotic behaviour of the coefficients. For exam-
ple, any continuous function k defined on some interval (6p,61), 0 < 6y < 61 < oo,
can be modified in a neighbourhood of 0 and oo so that (3.3) holds. The interval
(09, 01) may represent the temperature range for which the model we are consider-
ing 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, § and X\ there.
On the other hand, it is unclear whether one can deduce some absolute bounds
for the temperature, besides 6 > 0, using only the information that is encoded in

A 3.11
r—1+% ( )
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the system. Thus, purely for mathematical reasons, we have to assume that these
material coefficients are defined in some way also outside (0, 61). A similar remark
applies also for the other coefficients. For example, if |A| is too large, any realistic
material eventually breaks down. Thus, we may set P(-,A) = A — 1, |[A| € [0, M),
where M is large (to mimic the Oldroyd-B model, for example) and then extend
this function continuously so that (3.7) holds with some large ¢, see (1.20).

A priori estimates. Let us now the motivate the definition of the weak solution

o (1.1)-(1.13) by an informal derivation of the available a priori estimates. This
clarifies the need for (3.11) and highlights the main idea of the existence proof.
The starting point are the assumptions on the data:

Ey € L' (% Rs0), no € LY R), By € LY RYSY), g € L2(Q;RY).  (3.12)
In addition, we may suppose that
>0 and Bx- x>0 forall =cR? (3.13)

which is due to a suitable construction of the solution (cf. (5.62) below).

In what follows, the basic relations (1.4)—(1.7) and also (2.9) will be used without
further reference. Moreover, the symbol C' will be used to denote a positive constant
that can change from line to line and can depend only on the data, domain €2, time
T > 0 and other constants appearing in (3.2)—(3.10).

Integrating (1.12) over ) and applying the boundary conditions (1.14) and (1.16)
drops the divergence terms, which, together with Young’s inequality and (3.13),,

leads to
d
f/Ez/g-'v< /Igl2 /E

Hence, using (3.12),, we see that E € L>(0,T; L' (€ R)), therefore also
0 € L>=(0,T; L* (4 Rsg)) and v € L*>(0,T; L*(;RY)). (3.14)

Next, integrating the entropy inequality (1.13), and again applying the boundary
conditions in the divergence terms, gives

%/Qn(t) > 0.

Applying (3.12), and (3.13), (trB > 0, to be precise), the last inequality yields

/(lnG(t) +1IndetB(¢)) > —C,
Q

which is a very important inequality as it ensures that 6 > 0 and B is positive
definite almost everywhere. Although one also gets £ € L*(0,T; L1(f2)) after inte-
grating (1.13) and using (3.14),, this information turns out to be too weak. Instead,
we can get better estimates directly from (1.10) and (1.11).

Due to the positive definiteness of B, the equation (1.10) can be tested by the ma-
trix power B4~1. (Though here one can also use |B|?~2B since ¢ > 1 and the stress
diffusion term is actually not important for the estimate itself.) Then, using (3.4),
(3.7), Young’s inequality and Lemma A.3 below, we eventually get

jt/trla%q /|IB%|2‘1 /|VIB% |2<C/ |IB%|q|Dv|+C<C/ |Dv|* +C. (3.15)
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Hence, integrating over (0,7") and thanks to (3.12),, we have

1
Bl L2020 < C|Dv| 22 + C. (3.16)

Clearly, we need control over Dv, but it has to be obtained differently than for
the Navier—Stokes—Fourier systems, as we pointed out in the introduction.

Thanks to 6 > 0, we may test (1.11) by the function —6~7 with 8 > 0. Eventu-
ally, applying (3.14),, (3.2) and (3.3), this leads to the estimate

ﬁ/ eT*B*1|v9|2+/ |Dwv|? < C/ 0|B||Dv| + C. (3.17)
Q Q Q

Using (3.14), (3.16) and the Holder inequality, the above inequality gives
r— ﬁ+
pllo

72wz + [Dol1Z2 2 < Cll6l 2o po 1Bl L2020 [Do]| p2r2 + C
- (3.18)
< CH0||L2q " 124’ §|‘DU||L2L2 + C

The last term is absorbed by the left-hand side and for the first term we use
the interpolation inequality

9 d(rrfd?ti)s()z;q;fn d(r d€+1/)3()2+(1271)
GBS [l ’ 161l a5 )

and (3.14) to deduce

d(r—B+1)(2q' —1)

816" \9||d<, délf?“ +C
, (3.19)
7.7 2d(2¢' —1) 2d(2¢' —1)
— C/ ||9 ||d(1 B)+2 +C < C/ ||9 Hd(v B)+2 —I—C.
0
Hence, if

2d(2¢ — 1)
= <9, 3.20
dir—p)+2 (3.20)

the first term on the right-hand side can be absorbed by the left-hand side and
thus, we get

Bl <c. (3.21)

Finally, the inequality (3.20) can be made true by choosing 8 > 0 sufficiently small
if and only if ¢ and r satisfy (3.11). Note that, in this case, we were able to estimate
the right-hand side of (3.17), i.e., the “critical” term 6B - Dv appearing in (1.11).
It is easy to verify, using estimates (3.14) and (3.21) that all the other nonlinear
terms appearing in the system (1.1)—(1.13) are integrable as well.

Definition of weak solution. Motivated by the above estimates, we now deliver
the exact definition of a weak solution to (1.1)—(1.17).

Definition 3.1. Let T > 0 and let Q@ C R?, d > 2, be a Lipschitz domain. As-
sume that the constants a € R, a > 0, ¢y, p > 0 and the functions v, k, \,P fulfil
the assumptions (3.1)—(3.9) with the parameters q and r satisfying (3.11) and let
m = min{2, q+2} Suppose that the initial data satisfy

vo € L2 4 (U RY), By € LY RIS, 0 € LM% R>), (3.22)
1o = ¢, by — f(Bo) € L' (% R), (3.23)
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where f is given by (2.9), and that
g € L*(Q;R%). (3.24)
Then, we say that the sextuplet (v,B,0,e, E,n) : Q — RY x R‘%d X Rso X Ry %
Rso X R is a weak solution of the initial-boundary value problem (1.1)—(1.17) if all

of the following conditions (1)—(1v) are satisfied:
(1) The functions v, B, 0 and n fulfil the properties

v e L*(0,T;W, %) N Cu([0, T]; L2 (4 RY)), (3.25)

d+2 _q d+2
O e LT (0,T;W, 4,7 ), (3.26)
B e L™(0,T; W™ (0 RESY)) N Cy ([0, T; LI (4 REED), (3.27)
B e L*(Q; RLYY), (3.28)
B2 ¢ L2(0,T; WH2(Q; RES?)), (3.29)
8B € (L2 (0,T; Wh2 (Q; R¥*4)))™, (3.30)
B~:VBB % € L*(Q;R? x RYXY), (3.31)
IndetB € L2(0, T; WH2(Q;R)) N L>=(0, T; L' (4 R)), (3.32)
0 € L(0,T; L' (2 R50)) N LT3 75(Q; Rp), (3.33)
072" € L2(0,T; Wh2(Q; Rsy)), (3.34)
Inf € L0, T; WH2(Q;R)) N L>=(0, T; L' (S R)), (3.35)
n € L™0,T; WH™(Q;R)) N L>®(0,T; L' (4 R)) (3.36)

for every e € (0,1).
(11) The relations (1.1)—(1.7) hold almost everywhere in Q.
(111) Equations (1.9)—(1.13) are satisfied in the following sense:

(O, 0) = (V@ v, V@)o + (5, Vp)g + (avr. @, )s = (9, 9)q
d 1,441 (3.37)

for all @ € L2T1(0,T; W, 300),
(0,B,A) — (B®wv,VA)g + (P(6,B), A)o + (\(O)VB, VA)q

= ((aDv + Wo)B, A + AT)g (3.38)
for all A € L2 (0, T; Wh24 (Q; R?*%Y),
= (v, 99(0)) = (cobl, Orp) g — (cubv, Vop)q + (k(0)VE, Voyp)q

> (S-Dwv,¢p)q (3.39)
for all o € WH2((0,T);R0), ¢(T) =0, and all ¢ € WH(Q;Rxy),
— (0, 6p(0)) — (1, 93rp) @ — (N, Vop)q

+ (R(O)VIng — XV f(B), Vop), > (& dv)q (3.40)
for all o € WH((0,T); R¢), ¢(T) =0, and all ¢ € WH>(Q;Rxy),
d - . _
T QE'qLoz/aQ|v| —/Qg v a.e. in [0,T]. (3.41)
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(1v) The initial data are attained in the following way:

Jim () — v s = 0 (3.42)
lim ||B(¢) — Bollg—e =0 for every €€ (0,9 —1], (3.43)
t—0+

Jim [6(2) ~ ] =0, (3.44)
liminf (1(1),6) > (10,6) for all 0 < ¢ € W(9). (3.45)

With this definition in hand, we now formulate our main result.

Theorem 3.1. Suppose that all the assumptions of Definition 3.1 are fulfilled.
Then, there exists a weak solution of the system (1.1)—(1.17) in the sense of Defi-
nition 3.1.

In addition, if d < 3 and Q € CLY, then there is a pressure p € L0 (Q;R) such
that the local balance of total energy (1.12) holds in the sense:

— (Yool? + oo, 60(0)) — (B, 60i9)q + (alo- P, 60)s + ((0)V0, Voy)q
= (Ev +pv —Sv,Vop)g (3.46)
for all o € WH=((0,T);R), ¢(T) =0, and every ¢ € WH=(;R)
and also (3.37) can be generalized to
(O, ) = (v @V, Vo) + (=Pl +5, V) + (avr, ¢, )s = (9,9)

d (3.47)
forall ¢ € L%H(O,T; W,ll’QH).

We remark that if a weak solution admits enough regularity so that (3.37) can
be tested by v and (3.39) can be localized in space, then (3.39) holds as an equality.
Indeed, the localized version of (3.39) reads

00 + cyv - VO — div(k(0)VO) — S - Dv > 0. (3.48)
On the other hand, subtracting (3.37) tested by v from (3.41) yields

/ (cyOf — S - D) = 0.
Q

Since also
/ (cyv - VO —div(k(0)V0)) =0
Q

due to the boundary conditions v -n = 0 and V@ -n = 0 on 9%, we conclude
from the above that (3.48) must be an equality. Consequently, the entropy inequal-
ity (3.40) also becomes an equality, provided that one is able to justify B~! and 1
as tests in (3.38) and (3.39). These considerations imply that a weak solution that
admits sufficient regularity is also a solution of (1.1)—(1.17) in the classical sense.

The existence proof below is done only for d > 3 (the case d = 2 is simpler).
Also, it is clearly enough to focus on the case « > 0. In the simpler case a = 0
(corresponding to the free-slip boundary condition), one just has to use a different
Korn—Poincaré inequality in case (2 is axially symmetric.

The general strategy of the proof is to approximate the system (1.9), (1.10),
(1.11) using several parameters to obtain a proper Galerkin approximation gen-
erated by a smooth basis of eigenvectors and to 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 € and B are cut-off and v is smooth,
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hence we easily obtain uniform estimates for the Galerkin approximations of B and
6, which might not be positive definite or positive, respectively. However, after
taking the limit with these approximations and then proving certain maximum
principles, we prove invertibility of # and B, which, in turn, enables us to derive
the entropy equation. From this we read that the positivity of det B and 6 is pre-
served uniformly, which then enables us to remove the cut-off from the system.
The proof of this is presented in Section 4. Note that at this point, the velocity is
still kept in a finite /-dimensional space. To the equation for the internal energy we
add the regularization —wA, 26 (the so-called (r 4+ 2)-Laplacian) in order to avoid
weighted Sobolev spaces, where the density of smooth functions is not available in
general.

Next, in Section 5, we first improve the uniform estimates by considering appro-
priate test functions in the equations for § and B. At this point such a procedure
is rigorous. Finally, we let w — 0 and ¢ — oo and we pass to the final limit,
identify the non-linear terms and initial conditions, hereby obtaining a solution of
the original problem. Finally, in Section 6, we prove the validity of the local energy
equality provided d < 3.

4. EXISTENCE OF A WEAK SOLUTION: THE APPROXIMATIVE PROBLEM

First we introduce a truncation, which is essential for the proof. We also pre-
pare some simple estimates corresponding to this truncation that are used later in
the proof. Recalling that wp is introduced in (3.10), we define, for any w € (0,wp),
the “cut-off” function g,, in the following way:

max{0, A(A) — w} max{0,7 —w} a
(AA) )0+ WA+ ) Fwr?) € Rym TER,

where A(A) denotes the smallest eigenvalue of A, i.e.,

A(A) == min{\ : det(A — AIl) = 0}.

gw(A,T) =

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

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

whereas if A(A) > 0 and 7 > 0, then g, (A,7) — 1 as w — 0+. Furthermore, we
remark that

Go(A, YA+ Al + |APYA + 7+ 72%) < C(w). (4.1)

The function g, is used below in the system (4.11)—(4.13) to control irregular terms
of the original problem. We also truncate the initial functions By and 8y and set

Bo(z) if A(Bo(x)) >w and |Bo(z)| < Vdw™!,

By (z) = { I elsewhere; (4.2)
win . [Oo(z) fw<bp(z) <w
b () = { 1 elsewhere. (4.3)
With such definitions, these functions satisfy (a.e. in Q)
A(Bg) > w, 05 > w (4.4)
BY| < Vdw™?, 8] < w™? (4.5)

By | < Vd + |Bo|, 05 <1+ 6, (4.6)
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and, since In1 = 0,
[Indet BE| < | Indet By, [In 65| < |1Inbp|. (4.7

Since By € Lq(Q;Rif)d), we also observe that the Lebesgue measure of the sets
{A(By) < w} and {|Boy| > w1} tends to zero as w — 0+, and thus

B ~Bolg= [ H-Bolt+ [ j-Boroo 4
A(Bo)<w [Bo|>w—?!
Analogously, relying on 6y € L'(Q;R~), we also obtain

105 —6ol1 =0, w—0+. (4.9)

Next, we discretize the w-truncated system in space by the Galerkin method.!
Let {w;}52,, {W;}52, and {wy}72; be bases of the spaces WN-2(Q; R%) N w2

n,div’
WN-2(Q; R‘Si;n‘f) and WN-2(Q; R), respectively, with the following properties:
e The bases are L2-orthonormal and W¥-2-orthogonal.
e The number N € N is chosen so large that the elements of the bases are
Lipschitz (due to embeddings of Sobolev spaces).
o w = |Q|_%.
e For any /,n € N, there exist L2-orthogonal projections
Py L?(Q;RY) — span{w; }{_,,

Qn : L2 (4 R) — span{W,}7_,,
Ry, : L*(Q;R) — span{wy,}j_,

e P, Q,, R, are L?>- and W-2-bounded, uniformly w.r.t. £,n.

Existence of these bases and corresponding projections follows from standard results
(see Appendix 4 in [40]) using the eigenvectors of the generalized Laplace or Stokes
operators. _

We fix £,n € N and consider the problem of finding the functions a,,, B9, fyfn
of time, where i = 1,...,f and j,k = 1,...,n, such that the functions vg,, Be,, 0
and S%, defined as

'Uén t 33 Zaén wz Bén t 37 Z/B@n 0€n Z’an wk

and
(Z)n = QV(HKn)D'UZn + 2apug., (Béna aén)aﬁnﬁén (410)
satisfy the following equations a.e. in (0,7p), Ty > 0:

(O¢ven, wi) — (Ven @ Vin, Vw;) + (S5, Vw;) + a(ven, )on = (g, w), (4.11)
(0:Ben, W) — (Ber, @ ve, VW,) + (P(Opn, Ben), W) + (A(0pn) VB, VW)

— (200 (Ben, O0n) (D + W) By, W), 12
(cv0tben, wi) — (cuBeVin, Vwy) + ((k(0en) + w|VOen|") Vi, Vwr) (4.13)
= (S, - Dvgy, wi),
forall 1 <7</, 1<jk<n and with the initial conditions
0 (0) = Prvg, Ben(0) = QuBY,  0p(0) = Rp6% in Q. (4.14)

LWith this approach, we do not need the positive definiteness of the basis functions for B.
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By the L2-orthonormality of the bases, we have

14
(Do, wi) = > o, (W, wi) = (o)’

m=1
and similarly
(OBen, Wy) = (82)  and (300, wi) = (v,
Thus, (4.11)—(4.13) is a system of £+ 2n ordinary differential equations of the form
(ab,) = Fi(t,ag,,....ap,), i=1,....¢,
(Bl) = FoBlns - B0), G =1, (4.15)
(YEY = Fs(yp, - -7, kE=1,...,n.

It is easy to see, using (3.1), that Fy, F5 and F5 are continuous with respect to
the variables a@n, f;,, and vfn and measurable with respect to ¢, respectively. More-
over, the explicit dependence of F; on time is controlled by

(g, wi)| < llgllz|lwill2 € L*(0, T R).

Thus, we can apply the Carathéodory existence theorem (see [19, Chapter 2, Theo-
rem 1] or [60, Chapter 30]) and hereby obtain absolutely continuous functions .
Bgn, v 1<i <4, 1<jk<n,solving (4.15) on (0, Tp), where Ty < T is the time
of the first blow-up. In view of the a priori estimates derived below (see e.g. (4.18)),
we are able to prove that

14

sup (D2 (@h ()2 + D (8, ()2 + (£, (0)?) < oc,
j=1 k=1

t€(0,To) i=1

hence, there can be no blow-up and the functions vy, By, 0x; are defined on an
arbitrary time interval, in particular on [0, 7.

Estimates uniform with respect to n. By multiplying the i-th equation in (4.11)
by «f,, summing the result over all i = 1,...,/, integrating by parts and using
the facts that the basis functions satisfy vy, - n = 0 on 992 and divwvy, = 0 in Q
(hence the convective term vanishes), we obtain (a.e. in (0,7))

1d
el + V2 CenDvenl + allvenl 2oz (w.16)

2 dt
= _(2a,ugw (Bﬁna eén)elnﬁéna Dvén) + (ga vén)-

Then we use (3.2), (4.1), Korn’s and Young’s inequality, and deduce
d
allvmllg +IVoenll + allven 72 o0k < C(W)/Q Dven| + Cllgll2|Voemll2
2 1 2
< C(w) +Cliglz + S IVvenlla-

Integration with respect to time and the use of (4.14) and (3.22) directly leads to

T T
sup [lven(t)[3 +/ IV venlls + 04/ [venll72(a0;ra) < C W) (4.17)
t€(0,T) 0 0
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(the dependence of the constant C' on the data is omitted as g, v, 6y, or By are
fixed functions in our setting). Utilizing the L?-orthonormality of the basis vectors
{w;}¢_,, estimate (4.17) yields

14

sup Y (af,()” = sup [lvm(t)]3 < Cw). (4.18)
t€(0,7T) i—1 te(0,T)

Hence, recalling w; € W (Q;R%), i = 1,..., ¢ and then also the definition (4.10)
and the estimate (4.1), we obtain

[venl|zoewroo +[1SE, | Lo < Clw, £). (4.19)
Using (4.19) in (4.11), we see that
(%) | 20.7:%) = 11(Qcven, wi)ll L2 0,7:m)

= [(ven ® ven — S7,,, Vw;) — a(ven, wi)aa + (g, wi)| L2 0,7;r) (4.20)
<C(w, ) +C0)gllzre-

Thus, we get

10vven|l L2woe = 52 (@) will L2wroe < Clw, £) (4.21)

and, using the fundamental theorem of calculus and Holder’s inequality, also that
. . t - 1
|, (t) — ag,(s)| < / [(af,)'| < C(w, 0)|t —s|2  for every t,s € [0,T] (4.22)

and any i =1,...,7.

Next, we multiply the j-th equation in (4.12) by ﬂgn and sum the result over
7 =1,...,n. Note that the convective term vanishes after integration by parts and
use of (1.14), and (1.8). Also the term including Wwvy,, vanishes due to symmetry
of B? . Thus, we obtain

1d
EEHBMH% + (P(Qfmﬁfn)vmg@n) + H V A(QEH)VBEnng

= (2a9,(Ben, 0en)DveyByy, Be,)  ae. in (0,7).

(4.23)

Then using (4.14), (3.7), (3.4) and (4.1) we obtain, after integration over (0,1),
t € (0,T), that

t t
1Bea (813 + / [Beal 25 + / IVBonl2 < [QuBE|2 + C(w, 0)
0 0

From this, using properties of @Q,, and (4.5), we easily read that
HBZnHL“’LZ + ||Bgn||L2+qL2+q + ||VBZTLHL2L2 < C(w, E) (424)

To estimate the time derivative of By,, we take A € L+2(0,T; WN-2(Q)) with
Al La+2yyne < 1 and use (4.12), Holder’s inequality, (4.24), (4.19), (3.4), (3.6),
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(4.1), properties of @, and (min{2, %})’ =q+2 to get
(O:Bn, A) = (0:Bn, QnA)g
= (B, @ ven, — MOen) VB, VQR,A) o — (P(0en, Ben), Qni)g
+ (29w (Ben, Oen ) (aDvey, + W )Ben, Qn)q

< C(w,ﬁ)/ ((IBen| + VB )IVQnA| + (IBen | + 1)|QnA])
Q
T

< C(waf)/ (IVBenlls + [IBeallfts + 1)1 Qnll1,00

T
< C(w,ﬂ)/o (IVBell2 + [Benll2s + D1 QnAl v 2
< C(w, O)||Allpa+zwr.e < Cw,f).
Hence, we can conclude

10eBenl| a2

o, SO0, (4.25)

Next, we multiply the k-th equation in (4.13) by ’yé?n, sum the result over k =
1,...,n, use (1.14),, (1.8) and integration by parts in the convective term to get

\Qean + 1V EOen) Ven5 + w|| Ve |13 = (S, - Dven, 0en) (4.26)
2 dt

a.e. in (0,7). Thus, integrating this inequality over time, using (4.19) and Young’s,
Gronwall’s and Poincaré’s inequalities, properties of R,, and (4.5), we deduce

10en ()| oo 2 + [V £(0en)VOenll L2 L2 + [Oenl | Lriomwrrss < Clw, £). (4.27)

Furthermore, taking 7 € L""2(0,T; WN-2(Q)) with ||7||z-+2pyv2 < 1 and using
(4.13), Young’s inequality, Holder’s inequality, (3.3), (4.19), (4.27) and properties
of R,, we obtain

<8t9€na7-> = (ataéna nT )Q
= (Cvegn’vgn - (an)vegn - w|V¢9¢n\ VO, VRnT)Q + ( -Dvy,, R T)

SC(w,f)/ ((|92n|+|914n|%
Q
W é / / ‘0£n|r+1 ’\/ 0£n VGZ?’L
< C(w,f)/ (||9en 752 + V& (Ben) Vefn
0

< C(w, O)||Tllpr+ewne < Clw, b)),

hence

li(@gn)

)|V Ryt + |Rm)

2r 42
+2

+ | VO | + 1) | RnT 1,00

S 4 VBl + 1) Bl

100 252

Tyw-n2

< O, 0). (4.28)

The limit n — oco. For every i = 1,...,¢, the sequence {a}, }>>, C C([0,T];R)
is bounded due to (4.18) and uniformly equicontinuous by (4.22). Hence, using
the Arzela—Ascoli theorem, for every i = 1,...,¢, we obtain o} € C([0,T];R) and
a subsequence (not relabelled) such that

o, — ab  strongly in C([0, T); R) (4.29)
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as n — 0o. Then, we define
¢
vy = Za}wi e C([0, T); Wh (R N w2 )

n,div
=1

and note that
Ve — vy strongly in C([0, T); WH*°(Q; RY)). (4.30)

According to estimates (4.21), (4.24), (4.25), (4.27), (4.28) and using reflexivity
of the underlying spaces and the Aubin—Lions lemma, there exist subsequences
{ven}22 1, {Ben}22 1, {0en}22, and their limits vy, By, 64, such that

D0 — Oy weakly* in L2(0, T; W (Q; RY)), (4.31)
Vo — Vg weakly in L%(0,T; L?(99; RY)), (4.32)
B, — By weakly in L?(0,7, W"?(Q; RE<), (4.33)
B, — By strongly in L>T9(Q; ngxn‘f) and a.e. in Q, (4.34)

8B — 0By weakly in L+ (0,75 W~ N2(Q RED)), (4.35)
Opn — 04 weakly in L™T2(0, T, W T2(Q; R)), (4.36)
Oen — O strongly in Lr+2+%)(Q;ngXrg) and a.e. in @, (4.37)

0400m — 040, weakly in L1 (0, T; W~N2(Q; R)). (4.38)

Now, we explain how to take the limit in the non-linear terms appearing in (4.11),
(4.12) and (4.13). To handle most of the terms, namely

Vyn ® Vin, V(efn)]D)'Uéru 771; P(eé’ru Bfn)a )\(eén)vBEnz
9w (BEVH oén)(aDvén + W'UEVL)BML’ Vin * ve@na S‘;n : ]D)’Ugn,
we use the following standard argument: all these terms can be seen as a product
of a weakly converging sequence with a strongly converging sequence, obtained via
Vitali’s theorem, (3.1), continuity of g,, and pointwise convergence of vy, By, and
0¢rn,. This argument is sufficient to take the limit n — oo in the equations (4.11)
and (4.12). In (4.12), we first multiply the equation by a function ¢ € C1([0,T]; R),
integrate over (0,7T), then take the limit and finally use the density of functions of
the form pA, A € span{W;}22,, in the space L@+ (0, T; WHN2(Q; REX)). This
way, defining also
S;‘J = 21/(94)‘D’UK|2 + 2augw(Bg, 9[)94153@,
we obtain
(Orve, wi) — (Ve ® vy, Vw;) + (S7, Vw;) + a(ve, wi)oa = (g, wi) (4:39)
for every i =1,...,¢, and a.e. in (0,7, '

and
<at]B[7 A) - (Bg ® vy, VA)Q =+ (P(GZJBZ)’ A)Q + (/\(QZ)VIBév VA)Q
= (290 (By, 0¢) (aDvy + Wog) By, A)g (4.40)
for all A € LI2(0, T; WN-2(Q; REXD)).

Sym
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However, the space of test functions in (4.40) can be enlarged using a standard
density argument. Indeed, using Hdélder’s inequality, it is easy to see that every
term of (4.40) (taking aside the time derivative) is well defined provided that

2 1,2 dxd +2 dxd
Ael (0 T w (Q Rs;m)) nL? (QvRs;m)
and thus, we can read from (4.40) that

0By € (L2(0 T Wh2(Q; RdXd)) qu+2(Q,RdXd)) .

sym sym
Since we also have that
2 C1irl,2 dxd +2 dxd
it follows from Lemma A.1 below that
By € C([0,T); L* (% REXD). (4.42)

The value of By(0) can be identified by a standard argument, which we briefly
outline here. Using A(t, z) = ¢ (¢)P(z) in (4.40), where ¢ € C1([0,T];R), ¥(0) = 1,
Y(T) =0, and P € WN-2(Q; RZ%9), one gets, after integration by parts, that

sym

(Be(0), P) = =(Be, PO) @ + (ve - VBr, P)q + (P(0r,Be), PY)
— (A(60) VB, VPY) g — (29 (Be, 0¢) (aDvy + Wo,) By, Py)g.

On the other hand, exactly the same expression can be obtained also for (Bf, P) if
one multiplies (4.12) by 9, integrate over (0,T) and by parts in the time derivative
using (4.14) and uses completeness of {W;}°2, in WN-2(Q; Rg;rg) and the same
arguments as before to take the limit n — oco. But since P was arbitrary and

WHN:2(0; R¥X4) is dense in L2(2;RY*%), we conclude

sym sym

By(0) = By (4.44)

We can use an analogous procedure to identify vy(0), but here the situation is
simpler since (4.30) directly implies v, € C([0,T]; W' (2;R?)) and we obtain

’Uz(O) = P[UQ. (445)

Our aim is now to take the limit in equation (4.13), where we need to justify

the limit in the terms (604, ) Vg, and |V, |" VO, (the term 2v(6, )| Doy, |? is easy
due to (4.30)). For the first one, we use (3.3), (4.37) and Vitali’s theorem to get

(4.43)

VE(0em) — /rk(0;) strongly in L2+%(Q;R) (4.46)
and then we combine this with (4.36), to obtain
VEOe) VO — V/E(0,)VE, weakly in L'(Q;R?). (4.47)

However, by (4.27) we know that (4.47) is valid also in L?(Q;R?) up to a subse-
quence, and hence, using again (4.46), we obtain

gzn V@gn vV K an \/ ng ngn \V Ii(gg)\/ H(@g)veg = /i(@g)veg (4.48)
weakly in L+ (Q;RY).
Finally, due to (4.27), there exists K € L+2'(Q; RY) such that
[VOpn|" Vi, — K weakly in L2 (Q; R?). (4.49)

Then, using also (4.48) and previous convergence results, we can take the limit
in (4.13) and obtain, for all 7 € L™2(0, T; WN:2(; R)), that

<Cyat92, ’7'> 7(CU9[U[, VT)Q+(KZ(05)v9g, VT)Q +W(K, VT)Q = (SL; Dy, T)Q. (450)
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Recalling (4.38), (4.48) and (4.49), we easily conclude, using a density argument,
that (4.50) is valid for all 7 € L™2(0,T; W1r+2(Q;R)) and that the time deriva-
tive extends to the functional 9,6, € LU t2) (0, T; W~10+2"(Q; R)). Thus, using
Lemma A.1 below, we also see that

0, € C([0,T); L*(Q; R)). (4.51)
Furthermore, choosing 7 = 6, in (4.50), rewriting the time derivative term and
integrating by parts in the convective term leads to

Co

w(K,VOr)q = 5 (1003 = 10:(T)]3) —/QH(W)W@@IQ + (S7 - Doy, 0r)q. (4.52)

We use this information to identify K as follows. We note that weak lower semi-
continuity and (4.47) (which is valid in L?(Q;R%)) imply

/ﬁ(ee)wem gummf/ (O0n) [V O 2. (4.53)

Thus, if we integrate (4.26) over (0,7") and use (4.53), (4.30), weak lower semi-
continuity of ||-|[2 and the convergence results above to take the limes superior
n — oo and then apply (4.52), we get

wlimsup/ V0, |12
Q

n—oo

_ s 2, Coppwn2 i 9
= —timinf 28, (T)]3 + 1163 3 — lim n /Q (06 V0]

+ lim (S5, - Do, Orn)q (4.54)
n— o0

IN

Cy Cv w w
= 10T 15 + 165113 /Qﬂ(%)WzI?Jr(Sz -Dwy, 0r)

Co |1 g Co
= 5 1165 I3~ 5ll9z(0)H§ +w(K, Vl)q.

To identify the initial condition for 8,(0), it is enough to show that

Oo(t) — 05 weakly in L*(;R) (4.55)
as t — 0+ since then we can use (4.51) to conclude
00(0) =60F a.e. in Q (4.56)

by the uniqueness of a (weak) limit. To prove (4.55), we return to (4.13), which we
multiply by ¢ € W°(0, T; R) fulfilling »(0) = 1, ¢(T') = 0 and integrate the result
over (0,T) to get

— (e, wi) — /()T(Cu94n7wk)8t<ﬁ = /OT hnp. (4.57)
for all k =1,...,n, where we integrated by parts and abbreviated
hn = (cobenven, Vwi) — (k(00n)V0pn + w|V0u,|" Ve, Vwy) + (S5, - Dvep, wy).
It follows from the results above (cf. the derivation of (4.50)) that
hn — h  weakly in LU+2)(0, T;R),

where
h = (cpbeve, Vwy) — (k(00) Ve, Vi) — w(K, Vwy) + (S7 - Doy, wy,).
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Thus, by taking the limit n — oo in (4.57), we arrive at

T T
(e, w) — / (cole wp)Fup = / hip.
0 0

Making now a special choice

1 s <t,
pe(s) =15 se(tt+e),
0 s>t+e,

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

1 t+e t+e
_ (Cveg,wk> + g/ (Cveg,wk) = / hee.
t 0

Furthermore, we can take the limit ¢ — 0+ in this equation using (4.51) on the left
hand side and absolute continuity of integral on the right hand side to get

t
(el wp) + (cobelt), wr) :/ .
0
Finally, taking the limit ¢ — 0+ yields

tgrgl+(ef(t)7wk) = (90 7wk)7

for all kK =1,...,n, from which (4.55) follows by exploiting the density of the set
span{wg }3° ; in L?({;R). Hence, the identity (4.56) is proved and (4.54) hereby
simplifies to

lim sup / | V00,2 < / K -Vo,. (4.58)
Q Q

n—oo

Since the operator u — |u|"u is monotone and continuous, it is standard to show,
using (4.58) and the Minty method, that

K =1|V0,|"V, a.e.in Q.

Hence, we proved that

(€o0:be, T) — (coBeve V1) + (K(00) VO +w|VO,|"V O, VT)g = (S7 -Dve, 7)o (4.59)
for all 7 € L™2(0,T; WHT+2(Q; R)).
Positive definiteness of B, and positivity of 6,. Here we follow the method
developed in [4]. We shall use the notation

hy = max{0, h}, h_ = min{0, h}.
We choose a fixed vector € R? with |x| = 1, and ¢ € (0,7). The idea is to use
Az = X0 —w)-x®x, where b:=Bx-x.

in (4.40). The function A, belongs to L2(0, T; W12(Q; REX9))N LI+2(Q; RX4) and

sym sym

is thus a valid test function in (4.40). The key property of A, is that it vanishes
whenever the smallest eigenvalue of By is greater than w. Thus, we have

(A(B¢) —w)4(b—w)- =0,

which implies
9w (B, 0))Az =0 ae. in Q. (4.60)
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Let us now evaluate separately the terms arising from the choice A = A, in (4.40).
For the time derivative, we write

(9:Be, Ag) = / Ob—w), (b—w) ) = Ll(b—w)_ B3, (461)

where we applied Lemma A.2 below for the Lipschitz function s — s_ and also
(4.44) and (4.4) to eliminate the value at t = 0. Furthermore, using integration by
parts, vy - =0 and divv, = 0, we get

(Bg@’v@,VAm)Q:/O ((b—w)vg,v(bfw)_):%/o /Crm((b—w)_)zvg«n:()

and also
t
(A(B)VBy, VAz)o = / IV/ABOV (b —w)_ |2 > 0.
0

Moreover, we have b — wp < b — w and thus, the assumption (3.10) yields
t
(P(0¢,Be), Az)g = / /(b —w)_P(0,,By)x - x
0o Ja
t

= / / (b — w)P(O¢, By — wpl) + wpl)x - x > 0.
{b<w}

In addition, the right hand side of (4.40) vanishes due to (4.60). Thus, using
the above computation in (4.40), we obtain

16— w)-(®Z <0
for all t € (0,T) (recall (4.42)), whence
Be(t)x - > wlz|* ae. in Q, for all t € (0,T) and for every x € R%.  (4.62)
Note that this immediately yields B, € RZ5? B, € RZ5? a.e. in Q, and thus
1 _1 _1 d
B, !| =B, ?B,?| < B, > =trB," < - (4.63)
Also, using the identity
VB,' = -B, VBB, ',
(which is standard for continuously differentiable functions and in general we can

approximate By by smooth mappings and pass to the limit) and (4.24) we conclude
that ]BS[1 exists a.e. in ) and satisfies

B, '€ L(0,T; L=(%REG) N L (0, T; WH2 (9, RLGY)). (4.64)
Moreover, recalling f from (2.9) and using the simple inequalities
1
det B, > w? and |lnz| <x+4+ —, >0,
x
it is easy to see that also
f(Be) € L*(0, T; W2 (2;Rx0)) N LIT2(Q; Rxo).

Next, we prove positivity of 8. Since 8, € L™2(0,T; W1+2(Q;R)), we can use
the analogous method as before. Indeed, we start by choosing

7= X0, (0 — w)— € L"T2(0, T; W2 (Q; R))
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as a test function in (4.59) to get (using divwv, = 0)

SN =)~ = 110 - w)- )13
+ [ IVRBT O )5+ [ 190 =) 1123 (4.65)

= /O (S‘Z -]D)’Ug, (9@ — w)_) S 0.

Hence, using 0¢(0) = 6§ > w in Q and (4.51), we obtain that ||(6,(t) —w)—||2 =0
for all t € (0,T"), which means

Oe(t) > w a.e.in Q and for all ¢ € (0,T). (4.66)
Consequently, since V@Zl = H[QVGZ, we also obtain
0, ' € L>(0,T; L= (Q;R=0)) N L™ 20, T; WHT2(Q; R+o)). (4.67)
From these findings we also easily read that
I1n 6, < 9”9% < 9e+% and |V 1n6,| = % < %IVM

hence also
In@, € L"2(0, T; WhH"2(Q; R)).

Entropy equation. In order to take the remaining limits { — oo and w — 0+,
we need to derive the entropy (in)equality from which we then deduce that det B,
and 0y remain strictly positive a.e. in Q. First, we rewrite (4.59) in the form

<Cvat94, T> + (CU’Ug -V, 7') + (K(@g)veg + w|V9NV9g, VT) = (S;} - Doy, 7') (4.68)

for all 7 € W1 2(Q;R) and a.e. in (0,7). Then, we take ¢ € W1 (Q;R) and
note that 7 = 6, '¢ can be used as a test function in (4.68) thanks to (4.67). This
way, we get

(cv0100,0, ' ¢) + (cove - VInby, ¢) + (k(0,)V In by, V) — (k(60)|V Inby|?, ¢)
+ w(| V0"V In by, Vo) — w(|VO|"|VIn |, §)
= (2v(0,)0, ' |Dve|* + 2apg.(Be, 0,) By - Dug, )
(4.60)

a.e. in (0,7). Similarly, we observe that f'(B;)¢ = u(l — B, )¢ (recall (2.14),
(2.15)) is a valid test function in (4.40) due to (4.64). Thus, we obtain
(0:By, f'(Be)¢) + (ve - Vf(Be), b)
+ (uP(0¢,Be) - (T =B, "), ¢) + (uA(0,)[B, 2 VBB, *|*, ¢) (4.70)
= —(M0)Vf(Ber), Vo) + (2ap19.(Be, 0¢) By - Doy, ¢)
a.e. in (0,T). If we define
Ne = ¢y Inbp — f(By) (4.71)

and

&0 = 2v(00)0, Dvg|? + K(00)|V In g |* + w| VO, ||V In 6,2 )
. . 4.72
+ uP(0s,By) - (I - B, ") + pA(00)|B, 2 VBB, ?|?
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and subtract (4.70) from (4.69), we get
<Cvat957 021¢> - <8tB€7 f/(BE)¢> + (’Uf : vWa d))
+ (((0e) + w|VO|")VIn b0y — X(0)V f(Br), V) = (&0, 0)

a.e. in (0,7) and for all ¢ € WH>°(Q;R). It remains to rewrite the time derivative
accordingly. Concerning the term containing 9;0y, note that 1(s) = max{|s|,w} !,
s € R, is a bounded Lipschitz function. Since §; > w a.e. in @ by (4.66), we get

9[ 92 1
(s)ds:/ —ds =1nb,.
1 S

(4.73)

1
Thus, Lemma A.2 below yields

_ d
(cu0400,0, ' ) = = (Cv 02, 0).

If we multiply this by ¢ € W°°((0,T); R) with »(T) = 0, integrate over (0, 7)) and
by parts, we are led to

(co0400,0, b)) = —(co In by, 9pp)q — (o In 65, dp(0)), (4.74)

where we also used (4.56). Analogous ideas can be used to rewrite the second term
of (4.73). However, since the duality (0;By, f'(Bs)$) cannot be interpreted entry-
wise, let us proceed more carefully. We apply Lemma A.1 below to obtain functions
B: € C'([0, T); Wh2(Q; RESY) N Lat2(Q; RES)), € > 0, such that

||]B§Z — ]Bg||L2W1,2qu+2Lq+2 + ||8t]B%§ — 8th\|(L2W1,szq+qu+z)* —0 (475)
as € — 0+ and also A(Bj) > w a.e. in Q. For such regularization, we have
(OB, f'(B)¢p) = —(f(BE(0)), 6(0)) — (f(B}), 9dep) (4.76)

by the standard calculus and it remains to justify the limit ¢ — 0+ on both sides
of (4.75). Since B, € C([0,T]; L?(2)) (cf. (4.42)), we know that

IB7 — Bell2 = 0 uniformly in [0, T7]. (4.77)
Now it is important to observe that since we have A(By) > w for all s € [0, 1], where
Bs = (1 — s)B; + sBy,
the convergence (4.77) actually also implies
1/(BF) — fBe)ll2 + [[(B) ™" —B; [l = 0 uniformly in [0,T]. (4.78)
Indeed, this is a simple consequence of the identities

£89) — 1) = [ i@ ds= [ u-B) - B -B)ds  (479)

1 1
d
(B5)~!' - B, " :/ —B;'ds = —/ B;!(B; — B,)B, ' ds,
o ds 0

(4.77) and the estimate

d d

B, ' <trB;' < <-—.

| S ‘ — r S — A(BS) — w

Using the same scheme as in (4.79), we also deduce from (4.42) and (4.44) that

f(Be) € C(0,T; L* (4 R)),  f(Be(0)) = f(BF). (4.80)
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This and (4.78), allow us to pass to the desired limit on the right-hand side of
(4.76). Next, using (4.63), we can estimate, for any ¢ € W1>°(Q; R), that

IV(/'(B7)¢)| = |(BF) " VBL(B7) "¢+ (I— (BF) )V
< Cw™2|VB;||¢] + (1 + Cw™")| V.

Using the second line of this estimate to show boundedness and the first line to
identify the weak e-limit using (4.78), and (4.75), we eventually obtain

f'(B)¢ — f'(Be)¢ weakly in L(0, T; WH(Q; RES)) N LT (Q; RE).

sym sym
If we apply this with (4.75), we get, for all ¢ € W1>°((0,T);R), o(T) = 0, that
|(0eB7, f'(B7)dep) — (0:Be, [ (Be)dp)|
< (0B} — OBy, f'(B7)d)| + [(OiBep, f'(B7)d — f'(Be)g)| — 0
as € — 0+4. This validates the limit on the left-hand side of (4.76), and thus
(0Be, ['(Be)dp) = —(f(BF), 90(0)) — (f(Be), 900 (4.81)

for all ¢ € WL (Q;R), ¢(T) = 0, and every ¢ € WH(Q;R). Therefore, after
application of (4.74) and (4.81), entropy equation (4.73) becomes

— (N6, 90 )@ — (15, ) (0) — (veme, Vo) g

+ ((5(80) + IV T b, — NOIVS(Bo), Vo) = (b))
for all p € Wh(0, T;R), o(T) = 0, and ¢ € WH (2 R), where
15 = ¢y In b5 — f(By).
Moreover, since In6, € C([0, T]; L*(€;R)) and (4.80) hold, we easily read
ne € C([0,T); L* (4 R)),  1(0) = ng. (4.83)

Total energy equality. The integrated version of the total energy equality is
important in the derivation of the a priori estimates below. We multiply the i-th
equation in (4.39) by (vg,w;), sum up the result over ¢ = 1,...,¢ and then we
add (4.59) with 7 = 1. This way, after several cancellations using also (1.14),, we
obtain

d
—/Eg+o¢/ |ve]? = (g,v,) a.e. in (0,7), (4.84)
dt Jo B9

where E = %|v4\2 + ¢, 0,.

5. EXISTENCE OF A WEAK SOLUTION: LIMITS w — 0, £ — 00

This is the most essential part of the paper. Here, we first rigorously derive
the estimates independent of w and ¢ and then let w — 0+ and ¢ — oo (in fact,
we take these two limits simultaneously by setting w = %) Due to the linearity
of the leading differential operators, the limit passage is then relatively straight-
forward. On the other hand, to obtain the attainment of the initial condition in
the strong topology, we need to develop a new technique based on the combination

of the entropy inequality and the global energy inequality.
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Estimates independent of /,w based on global energy and entropy. Let us
first show that the total energy of the fluid remains bounded. In (4.84), we apply
Young’s inequality, (3.22) and 6y > 0, to estimate

d 1 1 1
— [ B, <= 24 - < | EBy+ - 2
/ 4,2/|w| +2/|g\ f/ £+2/Q\g|

a.e. in (0,T). Hence, by the Gronwall inequality, we get

/Ef (/QEZ(O)JFQ/O g|§> for all t € [0, 7).

Then, we apply (4.45), (4.56) to identify that
1
E(0) = 5 [Prvol” + e, 05
and if we use properties of Py, (4.6) and (3.22), we arrive at

16ell oLt + Vel Lz < CllE||Loerr < C. (5.1)

Now we turn our attention to (4.82), which we localize in time by choosing?
© = X(o,), leading to

/QW(L‘MJr/Ot/Qje-Wﬁ:/9778’¢+/0t/ﬂ&¢ for all ¢ € WE2(4R)  (5.2)

and all ¢ € (0,7) (in fact, for all ¢ € [0, T] due to continuity), where
j( = —vne + (Ii(@g) + w|V94|T)V1n 0, — A(@g)Vf(Bg) S Ll(Q;Rd).

In particular, taking ¢ = 1, we deduce, using & > 0, that the function ¢ — fQ 7¢(t)
is non-decreasing, and thus

/ _tren(?):;]/ / :tgl(?); /an(t)_/QUSJZ/QW(T)—/QnB’. (5.3)

Then, using (4.71), the inequalities
Inz<xz—1 forallz>0 and f(By) >0, (5.4)
assumption (3.23) and (5.1) (recall also (4.51)), we obtain

/ €< / (coInBy(T) — [(B((T))) + C < C / 0(T)-1)+C<C,  (55)
Q Q Q

hence

[€elliry < C. (5.6)
Also, it is easy to see using (3.22), (3.23), (4.6), (4.7) and (5.3) that

[mell oo rr < C. (5.7)

Estimate (5.6) implies, using (3.2) and (3.9), that

HQZ_ED’UganLz + H\/H(G@)VIH@[H[;IJQ + \/LGH‘VQA%Vln@gHLsz

s » (5.8)
+ B, 2VBB, || 21> < C.

2Strictly speaking, as X(g,¢) is not Lipschitz, we can not use it directly in (4.82). However,
a standard argument using a piecewise linear approximation of X (g ) with the Lebesgue differen-

tiation theorem and absolute continuity of integral shows that x (o) is a reasonable test function.
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Improved /,w estimates. In what follows, we improve the uniform estimate (5.8)
considerably by choosing appropriate test functions in (4.40) and (4.59) and then
using (3.11). In fact, we repeat the scheme of estimates presented in (3.16)—(3.21),
but now, we prove it fully rigorously.

Our aim is to set A := B¢~ " in (4.40). To verify that this is a valid test function,
we show first that B, is actually essentially bounded. Indeed, setting first A =
XonoL t € (0,T), ¢ € LIT2(0,T; L 2(4R)) N L*(0,T; WH2(Q;R)), in (4.40)
yields

/O (9 tr By, §) + /O (v-VirBy, 6) + /O (B(04,By) -1 6) + /O (A(Be)V tr By, Vo)

t
:/ (2ag.,(Be, 00)B; - Dvyg, ¢).
0

Hence, recalling (3.8) to bound the third term on the left hand side and using
(4.1) and (4.30) to estimate the right hand side, we see that there exists a constant
C(¢,w) > 0, such that

fj st [ vusios [oovusva <o [ [l

Substituting u(x,t) == tr By(x,t) — C'(¢,w)t leads to

/0t<8tu,¢> + /Ot(v -Vu, o) + /Ot(A(Gg)Vu,qu) < C(lw) /Ot /Q(|¢| — 9).

If we choose ¢ = (u— K); and use (1.8), (1.14), to eliminate the convective term,
we obtain

t
100 = K0+ [ IVABIT (= K) 1B < 51(0) = K)- 5.
If we let K := 2, then (4.44) and (4.5) imply
0< (u(0) - K)s = (B — 4), < (VAIBS| - $), =0 .
Thus, we get |[(u(t) — £),[|3 = 0, hence
Be| <trB, < &+ Cot < £+ CoT

and we see that indeed

B, € L°°(0,T; L= (% RESY) 0 L2(0, T; WH2(Q; RESY)). (5.9)
Due to the fact that By is strictly positive definite, we can use the above property
to show that the same holds also for ng, which is essential for showing that
A := B! can be used in (4.40) as a test function. Indeed, the boundedness of

Bg_l is a direct consequence of (5.9) and the spectral decomposition. To show that
gradient of ]B%z*l is square integrable, we recall the identity

vBI !

1 p1
: :// B ) (1—1)T + tB,) " VB ((1— ) + tB,) "' BV dsdt,
q— 0Jo

which is a consequence of the well known identities for Vexp A and VlogA, see
e.g. [57, 58, 3] and references therein for details. Then using also (4.62) to estimate

Vd Vd

(1 =)+ tBy) | < <

= A((1 = DL+ {By)

W
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and also (5.9), we see that VB} ' € L2(0, T; L*(R x R%%?)) and consequently

B ' € L0, T; L (4 RESY) N L2 (0, T; WH2(Q; RESH).
Hence, setting A := X[O’t]]B%‘é_l in (4.40), using (3.7) and the identities®

_ 1
<at]B€a]BZ 1> = 7/8ttrBzv
9/
1

(v-VB,,BI ) = 7/ v-VirBf =0
Q

q
and the estimate (see (iv) and (v) in Lemma A.3 below)
4(qg—1 a
VB, - VB{ ' > M\VE; 2,
we get

1 . . ' 2, Ha—1) [* %2
— [ (trBj(t) — tr BJ(0)) + Cq—1 |B|*? + —— A(6)| VB |
q.Jq 0 JQ q 0o Ja

t
< 2a/ / 9(By, 6,)Dvy - Eg + C.
0 JQ

If we apply (4.44), (3.4), g, <1 and |B}| < max{1,d =" }|B,|? (see [3]), we deduce

t t
Justo+ [ [ e [ ] vep
Q 0 JQ 0 JQ
t
</(trIB%‘5’)q+C’</ / Dw|m|q+1>‘
Q 0 JQ

Then, to estimate the term with trBg, we use (4.6) and (3.22). On the last term
on the right hand side, we apply Young’s inequality, leading to

2 a
Bellf o po + Bell o pos + I1VB7 17212 < C (14 [DoellZ2p2) (5.11)

where the right hand side is finite due to (4.30), but we do not have a uniform
bound yet. To obtain it, we combine the estimate (5.11) with the temperature
equation (4.59) and improve the information about 6; and Dwy.

Let 3 € [0, ] be arbitrary. We define

(5.10)

T8 = —0;6.
Using Lemma A.2 with (s) = —max(s,w)™ to rewrite the time derivative,
the a priori bound (5.1) with Young’s inequality, (1.14); and (3.3), we obtain the es-
timate
(cy 00y, T5> + (k(00)V8y, VTg)Q + w(|V8e|" V6, VTB)Q

— /9;—5(T)+5/ HZI_BH(Hg)\VHAZ—I-wﬁ/ 6; 17|V 0|+
- B Ja Q Q

>
-1

(5.12)

r+1—8

2
205/ ]vae z ‘ erﬂ/ 0, P 1ve,[2 - C.
Q Q

The function 75 evidently satisfies 75 € L™"2(0,T; W17+2(Q)) N L>(0,T; L>=(12))
(cf. (4.67)), and is thus an admissible test function in (4.59). This way, noting

3To interpret the duality pairing in the first identity, one has to approximate B, similarly as
before when dealing with (9;By, (I — le)@‘
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that the convective term (c, v, - V8, 73)¢g disappears since div v, = 0, and having
the estimate (5.12) and using also g, < 1, we deduce

5/@ (‘veﬁ*ﬁ’2+wogl—ﬁ|veg|r+2) +/Qe;ﬁ|mg|2 < c(/Qe;—ﬂBeIIJD)vAH).

Note that since 3 € [0, 3] is arbitrary, we can reduce the above inequality to

o

which is very much similar to (3.17), while the estimate (5.11) mimics (3.16). Hence,
applying the Young and the Holder inequality, and using (5.11), we deduce similarly
as in (3.18) that

+w9;1‘5|veg|?“+2) +/ Do, |* < C(/(9g+1)|]Bg||Dw| +1),
Q Q

r+1-8 5 ’
,8/ ‘ve 2 +w9;1—ﬂv9@|r+2)+/Q|Dw|2gc(1+/Qleg|2q). (5.13)

Next, we continue as after (3.18). We recall the interpolation inequality

d(r—B+1)(2¢’=1) .4 2d(2¢' —1)

2 a T T Aa(tr—B)+z T—
106122 < Clloely T e, e I (5.14)

Thus, using the uniform bound (5.1), the estimate (5.13) and the interpolation
inequality (5.14), we deduce

T r+1—08 9 T r+1— 7+1
8 [ 10 a0 [ (90 B 1)
0 0 (5.15)

, 1-g 2d(2¢'—1)
sc(1+/ |9z|2Q) §c+c/ Danltsae

Q
Finally, thanks to (3.11), we can find Sy > 0 such that for all 8 € (0, 5p) we have
2d(2¢' — 1)
d(r—p)+2

Consequently, we can use the Young inequality in (5.15) and conclude that

< 2.

16, % zewe < C(B) (5.16)

for all 8 € (0,8) (which can be however easily extended via (5.8) to the validity
for all 8 € (0,1)). Furthermore, from the interpolation inequality

rH1+3-3 e
19ell, 1112 5 <Cladile, T 2. (5.17)

(5.1) and (5.16), we conclude

HOZHLHH%—BLHH%—B < C(ﬁ) (5-18)

Summary of all uniform estimates. To summarize the estimates proved up to

this point, we recall (5.1), (5.6), (5.7) and (5.8) based on the use of total energy and

entropy estimates. Next, having (5.16), we can choose (8 := '8—20 and go backward in
the computation in the previous part and obtain further a priori estimates. Namely,

using (5.16) and (5.14), we see that the right hand side of (5.13) is uniformly
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bounded. Then, using (5.13) in (5.11) we deduce also the a priori bound for B,.
Thus, we can conclude with the following set of estimates

||’UZ||L°°L2 —+ HDv€||L2L2 S 07 (519)
q
IBellzoora + [1BellL2ar2a + VB |22 < C, (5.20)
r+1—e
10l Loors + IV, 2 |lz2r2 + ||9e||Lr+1+%_€Lr+1+%_€ < Cle) (5.21)

for all € € (0,1). Next, in order to obtain estimates on VB, we separate two cases.
If 1 < ¢ <2, we use (A.23) and Holder’s inequality, (A.20) and (5.20) to estimate

14

I9Bell sy, < 2By % a0 [VBE]> < C.

On the other hand, if ¢ > 2, the optimal estimate on VB, is obtained simply by
testing (4.40) with B, (instead of Bz_l). Indeed, using (5.9), we eventually obtain
(5.11), but with ¢ = 2. Combination of these two cases leads to

IVBe||pmpm < C. (5.22)
Uniform time derivatives estimates. We end this part by derivation of the uni-
form estimates for the time derivatives. To this end, we need to determine in-

tegrability of the non-linear terms in (4.39), (4.40) and (4.82). It follows from
an interpolation inequality, Korn’s inequality, (5.1) and (5.19) that

2 _a_
Vel paz2 oo < Cllog|| L2 Dol f27. < C. (5.23)
Furthermore, the Holder inequality, (5.21) and (5.11) yield

16eBellzre < C, (5.24)

Hence, as d > 2, we read from (4.39) that

N

10vell aye a2 <C. (5.25)

n,div

Next, we focus on the non-linear terms in (4.40). Using Holder’s inequality and
(5.11), (5.23), we observe that

IBr ® vellperpr < C, (5.26)
with
1 d N1 /1 1\l 2
= (5 + 5775 — ) =—L. 5.27
w= (g taarn) (&) “or (5:21)
Moreover, making use of (5.20) and (3.6), we obtain
IB(Oe, Be)ll | 20, 20 < C. (5.28)

Furthermore, using (5.20), (5.19) and Hdélder’s inequality, we also get
||((J,D’U( + WU@)B@HL 2q < C. (5.29)

T pat
Thus, we read from (4.40) using (5.22) (where note that m > %), (5.26), (5.27)
and (5.28), (5.29) that

\|8th||L%W_LT2+% <C. (5.30)
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Next, we examine the non-linearities related to (4.82). Since & is controlled
by (5.6), the problematic terms could be only on the left hand side. To get an ap-
propriate uniform control over the convective term, we estimate

ne <1+ f(Be) = cylnby < cy(0r —1).
This, together with (5.1) and (5.7), yields

HlnﬁgHLooLl < C. (531)
Then, since (5.8) and (3.3) give
||V1n94||Lsz < C, (532)
we can use Sobolev’s inequality, Poincaré’s inequality and an interpolation to obtain
1 _a_
10l a5 o g < OO T2, O Ty < C (5.33)

Now we observe that a similar reasoning applies also for the quantity lndet B,.
Indeed, using (5.7), (5.31), (5.11) and (4.71) in the form

1
Indet By, = — (¢ — ¢, InBp) + tr By — d,
1

it is clear that
||1ndetB[HLocLl < C. (534)

Further, the estimate of its derivative follows from a version of Jacobi’s formula
(see Lemma A.3 below) and (5.8) as

_1 _1
||V1n det B@”Lsz = ||tI‘(]B§Z 2 VBZBg 2 )||L2L2 <C. (535)
Hence, using again the Sobolev, the Poincaré and interpolation inequalities, we get
Hlndeth||L2+%L2+% <C. (5.36)
From (5.33), (5.36), (5.11) and (4.71), we deduce
[mel|Ls2ps> < C, where sp:=min{2+ 2,2¢} > 2, (5.37)
and thus
lven:| <C, wh ( d +1)_1>1 (5.38)
v s3 [,s wnere S3 = | —F———— — . .
eMellLssLss = U, 3 20d+2) " s

We remark that, since
Vi = ¢,V Ing — p(tr VBg — tr(B; * VBB, *)),
we also have, using (5.35), (5.32), (5.22), (5.8) and Poincaré’s inequality that
Inell Lmwrom < C. (5.39)

Looking at (4.82), we still need to verify that the flux terms are controlled. For
the term k(6,)V In 6y, we first use (3.3) and (5.21) to estimate

||\/@‘|L2d(r+1)+4 ]R) S C”l +0||i S C

B (Q; THEE Q)

and then, by Holder’s inequality and (5.8), we get

||I€(9@)V1H9£H 2d(r+1)+4
L 2d(r+1)+2—d (Q;Rd)

(5.40)
< ||\/ H(92)||L2d(r+1)+4 (Q'R)HV Ii(@g)Vln 0£||L2(Q;Rd) < C.

dr
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Further, let us derive an estimate on w|V8|"V In 8, from which it follows that this
term vanishes as w — 0+4. The Holder inequality, (5.8) and (5.21) yield

ol grdl

w/ \VGZ|T|V1n94|:w$/ (w02—2|v0£‘r+2)7-+295r+2 1

Q Q N (5.41)

gcwlﬁ(/ 9;) < .
Q

From this and from (5.40), (5.32), (5.35), (5.38), (5.8), (4.82), we see, using the def-
inition of a weak time derivative, that

||at77g||L1W—1W,2 < O, (542)

where M is so large that WM:2(Q;R) < Whe(Q; R).

Finally, we focus on terms appearing in the temperature equation (4.68). First,
we note that it is a consequence of assumption (3.11), a priori estimates (5.19)—
(5.21) and the Holder inequality, that

/ ‘9[[]@‘ +/ |S‘Z -]D)’Ug‘ <C. (543)
Q Q

In the terms involving temperature gradient, we use (3.3), (5.8), (5.21) and the in-
equality max{2,7 +1+¢} <7+ 1+ 2 — ¢ for € small (recall (3.11)) to estimate

r+lte r+l—e

+e
/|K(9@)vee|g()/(ee\wneeweZ v )
Q Q

(5.44)
S C/ (03 +0;’+1+s) S C.
Q

Proceeding similarly as in (5.41), but using now (5.13) instead of (5.8), we also find

1 B+DH(r+1)

i
/w|V9g|T+1 :wﬁ/ (wé)[lfﬁ\vwrm)"'“&e T+2
9 9 (5.45)

< cwﬁ(/ 0@“”“"*”)?1“" < Cwits,
Q

where 8 > 0 is chosen so small that (8 + 1)(r + 1) < r+ 1+ 2. Using the above
estimates in (4.59), we deduce

18:0¢ | payy sz < C, (5.46)

it
for sufficiently large M. Very similarly, choosing 6, ¢ in (4.59) and repeating
the method for estimating 0;n¢, we can find that

10,07 || 1 yy—nr.2 < C. (5.47)

Finally, returning to (4.70) with (4.81) and using the uniform estimates proved so
far, it is easy to see that also

10sf Be)|| w22 < C. (5.48)

The last two properties will be useful in the initial condition identification.
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Limits w — 0, £ — oo. Let us note that the estimates above are independent not
only of £, but also of w. Hence, we can set w := £~! and hereby, it remains to take
the limit £ — oo only.

By collecting the estimates (5.1), (5.21)—(5.20), (5.22), (5.30), (5.25), (5.37),
(5.39), (5.42), (5.44), (5.46), (5.47) and using the Aubin-Lions lemma and Vitali’s
convergence theorem, we get the following results:

v — v weakly in L*(0,T; W, %), (5.49)
vy = v strongly in LQ%Q*(Q;Rd) and a.e. in Q, (5.50)
Oy — O weakly in L%(O,T; W;z’i%), (5.51)
B, —~ B weakly in L™(0, T; Wh™(Q; REXY)), (5.52)
B, — B strongly in qu_E(Q;Rg;nﬁl) and a.e. in Q, (5.53)
0B, — 0,B weakly in La+1 (0,T; W~ 1arr (Q; REXD)), (5.54)
ne—n weakly in L™(0,T; WH™(Q; R)), (5.55)
Ne—n strongly in L*27°(Q;R) and a.e. in @, (5.56)
ne = weakly* in BV (0, T; W~2(Q;R)), (5.57)
6,7 9 F°  weakly in L2(0,T; W 2(;R)), (5.58)
0, — 0 strongly in LH'H'%_E(Q; R), (5.59)
07 = 0% weakly* in BV (0, T; W~M2(Q; R)), (5.60)
O, >0 weakly* in BV (0,T; W 2(Q;R)) (5.61)

for any £ € (0, 1). Using these properties, we shall now explain how to take the limit
in equations (4.39), (4.40), (4.82), (4.84) and (4.59).

First, we focus on taking the limit in the function gi. From (4.62), (4.66) and
(5.49), (5.52) (or (5.50), (5.53)), we obtain

Bx-xz>0 forallz € R? and >0 ae. inQ, (5.62)

however, we need these properties with strict inequalities. To this end, we use
the Fatou lemma, (5.53) and (5.34) to get

/ |Indet B| < liminf/ |IndetBy| < C ae. in (0,T).

Thus, by taking the essential supremum over (0,7"), we obtain
Indet B||poop1 < 00, (5.63)
which, together with (5.62) implies
Bx-x >0 forallxcR? ae. inQ. (5.64)
An analogous argument, using now (5.59) and (5.31), shows that
0>0 ae. inQ. (5.65)

With this in hand, note that the property (1.6) follows from (4.71) and the pointwise
a.e. convergence of 7y, 6, and By. Also, from (5.64), (5.65) and the pointwise
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convergence we deduce that, at almost every point (¢, z) € Q, we can find M; , € N
such that for all £ > M, , we have
1 1 1 1

A(By(t, ) > iA(B(t,x)) >3 and  Op(t,z) > 59(16,95) > 7
Then, looking at the definition of gy, we see that at almost every point (¢,z) € Q
and for £ > M, ,, the positive parts max{0, -} can be removed and thus, it is clear
that g1 (By, 8;) converges pointwise a.e. in @ to 1. Hence, the Vitali theorem and
0< g1 < 1, imply

g%(]B%g,Hg) — 1 strongly in LP(Q;R) forany 1<p < oo. (5.66)

Therefore, regarding the first two equations (4.39) and (4.40), we can take the limit
in the same way as we did in the limit n — co. Indeed, the integrability of the re-
sulting non-linear limits was already verified when estimating d,v, and 9;By ((5.23)—
(5.29)). This way, taking (5.66) into account, using the density of span{w;}$°; in
WTlL’gitl and extending the functional 9;B to the space stated in (3.30) using (5.30),
we obtain precisely (3.37) and (3.38).

Next, we show how to take the limit in (4.82). Regarding the initial condition,

using (4.7) and (4.6), we estimate
G| < col 6] + p(| trBF| + d + | Indet By |) < C(|Inbo| + [Bo| + | Indet Bo| + 1),

where the right hand side is integrable by assumptions (3.22) and (3.23). Moreover,

/e

the function né converges point-wise a.e. in Q due to (4.8) and (4.9). Thus, by
1

the dominated convergence theorem, the function 7 converges to 1o in L*(Q;R).
In order to take the limit in the convective term, we use (5.50), (5.56) and (5.38).
Next, the properties (5.33), (5.36), (5.59), (5.53) and (5.35), (5.32) imply

Inf, — Ind weakly in L*(0, T; W%(Q; R)), (5.67)
Indet B, — IndetB weakly in L2(0,T; W'2(Q; R)). (5.68)
Further, we use (3.1), (3.3), (5.21) and Vitali’s theorem to find that

VE(0e) = v/Kk(0) strongly in L (Q;R). (5.69)

As a consequence of this, (5.67) and (5.8), we get

VEO)VIng, — /k(0)VIng weakly in L?(Q;RY). (5.70)
Therefore, using again (5.69), we obtain
k(0)VInh, — k(0)VInh weakly in L' (Q; RY).

Next, in the term pA(0,)V tr By, we use (3.1), (3.4), (5.59), Vitali’s theorem and
(5.52). Analogously, we take the limit in the term pA(6,)V Indet By, only we use
(5.68) instead of (5.52). The term containing w|V6,|"V ln 6, tends to zero by (5.41).

Now we take the limit in the terms on the right hand side of (4.82), i.e., the func-
tion &, defined in (4.72). Note that we just need to pass to the limit with possible
inequality sign (selecting non-negative test functions ¢, ). To take the limit in
the term P(6, B,) - (I-B, )pp > 0, we use (5.59), (5.53) and apply Fatou’s lemma.
Next, in term #(6,)|V In 0|2, we use (5.70) and the weak lower semi-continuity.
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Moreover, the auxiliary term w|V6,|"|V In6|?¢¢ is simply estimated from below
by zero. Thus, in order to let £ — oo in (4.82), it remains to show that

o
Yoo

The above inequality is however consequence of the weak lower semicontinuity and
the following claim

VA0,)B, V]B%ZIB 29\/ 9)B VBB * weakly in L2(Q; R x RIX?),

(5.71)
\/7 2” weakly in L?(Q; Rg;rg)
¢

which we need to obtain. To do so, we start with (5.8) and therefore we have (for
a proper subsequence) that

£— 00

liminf/ (2”(9011)) o2+ A(6e) ‘]B% VBB, >
Q

2 1 1
> / (Vé)mvﬁ +\(0) ‘IB‘?VIBIB%‘E
Q

\/)\(GZ)B;%VBgB;% -G weakly in L?(Q; R? x Rxd), (5.72)

Sym
2v(0e)
4

Dv, —~ K weakly in L?(Q; RIX%). (5.73)

Sym

Thus, it remains to show

VAO)B ZVBB ? =G, QVT@DU =K. (5.74)

First, we use the Egorov theorem and then it follows from (5.34), (5.53), (5.63),
(5.65) and (5.59) that for any € > 0 there exists measurable ). C @ fulfilling

|Q \ Q:| < e such that
VA, [0 0

uniformly in .. Combining the above uniform convergence results with the weak
convergence results (5.49) and (5.52), we deduce

V6B, VIB%ZIB RN VA@)B EVBB:  weakly in L'(Q.; R? x REXD),

W \/T weakly in L!(Q.; RE<Y).
(5.75)

Thus, the uniqueness of a weak limit implies that (5.74) is satisfied a.e. in Q.. Since
e > 0 was arbitrary, we can let ¢ — 0+ and conclude that (5.74) holds true a.e. in
Q. Consequently, we deduced (5.71) and therefore we proved (3.40).

In addition, in very similar manner we can let £ — oo in (4.59) to obtain (3.39).
Note that contrary to the entropy inequality, we use here in addition the estimates
(5.43), (5.44) and (5.45). Otherwise, the proof is almost identical.

To take the limit in (4.84), we first note, using (4.45) and (4.56), that it implies

—(Ee, 0190)q + a(|ve?, ¢)s = (§|Prvol® + Cu9§,¢(0)) +(g,ve9)q (5.76)

[SE

B, = B
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for all ¢ € C*([0,T];R) with ¢(T) = 0. Then, recalling (5.50) and (5.59), we see
that E, = %|w\2 + ¢, converges strongly to E and thus, using also properties of
P, and (4.9), we can take the limit in (5.76) to conclude

—(E,8:9)q + a([v[*,¢)s = (Eo, 6(0)) + (9, v9)q, (5.77)

where we set Ey = %|Uo|2+cv90. In particular, by choosing an appropriate sequence
of test functions ¢, we obtain (3.41).

Attainment of initial conditions. To finish the existence proof, it remains to
identify the initial conditions and show that they are attained strongly. Let us start
by an observation that v and B are weakly continuous in time. Indeed, first of all,
we recall that

2 _1 4+2
v e L®(0,T; LA RY), e LT (0,T; W, 5.7 (GRY), 5.78)
B e L™(0,T; L% RED), 9B € Lt (0,T; W hait (0 RED)),

cf. (5.20) and (5.30). From this we obtain, by a standard argument known from
the theory of Navier—Stokes equations (see e.g. [43, Sect. 3.8.]), that

v € Cyp([0,T]; L2 RY)) and B € C,([0,T]; LI(Q;RY)). (5.79)

Then, to identify the corresponding weak limits, we can use an analogous idea as
in the part where the limit n — co was taken together with (4.8). This way, we
obtain

lim (v(t), w) = (vo,w) for all w € L*(;RY) (5.80)
t—0+
and
. _ q’ . dXd
tlﬂl%le(B(t),W) = (Bo, W) for all W e L7 (R (5.81)

Next, we use a similar procedure for entropy and temperature. Recalling (5.57)
and (5.60), we can define for all t° € [0, T] the values vA(t%.), n(t%.) such that

. 0
i (VA — 8 |y + 1)~ 1) -020) =0 (382
Therefore, using the density of L*(Q;R) in W~:2(Q; R), which is valid for all w €
(1,00) and M sufficiently large, and recalling the fact that § € L>°(0,T; L*(2; R)),
we can deduce that there is non-negative 3 € L'(Q;R) fulfilling

lim (1/0(t),¢) = (1/05,¢) for all ¢ € L*(Q;R). (5.83)

t—0+

Our aim is to show that 65 = 6y and that it is attained strongly.

Unlike in the theory of Navier—Stokes(—Fourier) systems, we can not draw in-
formation about limsup,_,o, [[v(t)[|3 from the (kinetic) energy estimate directly
because of the presence of OB in (3.37). Instead, we need first to combine the total
energy and entropy balances to obtain the initial condition for 6. In (5.77) we
choose a sequence of test functions ¢ approximating the function x(g ), t € (0,7).
This way, after taking the appropriate limit, we arrive at

/QE(t)—l—a/Ot/Qh;F:/QEO—i—/Ot/Qg-v for a.a. t € (0,7). (5.84)
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Next, we strengthen the above relation to be valid for all ¢ € (0,T) with possibly
inequality sign. Due to the weak continuity of v, see (5.79), we see that v(r) is
uniquely defined for all 7 € (0,7) and

lim (v(t), w) = (v(7),w) for all w € L*(Q;RY). (5.85)

t—T7

The same is however not true for 6 since it is not weakly continuous w.r.t. t €
(0,T). Nevertheless, we can define one-side values for every t € (0, T) with the help
of (5.60), i.e., using the similar arguments as in (5.83), we have the one-sided
uniquely defined weak limit

lim (v/0(t),¢) = (1/0(7+),¢) for all ¢ € L*(%R). (5.86)

t—T+

Next, we use above weak convergence results in (5.84). Integrating it with respect
tot e (1,7 +9), we get

/TT+6/QE(t)dt:/:+s/0t (/Qg~v—a/g|fv|2> dt+5/QEO,

Thus, dividing by 4, letting first 6 — 0+ and then 7 — 0+, we get

T4+
. . 1 . o 1 2
Tg%l+61i>lgl+§ /F /QE(t) dt—\/QEo—/Q(Q"U(” +Cv00) (587)

and in a very similar manner, we obtain

1'1'—1TE=E=12. .
T_1>I61+6_1>161+(5 /7—5/9 (t)dt /QO /Q(2|v0| + ¢ubo) (5.88)

We focus on the term on the left hand side. Using the convexity, we have

51/:”/913(75)&:51/:%/9(;1;(15»2+cve(t))dt

T+0
2 /Q<é|v<f>|2 T eo(ry)) +0(r) - (w(t) — v(r))
2 /00r) (VO — /B0ry))
> / (Lo(r)2 + c0(ry)
Q

/Q’U(T)'(v(t)*’U(T))+2Cv\/9(7+)(\/9(f)*\/9(T+)) :

—  sup
te(r,7+95)

Then, it follows from the weak continuity results (5.85) and (5.86) and also from
the above inequality that

T+6
. -1 > 1 2 '
615&5 : /QE(t)dt*/Q(le(T” +c,0(14))

Repeating the same procedure we also get

lim 5~ /Hs S)E(t)dtz/@(ﬂv(rﬂ + ().

6—0+
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Consequently, combining it with (5.87) and (5.88), and also with (3.22), (5.80),
(5.83) and weak lower semi-continuity, we get

/ ([wof? + cob0) > limsup / Al + cob(ts))
(9] t—0+

Q

.. 2 .
thrgéblrf/gav(tﬂ —l—hmsup/ﬁcﬁ(ti)

t—0+
2/%|v0\2+limsup/cv9(ti),
Q t—=0+ JQ

hence due to (5.83) and the convexity of the second power, we have

/6’8 §limsup/ O(ty) < / 0o. (5.89)
[¢) t—=0+ JQ Q

In what follows we will not distinguish “+” in (¢4 ) and n(¢+) and simply write
6(t) and n(t). To obtain also the corresponding lower estimate, we need to extract
the available information from the entropy inequality (3.40). To this end, we local-
ize (3.40) in time, using a sequence of non-negative functions approximating x| -
This way, we eventually obtain

/n(t)¢+/t/j~V¢Z/Qno¢+/0t/QE¢ (5.90)

a.e. in (0,7) and for all ¢ € WM:2(Q; R>(), where
ji=—vn+k(()VInd — uA\(O)V(trB — d — Indet B) € L*(Q;R?).

Hence, using (5.82) and taking liminf; o4 of (5.90) (which surely exists due to
(5.82)), we deduce (3.45). Let us now fix ¢ € CM(Q;R>¢) such that [, = 1.
Since f is convex, we get from (3.45) and (5.81) (or (3.43)) that

/cvlneogo:/r]o(p—i—/f(Bo)gpgliminf/ <p—|—hm1nf/f
Q Q Q t—0+ Q

< 1iminf/ cyInf(t) ¢
Q

t—0+

If we use this information together with Jensen’s inequality and the fact that
the function s — exp(s/2), is increasing and convex in R, we are led to

1 1
— < — limi
exp <2 /an@ogo) < exp (2 ligolgf/ﬂlnﬂt)ga)

= lim(i)alrf exp (/ In+/6 gp) <liminf [ \/6(t)p (5.91)
—

=0+ Jo
:/ B5p.
Q

In every Lebesgue point z¢ € € of both In 6 and 6, we can localize inequality (5.91)
in Q by choosing a sequence of functions ¢ that approximates the Dirac delta
distribution at xg € . Indeed, appealing to the Lebesgue differentiation theorem,
we get this way that

Oo(xo) = exp (; 1n9(:v0)> <1/65(z0),



42 M. BATHORY, M. BULICEK, AND J. MALEK

hence 0y < 6} a.e. in §2, which together with (5.89) implies 6§ = 0y a.e. in Q. To
show the strong convergence, we use (5.83) with ¢ := /0, and also (5.89), to deduce

limsup ||1/0(t) — \/90||§ = limsup/ 0(t) +/ 0o — 2 lim / VO(t)y/0, <0.
t—0+ t—0+ Jo Q t=0+ Jq
Hence, the above inequality implies that
0(t) — \/0y strongly in L*(Q;R),

which implies (3.44).
Using information above, we can now improve the initial condition for v as well.
Indeed, from (5.84), (3.44) and (3.22), we obtain

lim su /11) 2 < limsu /E t) — liminf [ ¢, 0(t
t—>0+p Q 2| ® t—>0+p =0+ Jo W0()

/Eoﬂil%l (0:0) = [ = [ dol”

Thus, using also (5.80), we conclude that

limsup||v(t) — vo||3 = lim sup/ lv(t)|? +/ lvo|? — 2 lim 'v(t) v <0,
t—0+ t—0+ Ja Q t—0+

which implies (3.42).
Finally, since f is strictly convex on Riﬁd as

f"B)A-A=puB'AB™'- A =puB 2AB :[?, BeRY? AeRX

the strong attainment of the initial condition for B (3.43) follows readily from
(5.81), the classical result [55, Theorem 3 (i)] and the Vitali’s theorem once we
show the property

lim sup / FBE) < / F(Bo). (5.92)

t—=0+ JQ Q

To this end, we make an observation that in (4.70) (with (4.81) in place), we can
choose ¢ = 1, drop the non-negative terms, integrate over (0,t) and then estimate
the right-hand side using Holder inequality, (5.20) and (5.19) to obtain

| @)= [ 1)< [ [ 20n0, @00z poc<cr. s0)

Note that again we rely on (5.48) to give a proper meaning to the left-hand side of
(5. 93) for all t € (0,T). Utilizing now the convexity and continuity of f on ]RdXd
and (4.8), taking the limit £ — oo in (5.93) leads to

/f )= [ 1@ <timint ([ i) - [ ) < ce,

from which (5.92) immediately follows.

6. GLOBAL ENERGY EQUALITY FOR d < 3

To derive (3.46) (which is a weak version of (1.12)), we need to construct the pres-
sure p and ensure that every term appearing (3.46) is integrable. To this end, we
apply the conditions (3.11). Moreover, we need to be able to test the momen-
tum equation with v¢, where ¢ is some smooth function on Q). Unfortunately, we
can not do this operation in (3.37) nor at any stage of our approximation scheme.
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The remedy is to truncate the convection term in the balance of momentum. How-
ever, then we are just mimicking the existence proof that is done in [7] for a different
non-linear fluid. Thus, let us only verify the weak compactness of weak solutions
(vs, ps, Bs, 05,1s) to the system divvs = 0, (3.38), (3.40),

(Orvs, ) — (T5v5Rvs, V) +(Ss, V) o +a(vse)s = (ps. dive)g+(g,v)o (6.1)

for all ¢ € L>(0,T; W), with Tsvs = ((vsss) * rs)aiv, Where ss is a trunca-
tion near 02, rs is a standard mollifier and (-)g;v is a Helmholtz projection onto
divergence-free functions, and

- (E07 ¢)(p<0) - (E57 ¢aﬂ0)Q + Oé(|’U§|27 (/590)2 + (H(95>V95a V¢QD)Q
= (Esvs + Psvs — Sevs, Vop)q (6.2)

for all ¢ € W1>°((0,T);R), ¢(T) = 0, and every ¢ € WH°(Q;R). The existence
of such solutions follows by combining the approximation scheme from Section 4
together with the one in [7]. In view of the uniform estimates derived in Sections 4—
5, we may suppose that the sequence {(vs, ps, Bs, 0s,7s) }s>0 is uniformly bounded
in the spaces depicted in (3.25)—(3.36) and that we have the same convergence
results as in (5.49)—(5.59) and so forth (with ¢ replaced by §). We may also suppose
that, say ps € L*(Q;R) with [, ps = 0. Then, since we have v(05)Dvs, 05Bs €
L?(Q;REXT) and the convection term is truncated, equation (6.1) is valid for all
@ € L2(0,T; W}?), in fact. What is missing is the uniform estimate of the pressure.
By localizing (6.1) in time, choosing ¢ = Vu and using div vy = 0, we obtain

—(ps, Au) = (T5v5 @ v5 — Ss, VVu) — a(vs, Vu)aa + (g, Vu)

a.e. in (0,7). There the convective term, if not truncated, is the most irregular
one (recall that ||vs ® v(SHLLfL% < (). Thus, expecting ps to have the same

integrability, we may choose u € W2 (©; R) to be the solution to the Neumann
problem

dt2 _ 1 dtz .
—Au = |po| @ 2po—@/ Ipo| @ “?po in €,
Q

Vu-n=0 on 02

a.e. in (0,T), where pg = ps — ﬁ Jo s Since ||u||27(%), < C’||p0||¥ by the cor-

responding Li-theory (here we used Q € C11), the test function u eventually leads
to

IPsll, asz a2 <C,

L
see [7] for details.

Taking the limit § — 0+ in (6.1), (3.38) and (3.40) can be done analogously as
when we considered the limit £ — co. Indeed, in the additional term fOT(pg, div ¢),
we simply use the fact that ps — p weakly in L%Q(Q;R). It remains to take
the limit § — 0+ in (6.2). Since vy converges strongly in Lgdidz_e(Q;Rd) and
d < 3, we deduce that the terms psvs and |vs|?vs converge weakly to their lim-
its. The limits in other terms were already discussed and we omit it here. Thus,
the proof of Theorem 3.1 is complete.
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APPENDIX A. AUXILIARY RESULTS

In this additional section, we prove those auxiliary results which were used above
but are not completely standard in the existing literature. On the other hand, they
are not new and serve only to clarify some arguments used in the proof.

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

Intersections of Sobolev-Bochner spaces. If X de‘—>nse H d<e—>nse X* is a Gelfand
triple, it is well known that

CHI; X) “ST W < eI ), (A1)
where
WE = ({u € LP(I; X); O € (L1 X))} Flonx + [0l x)s 1< p <o

The first embedding in (A.1) is useful to manipulate certain duality pairings involv-
ing time derivatives, while the second embedding is important for the identification
of boundary values (i.e. initial conditions) and the corresponding integration by
parts formulas. We would like to generalize (A.1) for the space

Wf(’?y = ({u eP(L; X)NLYIL;Y); e (LP(L; X)NLYT; Y)Y,
[-lerxnzay + 10 ll(LrxnLay)<), 1 <p,q<oo,

The primary application which we have in mind is the case where X = W2(Q),
Y =1L¥() and w > dz—_dZ (i.e., we know better integrability than what follows from
the Sobolev embedding, recall the function By). Thus, we may assume that both
X and Y admit the Gelfand triplet structure with a common Hilbert space H.

Lemma A.1. Let 1 < p,q < oo and suppose that X, Y are separable reflexive
Banach spaces and H is separable Hilbert space forming Gelfand triples in the sense
that

dense dense dense dense

X < H < X" and Y < H <= Y™ (A.2)
Then, we have the embeddings
CUI; X NY) “SWRI, < C(I; H). (A.3)

Moreover, the integration by parts formula

wwmme—wmmmezj?amw+/7wuo (A.4)

t1 t1

holds for any u,v € WR% and any t1,ts € I.

Proof. The proof of the first embedding in (A.3) can be done in a standard way
by extending u outside I evenly, taking the convolution with a smooth kernel and
then estimating the difference from v and d;u in the respective norms. See [27] or
[60] for details.

If u,v € CY{I; X NY) — C(I; H), then dyu,dv € C(I; X NY) < C(I; H) and,
using density of the embeddings in (A.2), the duality in (A.4) can be represented
as

(Opu, v) + (Opv, u) = (Opu,v)g + (O, u)g = O(u,v)g  a.e. in I,
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hence (A.4) is obvious in that case. Next, we can proceed as in [53, Lemma 7.3.]
to prove that

lu@®llr < Clullra + llullwzs,) (A.5)
for all t € I and every u € C*(I; X NY). Moreover, by (A.2), we have
WA, — LP(LX)NLYLY) = LML X)NLYLY) < LN X +Y) < LY H),
and thus (A.5) yields
lulle(r;my < Cllullwes, - (A.6)

Since C*(I; X NY) is dense in W%, the estimate (A.6) and identity (A.4) remain
valid for all u € WY,. Moreover, if u € W%, then we can take v = uw and t2 — t;
in (A.4) to deduce that u € C(I; H). Thus, the embedding W%, < C(I; H) holds
and the proof is finished. O

Since Wi’y = W, the classical result (A.1) can be seen as an obvious corollary.

Fundamental theorem of calculus in the Sobolev-Bochner setting. Let
H = L?(Q). The formula (A.4) can be used to identify that

1d [,

(Oru,u) = % Qu (A7)

a.e. in I. However, in certain situations we would like to generalize (A.7) to

@it = 5 [ [ i) 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 such situation.

Lemma A.2. Let 1 < p,q < co. Suppose that 1) : R — R is a Lipschitz function.
For w € R, we define

U(z) :/ P(s)ds, zeR.
Then, for any u € Wﬁ,l,q(ﬂ), there holds
U(u) € C(I; LY()) (A.8)

and

/t2<8tu,w(u)>z/Q\I/(u(tQ))—/Q\I/(u(tl)) for all 1,15 € I. (A.9)

Moreover, if ¢ is bounded, then
W(u) € C(I; L*()).

Proof. First of all, we remark that ¢ (u) € WH4(Q) a.e. in I, by a classical result
(see e.g. [61, Theorem 2.1.11.]), and thus the duality in (A.9) is well defined. Next,
we apply Theorem A.1 to find u. € CH(I; Wh4(Q)) satisfying

llue — ullowra + || Ote — Optt| ppr -1 =+ 0 ase—0+. (A.10)
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Then, using the standard calculus, it is easy to see that the identity

/:@us,w(us»/:/Qw(us)atus
:/tltz/ﬂat\y(us):/Q\Il(ug(tg))—/g\lf(us(fl))

holds for any t1,t2 € I. Denoting the Lipschitz constant of ¥ by L > 0, we estimate
|t (ue)| < [¥(ue) — ¥(0)| + [(0)] < Llue| + [4(0)]

(A.11)

and

[Vip(ue)| < |9 (ue)l[Ve| < L|Vuel.
Hence, the sequence 9(u.) is bounded in LP(I; W4(Q)). As 1 < p,q < oo, this
is a separable reflexive space, and thus, there exist a subsequence and its limit
(u) € LP(I; WH4(2)) such that

Y(ue) = Y(u) weakly in LP(I; Wh4(Q)). (A.12)

Since p > 1, a subsequence of u. converges point-wise a.e. in @ to u, and thus
¥(u) = 1(u) using the continuity of ¢). Hence, by (A.10) and (A.12), we obtain

A<w@w%»=[ﬁ&%—@mw%»+1yamw%» "

ta

= [ (O, (u))

t1
as ¢ — 0+. Next, using the embedding W"/’Vl,q(ﬂ) — C(I; L*(Q)) and (A.10), we
get, for any tg € I, that

[lu(t) — u(to)|la = 0 as t—to (A.14)

and
[lue(to) — u(to)]]2 = 0 as e — 0+. (A.15)
Then, the Lipschitz continuity of ¢, Holder’s inequality and (A.14) yield

u(t) u(t)
Awmw»—wwwnzé ‘féﬁmﬂWW+LM”S

P(s)ds
u(t)
< [ [ e jutto)] + u(®l) < € [ @+ fulto)] + [u@Dlu(®) - u(to)
Q Ju(to) Q

u(to)
< ClL A+ [ulto)| + [u(@)ll2llu(t) — u(to)ll2 < Cllult) — ulto)l2 =0 (A.16)

as t — to, which proves (A.8) (and thus, the values ®(u(t)), t € I, are well defined).
By an analogous estimate, using (A.15) instead of (A.14), we can prove that

/Q [ W (ue(to)) — P(ulto))] — 0 ase— 0+

for any ¢ € I. This and (A.13) used in (A.11) to take the limit € — 04 proves
(A.9).
If 4 is bounded, we replace (A.16) by
[ wtute) - v = |
Q Q

u(t)

P(s)ds

u(to)

SCAW@—MMF
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and the rest of the proof remains the same. ([

Clearly, we can also replace ¥ by ¢, where ¢ € W (Q; R), leading to

A<3ﬂtﬂ/} //u(t)lff )ds ¢ — //uow Yds¢ foralltel. (A.17)

Then, since ¢ is a Lipschitz (time independent) function, the proof is basically
the same as the one presented above.

“n

Calculus for positive definite matrices. We recall that the operations and

| - | on matrices are defined by

d
Ay Ay = ZZAluAg and |A|=VA-A,

respectively. Then, the object |A| coincides, in fact, with the Frobenius matrix
norm of A.

The next lemma is formulated for a function A : Q — Riﬁd and for simplicity, we
shall assume that A is continuously differentiable with respect to all variables, i.e.,
A e CHQ; RdXd) In particular situations, this assumption can be of course removed
by an appropriate approximation (convolution smoothing) and the assertions of
the following lemma hereby extend to the setting of weakly differentiable functions.
Let us also denote any of the space-time derivatives by a generic symbol 0.

Lemma A.3. Let A € C*(Q;R%SY). Then

(i) 0<trA—d—IndetA, (A.18)
(ii) |A] < trA < Vd|A|, (A.19)
(iii) min{1,d =" }A|* < |A%| < max{l dZ°}A|* forany a>0, (A.20)
dtr Aol if a#—1;
1 A — cx+1 5
(v) OA - A {8ln det A =0trlogA if a= -1, (A-21)
4la] atlia 1.
(v)  (signa)on - 9A" > {iie OA =Tt = (A.22)
|0log A|? if a=-1,
(vi) |0A| < 2|AT"“0A%|  for all a€[i,1). (A.23)

Proof. Property (i) follows by passing to the spectral decomposition of A and from
the fact that z — z — 1 — Inz attains its minimum at x = 1. Estimate (ii) is
a consequence of the Cauchy—Schwarz inequality since

Al =|(AH)TA3 < |AZ2 =trA=1-A < [I]|A| = Vd|A|.

For (iii), we refer to [3, Proposition 1] and for (iv), (v) to [3, Theorem 1]. The re-
lation (iv) with ov = —1 is also known as the Jacobi identity.

Finally, property (A.23) can be shown using the idea from the proof of [3, The-
orem 3|, which we briefly sketch here. For any natural numbers p,q satisfying
qg—p <p<q(sothat a = g € [%, 1)), we may use the Young inequality to write

|0B?|% = |0BIPBP +-BIPIBP|? < 2|0B? PBP|2 4 2|BYPOBP|? =: 24 +2B. (A.24)
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Now we simply expand the derivative and rearrange the terms to get

q_p-1 9 gpTla—p—l " o
A=| )" BoBB'| = B> oBB !~
i=0 =0 j=0
2(g—p—1) . )
= Y (1+min{s,2(¢—p—1) - s})|B3OBB 2| (A.25)
s=0
whereas for B, a completely analogous computation yields
2(p—1) , -
B= Y (1+min{s,2(p—1) - s})[B2oBB" ' ~3|".
s=0

Then, using ¢ —p < p first inside the minimum in (A.25) and then in the number of
terms of the sum (relying on the non-negativity of each term), we see that A < B.

Returning with this information to (A.24) and setting B = A%, we easily conclude
(A.23) for rational powers . The general case follows by a density argument (the
continuity of the mapping a — A~ follows immediately from the spectral decom-
position, while continuity of a — JA® is a consequence of the integral representation
formula for dexpX, see [57] or [3] for more details).
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