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TIME DISCRETIZATION IN CONVECTED LINEARIZED
THERMO-VISCO-ELASTODYNAMICS AT LARGE DISPLACEMENTS

ToMAS ROUBICEK ! 2*

Abstract. The fully-implicit time discretization (i.e. the backward Euler formula) is applied to com-
pressible nonlinear dynamical models of thermo-viscoelastic solids in the Eulerian description, i.e. in
the actual deforming configuration, formulated in terms of rates. The Kelvin—Voigt rheology or also,
in the deviatoric part, the Jeffreys rheology (which covers creep or plasticity) are considered, using the
additive Green—Naghdi decomposition of total strain into the elastic and the inelastic strains formulated
in terms of (objective) rates exploiting the Zaremba-Jaumann time derivative. A linearized convective
model at large displacements is considered, focusing on the case where the internal energy additively
splits the (convex) mechanical and the thermal parts. A fully implicit time-discrete scheme is devised.
Considering the multipolar 2nd-grade viscosity, the numerical stability and convergence towards weak
solutions are proven by exploiting, in particular, the convexity of the kinetic energy when written in
terms of linear momentum instead of velocity and by estimating the temperature gradient from the
entropy-like inequality.
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1. INTRODUCTION

The models of thermo-visco-elastodynamics in continuum mechanics at finite (also called large) strains lead
to strongly nonlinear systems of evolution partial differential equations. The basic modelling paradigms are
the Lagrangian description (using a referential configuration) versus the Fulerian description (using the actual
deforming configuration). In this paper, we focus on the latter. The Eulerian approach is particularly justified in
situations where no referential configuration exists for physical reasons, such as in fluids or in solids undergoing
creep as in geophysical models on long timescales of millions of years). The description in the actual configuration
reveals the “actual” physics more explicitly than Lagrangian approach.

To avoid truly large-strain Eulerian models, a certain modeling compromise is to use a linearization that
leads to a symmetric small-strain tensor while allowing large displacements and incorporating suitable convected
objective time derivatives. Such models are widely used in engineering and geophysics.
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Such models can be approximated numerically using the time discretization (Rothe’s) method. After fur-
ther space discretization, this method yields computationally implementable schemes. An analytically rigorous
treatment of time discretization has been launched for isothermal compressible fluids in [5-7,11,17,39]. and for
isothermal compressible solids in [34]. This paper aims to extend this treatment to extend this treatment to the
anisothermal compressible solids.

The main attributes of this paper are as follows:

— the (generalized) entropy inequality is exploited for a-priori estimation of the temperature gradient,

— the convexity of the kinetic energy of the linear momentum is used for the time discretization as in [34], as
well as the convexity of g — o := 1/p for estimation of the so-called sparsity o,

— the discrete Gronwall inequality is used for a sufficiently small time step without regularing the discrete
kinematics when estimating the strain gradient, which also allows the strong convexity assumption in [34]
to be weakened to mere convexity, and

— the time discretization is applied directly to the original, non-regularized problem.

In comparison with the aforementioned paper [34], we account for Maxwellian creep in the deviatoric part,
which, in combination with the Kelvin—Voigt rheology, yields the Jeffreys (also called the anti-Zener) viscoelastic
model. This creep may be nonlinear and may include plasticity, see Remark 4.6 below. Although we focus on
the basic visco-elastodynamics, the coupling with other phenomena such as damage or aging (like [30]) or,
e.g. also diffusion in poroelasticity or magnetoelasticity, is conceptually well possible and would expand the
applicability of this model and approach. Even in the basic scenario presented here, we improve [30] where only
a semi-compressible model and a thermally decoupled free energy were considered.

In Section 2 we formulate the linearized convective model involving a small-strain tensor at large displace-
ments. We use the objective strain rate due to the Zaremba—Jaumann time derivative, which is most commonly
used in linearized Eulerian models for solid mechanics. It should be emphasized that this model is formulated
entirely in terms of rates, so that neither the displacement nor the deformation occurs explicitly in the result-
ing system. In Section 3, we will devise a fully coupled implicit time discretization. Finally, in Section 4, we
perform the stability and convergence analysis in a special (but commonly used) case when the heat capacity
is temperature dependent only.

In order to facilitate the rigorous analysis particularly for models of solids (and to model various dispersion of
the velocity of propagation of elastic waves, as analyzed in [31]), some higher-order gradients in the dissipative
part of the models can be considered. These higher (here 2nd order) gradients lead to the concept of (here
2nd-grade) nonsimple media, which has been discussed in literature since the works by Toupin [36] and Mindlin
[22]. In the dissipative part as used in this paper, it was also developed by Necas et al. [2,24,25] as multipolar
fluids and later e.g. in [10, 27].

For readers’ convenience, let us summarize the basic notation used in what follows (Tab. 1).

We will use the standard notation for the Lebesgue and the Sobolev spaces of functions on the Lipschitz
bounded domain 2 C R3 namely LP(£2;R") for Lebesgue measurable R™-valued functions 2 — R™ whose
Euclidean norm is integrable with p-power, and W*:?(£2; R") for functions from LP(§2;R™) whose all derivatives
up to the order k have their Euclidean norm integrable with p-power. For short, we also write H* = W2, We
have the embedding H'(£2) C L%(£2). Furthermore, for a Banach space X and for I = [0,7], we will use the
notation LP(I; X) for the Bochner space of Bochner measurable functions I — X whose norm is in LP(I), and
H(I; X) for functions I — X whose distributional derivative is in L?(I; X). Occasionally, we will use L2, (I; X)
for the space of weakly* measurable mappings I — X if X has a predual, i.e. there is X’ such that X = (X’)*
where (-)* denotes the dual space. The space of continuous functions on the closure {2 of £2 will be denoted by

c(9).

2. LINEARIZED LARGE-DEFORMATION CONVECTIVE MODEL

Most materials typically cannot withstand too much large elastic strains without initiating inelastic pro-
cesses such as damage, creep, or plastification. Thus, elastic strains always remain rather small (and the elastic
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TABLE 1. Summary of the basic notation used.

y deformation,

v velocity,

o mass density,

p = pv the linear momentum,

0 (absolute) temperature,

E small strain,

u thermal part of the internal energy,
K, G}, elastic bulk and shear moduli,
K., G, viscosity bulk and shear moduli,
G\ Maxwellian viscosity modulus,

u the hyper-viscosity coefficient,

I =10,T] a time interval, T' > 0,

i : R¥*3 = R free energy,

()" (partial) derivative of a mapping,

T Cauchy stress,
D dissipative stress,
IT inelastic distortion rate,
g gravity acceleration,
I the identity matrix,
tr(-) trace of a matrix,
sph(-) spherical part of a matrix, sph E :=(tr E)I/3,
dev(-) deviatoric part of a matrix, devE := E—sphF,
X Rg’;ﬁg XR — Rg:j’ the inelastic-strain rate,
ngxr;f set of symmetric matrices,
3x3 _ 3x3. —
Ri:S ={A e Ry; trA =0},
“.7 e gealar products of vectors or matrices,
“:” scalar products 3rd-order tensors,
7 > 0 a time step for discretization,
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. . . . . o . . . .
(-)" convective time derivative, (-)° Zaremba-Jaumann corotational time derivative.

distortion tensor is close to the identity tensor I), and a common small-strain linearization is well acceptable and
widely used in many applications. However, small strains do not preclude large displacements, which typically
occur in fluids but also in solids. In the latter case large displacements can occur especially when the Kelvin—
Voigt model is combined with Maxwellian-type rheology in the deviatoric part. This suggests the use of the
Eulerian small-strain models combined with a properly designed transport of the strain tensor, in addition to
the usual density transport. Ultimately, any rational model must respect thermodynamic consistency in terms
of mass, momentum, and energy.

This compromise between small elastic strains and large deformations and displacements requires appropriate
formulations in a convected coordinate system. In particular, it requires the proper choice and treatment of
objective rates. Here, objectivity means that the time derivatives do not depend on the evolving reference
frame. Many possibilities are used in the literature for different models. For applications in solid mechanics,
it is reasonable to require that the tensor time derivatives, i.e. the tensor rates (in particular the stress rate),
be identical and corotational. This means respectively that the stress rate vanishes for all rigid body motions
and, roughly speaking, only takes into account the rotation of the material element. Importantly, practically all
corotational rates enjoy a chain-rule property for isotropic tensor functions, which is an attribute not shared by
other, merely objective rates, as discussed in [26]. The simplest corotational variant is the Zaremba—Jaumann
time derivative [15,38], denoted it by a circle (-)°, which is well justified when applied to the Cauchy stress
tensor, as demonstrated by Biot ([3], p.494), cf. also [4,9,23]. This choice is most commonly used especially
in geophysics and more generally in engineering, See, for example, the monographs Chapter 12 of [12] or also
Section 8.6 of [14] or Section 8.3 [19]. However, in some other applications in which cycling regimes are expected,
this choice may exhibit undesirable “ratchetting” effects [16,21].

In this paper, we focus on isotropic materials, for which this derivative also affects the symmetric small-strain
tensor E, which is considered as an independent variable in the models. For an overview of objective corotational
strain rates see [20,37]. Specifically, given the Eulerian velocity v, we define

T
E= aa—f + (v-V)E—-WE +EW with W = skw(Vv) = W-
The Eulerian velocity v is also used in the convective time derivative for scalars and, component-wise, for vectors
or tensors

(2.1)

() =5, ()+ (@ V)(). (2.2)
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Then (2.1) can be written shortly as E=E- skw(Vv)E + Eskw(Vv).

2.1. The thermodynamical system and its energetics

We consider the visco-elastodynamics in the Kelvin—Voigt rheology in the volumetric part and the Jeffreys
(also called anti-Zener) rheology in the deviatoric (isochoric) part. This is a fairly general model that allows for
an isochoric creep or plasticity. For the displacement w, we implement the Green—Naghdi additive decomposition
[13] of the total small strain e(u) into the elastic and the inelastic strain e(u) = E + P, where P is in the

position of an internal variable. This decomposition will be expressed in objective rates as e(v) = E + P, to be
further written as

e(w)= E+IT with IT:= P, (2.3)

where P denotes the inelastic strain. Thus both w and P can be eliminated in the end, although these variables
can be reconstructed a-posteriori if the corresponding initial conditions were prescribed. Therefore, the model
allows for large displacements while still using small elastic strains.

The main ingredient is the Helmholtz’ free energy v : ngxlngJr — R acting on the small-strain tensor

E ¢ ngxrg and on temperature 6. Here, and in what follows, we will not notationally distinguish the variable

as a placeholder and a time-space field. Here, it means both E € RY} and E : Ix2 — R3%3. Standardly, we
define the (conservative part of the) Cauchy stress tensor T as

T=7(E,0) with T(E,0):=y(E,0) +(E,0)L (2.4)

We note that the “negative-pressure” term ¢ (E, 0)I in (2.4) balances the energetics in the convected model, cf.
the calculations (2.29)—(2.31) below. From the free energy 1, we also obtain (by Gibbs’ relation) the internal
energy & and the entropy n, and also the heat part % of & as

E(E,0) =¢(E,0)+0n(E,0) with n(E,0) = —¢,(E,0) and (2.5a)

%(E,0)=&(E,0) —&(E,0). (2.5b)

Another ingredient is the (pseudo)potential of the dissipative forces ( : R*ngan? xRi:v?’ — R acting on the
rates e := g(v) and II, and also depending on . This potential governs the dissipative contribution to the

Cauchy stress D = (/(0,&(v), IT). Based on the Kelvin—Voigt rheology summing the stresses T' and D, we can
set up the momentum equation

00 = div(T+D) + og (2.6)
with g the mass density which is governed by the mass continuity equation
0= —odivv. (2.7)

From the potential ¢, we also obtain a “creep stress” (j; which balances the deviatoric part of T' and which
stands here in the position of a “linearized Mandel stress”. Thus we compose the flow rule for the creep rate as

Crr(0:£(v), IT) = dev T. (2.8)

Of course, the pressure contribution ¢ I of T in (2.4) is purely volumetric and thus has no effect on (2.8).
The entropy, considered in Pa/K =J/(m3K), is an intensive variable and is governed by the entropy equation:

an +div(nv) = %

T with the heat flux j = —x(0)V0, (2.9)
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where ¢ = £(0;e(v), IT) denotes the heat production rate (=the specific power in W/m3) and is considered
equal to the dissipation rate of the mechanical energy

£(0;e(v), IT) = CL(0,e(v), IT):e(v) + (g (0;€(v), IT): IT = D:e(v) + T: I1. (2.10)

The latter equality in (2.9) is the Fourier law which phenomenologically determines the heat flux j to be pro-
portional to the negative temperature gradient through the thermal conductivity coefficient k = x(6) considered
independent of FE; for a general continuous dependence of x also on E see Remark 4.5 below. Assuming £ > 0
and k > 0 and integrating (2.9) over the domain (2 while imposing the impenetrability of the boundary in the
sense that the normal velocity v-n vanishes over the boundary I of {2, we obtain the Clausius-Duhem inequality:

T /ndw —/ |Wl2 de +/F< (G)V;—nv> 'ndSZ/Fff(G)%g-ndS. (2.11)

total entropy entropy productlon rate entropy flux

If the system is thermally isolated in the sense that the normal heat flux j-n vanishes across the boundary I,
we recover the 2nd law of thermodynamics, i.e. the total entropy in isolated systems is nondecreasing with time.
Restricting our attention to a case when

T and E commute, (2.12)

we perform the calculus for the time derivative of the internal energy e = &(E, 6) from (2.5b) as an extensive
variable:

% + div(ev) = € + edive = ¢(E,0) —.91/1(;(E79) + (Y(E,0) — 6¢p(E,0)) divv

= Y(E.0):E + 4(E,0)0 — 00/p, (E.0)E — 0y, (E,0)0 — 0y (E. 0)
+ (¢(E>9) — 0y (E, 9)) divw
= Yp(E, 9)'E+0n(E 0) + (V(E,0) — 04 (E,0)) divo
(23 (B, 0):E + ¢ — divj — 0n(E,0) dive + (¢(E,0) — 00y(E, ) dive

(22 1/)};(E, 9):(5(1}) + skw(Vv)E + Eskw(Vv) — H) +¢&—divj+¢(E,0)divu

='¢—divj+T:(e(v)—II), (2.13)

where we have used the matrix algebra A:(BC) = (BTA):C = (ACT): B so that, for W = skw L, it holds
S:(WE - EW) = 1s (LE-L"E—EL+EL") = %(SET E'S):L- %(LS —~SL):E
1 (SET-EST-ETS+STE):L=(SE—ES):L (2.14)
2 =0

Note that in (2.13), we have used (2.14) for ¢/5(E,0), E, Vv, and skw(Vv) in place of S, E, L, and W,
respectively, so that, in particular, the last equality in (2.14) exploited (2.12). Moreover, it should be emphasized
that in (2.14), we have to assume that the initial condition for E is symmetric and to exploit that the Zaremba—
Jaumann corotational derivative in (2.3) maintains the symmetry of E throughout the entire evolution.

In fact, (2.13) with T' = J(E,0) forms the internal-energy equation for e = &(E,0) with & from (2.5a).
Similarly, by making an obvious modification of (2.13), we can obtain the equation for the heat part of the
internal energy v = % (E, 0):

% +div(uwv+j) =&+ (7 (E,0)-F (E,0)): (e(v)—II) with u=%(E,§) and
with j = —k(0)VO, where J is from (2.4) and % from (2.5). (2.15)
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2.2. The thermomechanical system with a multipolar viscosity

The momentum equation (2.6), the mass continuity equation (2.7), the kinematic equation (2.3) reflecting the
Green—Naghdi decomposition, the creep flow rule (2.8), and the heat internal energy equation (2.15) altogether
form a closed system for (o, v, E, I1,0).

We restrict our focus to the thermal coupling only in the volumetric part and on the additive split of the
Stokes and the Maxwellian viscosities, specifically

dev(¢ige(E,0)) =0 and ((0,e, IT) = iDe:e + (, (0, IT). (2.16)

The former means that temperature may influence only the volumetric part of the Cauchy stress but does not
influence the deviatoric part. Indeed, realizing that

0
T(E,0) = Yg(E,0) +¢(E,0) = ¢(E,0) + (E,0)I+ /(Jl/)}f;o(Eﬂ) + (B, 9)IdY

0
— T(B.0) + | Vigy(B,0) + (B, )L, (217)
0
the former condition in (2.16) implies that
dev 7 (E,0) = dev 7 (E,0). (2.18)

Notably, (2.16) simplifies the adiabatic heat source in (2.15) as

(7(E,0)—7 (E,0)):(e(v)—II) = sph(7(E,0) -7 (E,0)) :e(v)
=1tr(J(E,0) -7 (E,0))dive (2.19)
because the inelastic strain (and its rate) naturally does not affect the volumetric part of the model and is
thus modelled as isochoric, i.e. tr II = 0. Furthermore, for the latter in (2.16), we assume (as physically
natural) the convexity of (,(¢,-) and use the standard convex-analysis construction of the convex conjugate
¢(0,-) == [¢p(0,-)]*. Realizing that (i (6,-)" = [(p(6,-)'] ", we will use the abbreviation for the inelastic-strain
rate Z : RESxR — R}%? defined by

% (E,0) — [(,(0,)] (dev.7 (E, 0)). (2.20)

In addition, as mentioned in the Introduction, we incorporate a nonlinear dissipative higher-order enhance-
ment of the Stokes-type viscosity, also known as hyper-viscosity. For simplicity, we adopt this concept of multi-
polar continua equally in the volumetric and in the shear parts using just one coefficient 1 > 0 and one exponent
p, leading to the extended dissipation potential and the extended dissipation rate

Coxa (B30, IT) = (0, £(v), IT) + & |V?0]? CL 1De(v) e(v) + ¢ (0, IT) + “|V2pl? and
o050, TT) = £(0,6(v), TT) + u| V20l "2") De(v):e(v) + () (0, 1) T + p|V20l,  (2.21)

respectively. Mechanically, such higher gradient only amplifies the effect of normal dispersion and attenuation
of elastic waves as exhibited already for simple Stokes viscosity in the Kelvin—Voigt rheology. In other words,
waves with ultra-high frequencies are more attenuated and do not propagate at all, while waves with very low
frequencies can propagate without substantial attenuation, cf. Section 3.1 of [31]. When (, # 0, the contribution
from the Maxwellian-type viscosity combines with the anomalous dispersion, so that also ultra low frequency
waves are also attenuated and eventually cannot propagate at all, cf. again [31].

We express the system in terms of the linear momentum p = pv and, later, exploit the convexity of the
kinetic energy (p, o) — 3|p|?/o, in contrast to the nonconvex (although equivalent) form (v, 0) — 3o|v|?, cf.
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[34]. The explicit use of the convexity of the kinetic energy expressed in terms of the momentum p is also in
[8]. Exploiting that gv = %(gv) + div(pv®w) granted by (2.7), we will deal with the system for (g, v, E, ) and
thus also for p and w:

do

% —divp with p = ov, (2.22a)
%7 = div(J(E,0)+D—p&v) + og with .7 from (2.4)

and D = De(v) — div§) with $ = p|V?0["* V20, (2.22b)
%—f =e(v)—II — B,,(v,E) with IT =%(E,0) where % is from (2.20), (2.22¢)
% = div(k(0)V0 — uv) + &t (0; v, IT) + 3tr (T (E,0)— T (E,0)) divy with

Eoxt (030, IT) from (2.21) and w=%(E,0) :=(E,0) — 0y(E,0) — (E,0), (2.22d)

where, in (2.22¢), we have used a shorthand notation for the bi-linear operator involved in the Zaremba—Jaumann
derivative:

B, (v, E) = (v-V)E — skew(Vv)E + E skew(Vv). (2.23)

The equations (2.22b) and (2.22d) are to be completed by the boundary conditions. For velocity, we allow for
free slip but, as is common in the Eulerian formulation, we prescribe zero normal velocity (so that the shape of
2 does not evolve). This is here adapted for the multipolar 4th-order enhancement. For the temperature, we
consider the Fourier-type boundary condition. Altogether,

vn=0, [(J(E0+D)n+divy(Hn)l,=0, $H:(n®n)=0, and
K(O)VO -+ h(0) = hexy on I (2.24)

with hext a prescribed external heat flux and with h(-) a temperature-dependent boundary heat out-flux. We
consider the initial-value problem for (2.22) with the initial conditions

0li—o = 0o, V|i—o = o, E|,_o=Eo, and 0[,_, = 0o. (2.25)

Now, let us reveal the energy balance behind this system. To this aim, we test (2.22a) by |p|?/(20%) and
(2.22b) by p/p, which yields

o (lp>\ _p op [P0 _p (. :

Then, we use the calculus

P . p* .. _ . o> .. _

= -d1v(p®'v) — 5 divpde = v-dw(g’u@v) — —div(gv)dx =0, (2.27)
Q0 20 %) 2

based on the Green formula with v-n = 0 for the calculus

o(v-V 'u-'udw——/gv2'u-nd5’—/v-div ov®v) dx
/ ( ) || 0, ( )
| |2

= —/Q o(v-V)v-v + div(ov)|v|* de = — /Qdiv(gv)T dx. (2.28)
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Let us denote the mere stored energy part of ¥ as ¢(E) := 1(E,0) and the corresponding part of the Cauchy
stress tensor T as Ty = 7 (E,0) = ¢/ (E) + o(E)L For this part of the Cauchy stress, we use the calculus

/(leTO) vde = / ‘TondS — /To dcc(2£6)/Fv~T0ndS—/Q(cpl(E)—i-tp(E)]I):e(v) dx

/ ‘TondS / ( +(v-V)E-WE + EW) —devTy: Z(E,§) + o(E)dive dx
& ﬁ; d / .
/F'u Tynds — a/Q<p(1_~7) d:c—/ﬂ[gp]n(e,ﬂ).ﬂdaz. (2.29)

Here, in addition to (2.19), we have also used that

devTy: Z(E, 9) 19 ge v7 (E,0): % (E,0)

=dev7 (E,0):(((0,)*] (dev T (E,0)) = [Gp) g (0, IT) : IT (2.30)
and the calculus
/ O'(E):(v-V)E + ¢(E)divvde :/ Vo(E) v+ ¢(E)divode :/ o(E)(v-n)dS. (2.31)
2 n r \:/0/

Also, taking into account the form of the spin W = Vv — 1(Vv) T, we have used ¢/(E): (WE — EW) =
cf. (2.14).
Relying on the boundary conditions (2.24), we finally obtain the energy-dissipation balance

d 0
LS 22 4 o(B)da +/ De(w)ie(w) +  uVPoF  + () (6,IT): Mda
dt 2 S~~~ 0 ——
Kinoti stored disipation rate due to disipation rate due disipation rate due to
eg}eertgl}? energy the Stokes viscosity to the hyper-viscosity Maxwellian viscosity
= / og-v — ttr(7(E,0)-7(E,0))divede; (2.32)
power of power of adiabatic effects

gravity field

cf. also Formulas (2.10)—(2.13) of [34] for detailed handling of the boundary conditions by using Green’s formula
over {2 twice and the Green surface formula over I'.
By adding (2.22d) tested by 1, we obtain the total-energy balance:

d
7/ g|'v|2 +&(E,0)dx +/ h(6)dS = / 0gv dz +/ hext dS, (2.33)
Wlol _ s I r

rrdR T TR T T A

energy Olﬁ?lxary g Yy neat

expressing the 1st law of thermodynamics: in particular, in isolated systems, the total energy (here as a sum of
the kinetic and the internal energies) is conserved.

Furthermore, for the (here rather formal) test of (2.15) by the so-called coldness 1/6, we need to assume
positivity of 6 and then use the calculus

1 1— - E
Oe +div(ev) | = - €(E,0) + #(E,6) div v
ot 0
, . ' (B . E
59(579)0 gE(@’e)ZE'f—g(T’G)diVU
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= n(E,Q) + (W—n};(E,H)) E + éa(%ﬂ)div'u

9
— (B, 0) + n(E,0)divo + %(f’ 9 B+ M?’ 9 div v
gt (E,0) + div(n(E, 0)v) + W E+ w(%’o)div v. (2.34)
= T(E,0):(c(v)—II)/0
Here, in addition to (2.14), we also used
(B0 = L B0 g BE) B g yE,0). (2.35)

0 o 0
The positivity of § mentioned above does not seem easy to prove, cf. also Remark 3.4 of [33], and we leave it
open here. In any case, by the mentioned (formal) test of (2.13), we obtain the entropy balance:

d gext 9 v, IT) V|2 hext — h(0)
k(0 do + [ == 2748 2.36
dt ) 02 r 0 ( )
entropy entro rodu- entropy flux
er'ig’r%‘f)y production due CthIl)ly ue to thrgggh
to viscosity heat transfer boundary

with the dissipation rate £, (0; v, IT) from (2.22d). The identity (2.36) expresses the 2nd law of thermodynamics:
in isolated systems, the total entropy is not decaying.
Using (2.19), the modification of (2.34) for u = % (E, ) instead of e = &(E, 0) gives

;<gt + dlv(uv)> = %W(E, 0) 4+ div(n(E, 0)v) + 3—16tr(T(E, 0)—T(E,0))divw. (2.37)

The weak formulation of (2.22b) and (2.22d) uses the by-part integration in time and the Green formula in
£2, in the former equation even twice and still combined with a surface Green formula over I

Definition 2.1 (Weak formulation of (2.22)). The quadruple (o, v, E, ) with o € L®(IxQ2)NW11(Ix02),v €
LP(I;W2P(;R3)), E € W (Ix2;R3%3), and 0 € L' (Ix£2) such that tr(7 (E,0)—7 (E,0)) € L¥ (I; L*(£2)),

Sym
% (E,0) € LP (I; L*(£2)), and »(0) € L'(Ix ) is called a weak solution to the system (2.22) with the boundary
conditions (2.24) and the initial conditions (2.25) if

ov

T
/0 [2<(¢E(E,0)+Ds(v)gv®v>: (¥) + (B, 0)dive — ov-—-

T
+M|V2v|p2V205V21~;> da dt :// 0g-vdx dt +/ 00v0-0(0) de (2.38a)
0Jo 2

holds for any v with ¥-n =0 on IxI" and v(T") = 0, and

/ / ( +%(E 0)v-V6 — (0)Af

+ (%tr(ﬂ(E, 0)—7 (E,0)) dive + & (6;v, IT)) é) da dt

//h )0dS dt + %(EO,GO 0)dx = // hext0 dS dt (2.38b)

with () := foe k(19) d9 and with &, (0;v, IT) from (2.22d) and IT = Z(E,#) holds for any 6 smooth with
O(T) = 0 and n-V6 = 0 on IxI", and if (2.22a) and (2.22¢) hold a.e. on Ix {2 together with the respective
initial conditions for ¢ and E in (2.25).
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Notably, due to the general embedding W11(I; X) C C(I; X), the initial conditions mentioned in the above
definition for ¢ and E have a good sense in L'(£2) and L!(2; Rg;rg), respectively. In fact, it will be improved

further in W17 (£2) and W13(£2; R3X3) later on, relying on the estimates (4.21) and (4.49) below.

Sym

Remark 2.2 (The condition v-n = 0 in (2.24)). A common disadvantage of the Eulerian approach is that we
have assumed the shape of the considered bounded domain {2 fixed by assuming zero normal velocity on the
boundary. This simplification is commonly used in both theoretical and computational studies. In applications
where the shape of the domain intended to evolve, this disadvantage can be overcome by embedding {2 into an
artificial soft medium whose boundary is fixed, which is known as the sticky-air approach (in geophysics) or the
fictitious-domain approach or the immersed-boundary method (in engineering).

3. FULLY IMPLICIT TIME DISCRETIZATION OF (2.22)

For simplicity, the viscosity coefficients D and g in (2.22) are considered constant here, although their con-
tinuous dependence on 6§ and on E could easily be considered, too. Similarly, a continuous dependence of x also
on E could be considered for a stable scheme (i.e. for a-priori estimates), although convergence would then be
analytically troublesome, cf. Remark 4.5.

We use the so-called Rothe method, i.e. the fully implicit time discretization with an equidistant partition of
the time interval I with the time step 7 > 0 such that 7'/7 is an integer. We denote by of, v¥, EF 6% ... the
approximate values of g, v, E, 0, ...at time instants ¢t = k7 with k =1,2,...,T/7. Using  from (2.4) and #
from (2.20), we will then use the following recursive regularized time-discrete scheme

ok — k1

= = —divp® with pF = Fo¥, (3.1a)
pk_pk—l
T = div( 7 (BrL 07)+ Dy —plevy) + gy,
where DF = De(v) — divht with §% = u|V20k P V20k, (3.1b)
Ekakfl
——= e(vk) -t - B, (vF, E¥) with IT} = %(E%, 0%), (3.1c)
ub—uf~t Kok o ko k k.. k p7k
= div(r(0F)VOE + ubol) + £ (0% 02, IT7)
+ 1tr(7(EE,0F) — 7 (EF,0)) divef  with uf =% (EF,0F), (3.1d)

where ¢, is from (2.22d) and % (E, 8) = ¢(E,0) — 8¢y (E,0) — ¢(E,0) is from (2.5).
The corresponding boundary conditions (2.24) lead to

vin =0, [(7(E605)+DE)n —div,(9%-n)] =0, (3.2a)
V2uk:(n@n) =0, and k(0F)V0E-n+h(0F) =hi, ., (3.2b)

where ¥ (x) := f(];cil)T ext(t, ) dt. Similarly, in (3.1b), we used g¥(z) := f(iil)Tg(t,m) dt.
This system of boundary-value problems (3.1) and (3.2) for the quadruple (0%, p*, E¥,6%) and thus also for
u® is to be solved recursively for k = 1,2,...,T/7, starting for ¥ = 1 with the initial conditions analogous to

(2.25), i.e.
0 __ 0 __ 0 __ 0 _
0 = 0o, Pr = 00, ET - E07 and Uy = %(aneo)' (33)

Thus, from (3.1a), we obtain also v* = p¥ /o provided that ¢* > 0, as will indeed be proved in Step 2 below in
the next section 4.2. In that section, we will also prove the existence of a solution to (3.1) with (3.2) in Step 5.
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We will use the “compact” notation that exploits the interpolants. Specifically, using the values ('u’j)fi 6, we

define the piecewise constant and the piecewise affine interpolants respectively as

T T

v.(t):=v" and w.(t):= (t - k+1> vk (k— t)'uf_l for (k—1)71 <t <kr (3.4)

for k =0,1,...,T/7. Analogously, we define also o, 0,, Pr, P,, E,, E_, etc. Written “compactly” in terms of
these interpolants, the recursive system (3.1) writes as

% = —divp.,, with P, = 0,0,, (3.52)
Wr (7 (B, 0,)+ D p,95,) + 5:3,.
where D_g, = De(v,) —dive, with $,= u|V?0,[" V0, (3.5b)
aab: —e(®,) - [, - B,(3,.B.) with I, = %(E..0,), (3.50)
O iv(5(0,) VO —1,57) + e (0557, 1T, (3.5)
+ itr(7(E,.0.) — 7 (E,0))dive,  with u,=%(E.,0.), (3.5¢)

where the dissipation rate &, (6; v, IT) is from (2.22d). Of course, the boundary conditions (3.2) are “translated”
accordingly, i.e.

v, n=0, [(Z(E,0.)+D:;)n+div,(H.n)] =0, (3.6a)
H,:(nen) =0, and «(0,)VO, n+h(0,;) = hew,» on T, (3.6b)

and with the corresponding initial conditions for (¢, p-, E-,u,) arising for ¢t = 0 from (3.3).
For the mechanical part (2.22a)—(2.22c¢) alone, such a time discretization was used for the compressible

(isothermal) Navier—Stokes equations in [17,39] or Chapter 7 of [5]. The explicit use of the convexity of the
kinetic energy expressed in terms of the momentum p is in [8].

4. ANALYSIS OF THE TIME-DISCRETE SCHEME (3.1) IN A SPECIAL CASE

Proving the stability of the discrete scheme (3.1) is quite technical and it is worth simplifying by making the
heat capacity independent of the strain variable F.

4.1. A special ansatz of partly linearized thermomechanical coupling

Without significant loss of applicability, we consider a commonly used special form
Y(E,0) = p(E) + 0 ¢(tr E) +~(0) (4.1)

with v(0) = 0, which will allow for a relatively simple estimation strategy by exploting the entropy balance. It is
physically natural to consider also 7/(0) = 0. The ansatz (4.1) implies that dev(¢/g, (E, 6)) = dev(¢'(tr E)I) =0
so, in particular, it complies with (2.16). Also, the adiabatic power (2.19) takes a specific form as

str(J(E,0) -7 (E,0))dive = (¢ (tr E) + 0 ¢(tr E) + 7(0)) div v. (4.2)

The ansatz (4.1) has the effect of separating the mechanical and the thermal variables additively in the
internal energy & and the entropy n defined in (2.5). Here it results in:

E(E,0) = o(E)+ ~(0) —07'(0) and  n(E,0) = —é(tr E)—~'(0) ; (4.3)
—_———— ——
= 2 (6) =:1m1(0)
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note that the thermal part of the internal energy % () = &(E,0) — &(E,0) = &(E,0) —(E) here depends only
on temperature, i.e. Zf = 0. Likewise, the heat capacity &;(E,0) = #'(0) = —6~"(0) =: ¢(6) depends only
on temperature. Also, the thermal part of the entropy 71 (0) = n(E,6) — n(E,0) depends only on temperature.
This simplifies many calculations but it slightly corrupts the thermodynamical consistency (cf. Rem. 4.1 below)
no matter how often such models are used in the literature.

Given this special ansatz (4.1), we have the following calculus

% <gt N dlv(uv)> - % (;%(0) + div(#% (8)v)

= 2 D00/ (0)) + iv((5(0) 0/ (0) )
= 0 () — div(y'(9)v) + 2() divv. (4.4)

T 6
Reminding the thermal part of the entropy m1 = 11(8) = —7/() from (4.3) and testing (2.22d) by the coldness
1/6, we obtain the balance of n; as

%771 (0) = w —div(n,(8)v) + fem(&év’ ) + (try(E’ 0)3;?(1?’ 0 —FY(;)) div v (4.5)

=¢'(tr E) + ¢(tr E)

with the heat power &, = & (0; v, IT) from (2.22d).

Remark 4.1 (3rd law of thermodynamics). A physically relevant requirement is that the entropy at zero
temperature is bounded from below and independent of the mechanical state. This is called the 3rd law of
thermodynamics. By default, the entropy at zero temperature 7(-,0) is thus calibrated to zero. It should be
openly pointed out that the ansatz (4.1) satisfies this 3rd law of thermodynamic only partially. Namely, the
entropy 1(E,0) = m1(0) — ¢(tr E) is bounded from below at zero absolute temperature when proving that the
small-strain field E and hence also ¢ is bounded, as we will indeed proved later; recall that 4/(0) is assumed to
be bounded (even zero). However, if ¢(-) is not constant, then 7(-,0) is not constant either, and thus does not
fully comply with the third law.

4.2. Stability and convergence of the time-discrete scheme (3.1)

We will now perform the analysis for the special ansatz (4.1).

Recalling the notation & and % from (2.5) and # from (2.20), let us summarize the assumptions used in
what follows. For suitable exponents a and (3, which will be specified later in (4.7) and which refer, respectively,
to the polynomial growth of the heat capacity and heat conductivity, we assume

2 (m3x3
Y e C* (R xR), ke CR), heC(R), ¢(,0) convex, (4.6a)

J0< g <Oy <+oo  V(E,0) € RE3xR:

sym

E(E,0) > co(|Ef* + (07)'™) and &,(E,-) >0 on (0, +00),

|6'5(E,0)] < C,(1+|E|) and 0%&y(E,0) < Cy(1+(0%)'"), (4.6b)
max (|n(E,0)|, [n(E,0)]) < C,(1+|E["), (4.6¢)
|7 (E,0)| < Ci(1+ &(E,9)), (4.6d)
max (|%Z(E,0)|, |%y(E.,0)|) < C,(1+|E|) and Zg positive semi-definite, (4.6¢)
D: ngxn? R;”;If; linear symmetric positive semi-definite, p > 0, (4.6f)
i 2 Fimin > 0 FOER: iy (05)7 < 5(0) < i (1(07)°), (4.68)
G € C(Rij:VB), OER: (H(0,-) :R3*> - R convex,
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0< inf M and sup M < 400, (4.6h)

oekt, mery (o} [T ver+, meri\ oyl TP
h:RT— R* increasing, h(0) =0, heg € L'(IXI), hext > 0 a.e. on IxT, (4.61)
00 € WH(£2), minggo >0, wo € L*($;R?), g e L'(I; L4 R%)), (4.6)
Ey e Whe(R33), 6p € L*(R2), 60>0 on 2, &(Ey,0) € L'(12). (4.6k)

An example for h complying with (4.6i), occurred in (2.24), is h(0) = a10 + a10* with a3 > 0, ag > 0, and
a1 + ag > 0 should hold for h to be increasing. Yet, in fact, the an analysis in (4.36) allows for h = 0, too.

Proposition 4.2 (Stability of the discrete scheme and solutions to (3.1)). For the ansatz (4.1) leading, for some
0 < A < 2, to the convex function 1/%(-)*, let the assumptions (2.12), (2.16), and (4.6) hold with p > r > 3
and the exponents a and (3 in (4.6b) and (4.6g) satisfy

3

2 1 +
+> = - = >(=X— . .
L+A> 3" > Za+A—; and a_(Q)\ 1) (4.7)

Moreover, let hexs/h™  (hext)® € LY (IxI). Then:

(i) The time-discrete scheme (3.5) possesses a solution (or,v,, E;,0;) and is stable (in the spaces specified
later within the proof) with respect to T > 0 provided T is sufficiently small.

(ii) For 7 — 0, (0r,v-, E;,0;) converges weakly® (in terms of subsequences) in the topologies specified in
(4.58) and (4.61a) below and every such a limit (o,v, E,0) solves (in a weak sense of Definition 2.1) the
initial-boundary-value problem in the sense.

(iil) In particular, (2.22) has at least one weak solution in the sense of Definition 2.1 such that also o €
Loo(L; W (82)) 0 C(Ix82) with min, 50 > 0, v € L>®(I; L*(;R?)), E € L™(I;Wh*(2;RE3)) with
any 1 < s < p, and 0 € L>(I; L***(2)) N LH(I; WH#(82)) with

54 2a+ 38T — 3\
< .
4+ o

(4.8)

(vi) Moreover, the energy-dissipation balance (2.32) and the total-energy balance (2.33) integrated over the time
interval [0,t] holds for any t € I.

Proof. We expand and modify the arguments from Section 2 of [34], where the isothermal variant with
¢, = ¢, (II) linear was handled. Compared to [34], the discrete scheme is substantially simpler here with-
out any gradient regularization of the equation (3.1c) for E. Here we will need A careful usage of the discrete
Gronwall inequality, for which we refer e.g. to [28,29,35], is to be used here. Moreover, unlike [34], we avoid any
regularization of (3.1a) and (3.1b). For the heat part, which is completely absent in [34], we use the test of a
generalized-entropy type, similarly as in [1] in the incompressible case with & = 0 = (.

For the sake of clarity, we divide the following argumentation into seven steps, and partly use some calculations
for the mechanical part in Section 2 of [34].

Step 1: Basic stability of (3.1) and first a-priori estimates from the total energy. Using the convexity of the
kinetic energy as the functional (o, p) — [, 3/p|*/ gda: cf. Section 2.4 of [34], and the assumed convex-
ity (4.6a) of the stored energy ¢, we now test (3.1b) by v* = p¥ /o while using (3.1a) tested by +|p¥|/(o*)?
and (3.1c) tested by ¢’'(EF), and derive the discrete analog of (2.32) an inequality:

k|2 k
p7 S |
i ’294? +<P(Ef)dsc+7'z_:1/(2£ext(0 L7 da}</‘ EO de

k
+ TZ /(QTgZ}yv;" — (07 ¢/ (tr E") + 07 ¢ (tr ET*) + v(67)) div ol") de. (4.9)
m=1"%
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In addition, we also perform the test of (3.1d) by 1. This leads to the discrete analog of the total-energy
balance (2.33), namely

’p‘r| k k k
29T+¢(E)+%6 diIJ-‘rTZ/ (6%)

< |p0| +g(E0790) dZB+TZ (/‘Q:—ng;nv:ndx +/ extrds> (410)
2 2

n 400

where &(E,0) := ¢(E) + %(0) as in (4.3). To obtain some a-priori estimates, we handle the gravity-
loading term ¢”'g™ by using the continuity equation (2.22a) and the impenetrability of the boundary, which
guarantees

/g’jdz:/ oode =M forany k=1,...,T/7. (4.11)
Q Q

Let us imagine, for a moment, that (3.1a) is replaced by QT—gﬁ ! = 7div((o¥)*v¥) with (-)* denoting the
non-negative part. By testing it by the non-positive part (o¥)~ of o¥ and realizing that div((o¥)TvF) (o)~ =0
a.e., we can see that o® > 0 if also 0¥~ > 0. Therefore, (0*)* = o so that, in fact, we arrive at (3.1a).
For another argumentation more directly for the original equation (3.1a), we refer to (4.22) below. Then, by
exploiting that o* > 0, we can estimate

m_m m p-,—
0r 9r " V; dm:/ gT pT de < 079~
/| (e P = .
p’rn
< o™} L9 | L oy | 7=
g (@D or L2(2:R3)
2
< M7 e 1+ 7] P
) VO Il 12(o;r3)
m 1 m m
= M'2||g7 || L (039) (1 +7 /QQT vy Izdw)- (4.12)

Furthermore, we need to know that #¥ > 0, which can be seen by testing (3.1d) with (6%)~ and by relying
on that #8=1 > 0 so that also (0¥~!) > 0. Then, relying on L>(Ix2;R?)-bound of g, we can use the
discrete Gronwall inequality to obtain the a-priori estimates

<, (4.13a)
L= (I;L2(£2;R3))

%

and a similar L>°(I; L*(£2))-estimate of &(E,,6,). By using the coercivity assumption in (4.6b), we also
obtain

<C and <c. (4.13b)

||ET||L°C(I;L2(Q;]R3><3)) ||§THL°°(I;L1+°‘(Q)) =
Thus, by exploiting (4.6d), we obtain an estimate for T, = .7 (E,, 6,):

HTTHLW(I;Ll(Q Raxay) = C. (4.13c¢)

Moreover, from the first estimate in (4.13a), we have also
Pr

rlimnascazon < [V, gy | 2

— M1/2

<C. (4.13d)
L= (I;L2($2;R3))
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It should also be emphasized that all the estimates (4.13) hold only for sufficiently small 7 > 0 for which
the discrete Gronwall inequality can be applied. Specifically they hold for all 7 < 1/(M1/2||g||Loo([XQ;R3)).
Step 2: Further estimates from the mechanical energy dissipation. We will now exploit (4.9) itself. Due to (4.6d)
and the already obtained bounds, we have that .7 (E™,6™) is bounded in L!(£2;R3*3) uniformly in m.

Moreover, the growth of &(-,0) in (4.6b) with (4.13b) ensures also that .77 (E!™,0) is bounded in L' (£2;R3*3).
Altogether, ™ := tr(F (EJ",07")— 7 (E",0)) is bounded in L'(£2;R3*3) uniformly in m. Thus we can
estimate the power of the adiabatic effects as
- [ T v de < Ty [ 02 )
< C”Z—mHLl(Q-R3X3)<||E(UT)||L2(Q-R3><3) + HVQ'UT”LP(Q-]R“3X3))
< 05 {nax ”T ||L1 2;R3%3) +5||€( )HLZ((21R3><3)""(SHV2 m”Lp (£2;R3%3x3) (4'14)

with 6 > 0 sufficiently small with respect to inf|g—; DE: E > 0 and to p > 0. The power of the gravity in
(4.9) can be treated by emploing the information about the total mass as in (4.12). Thus, from (4.9), we
obtain the estimate for the dissipation rate. From this, we can read the estimates

||€(1_’r)||L2(1xQ;R3x3) <C and ||V257||Lp(1x9;R3x3x3) <C. (4.15)

Then (3.1a) can be tested by |0f|*720F = (0¥)*~! with some s > 1. Using the Green formula with the
boundary condition n-v* = 0, the convective term can be handled as

/ div(obvb) (|ob" ok da = / (divod)|ok|" + (k- Vok) (k| o) de

2 2
/(dlvv )’QT| — o7 le(‘Q ‘s 29,: f) dx = (1—1>/(divvf)|gf|sdw, (4.16)
Q s/ Je

so that this test gives the inequality

or Or 1 . s 1, .. s
/| | | dx g;/ﬁ(dlvv’jﬂgﬂ dwﬁ;“dlvv’jHme)/Jgﬂ dx. (4.17)

Due to (4.13a) with p > 3, we have TZ{/T Hdivkaiw(m < (O, from which we can see that
max; <</ ||div ok || Loo(2) S < (C/7)Y/P. This allows us to use the discrete Gronwall inequality which, for a

sufficiently small 7, say for 7 < %Cl/ (P+1) | gives the estimate

||QT||L°°(I Le(2) = C. (4.18)

Furthermore, we test (3.1a) by div(|Ve?|""2VoF) with some r > 1. Using the Green formula with the
boundary condition n-v* = 0, the convective term can be handled as

/v( ob)- (|Vek| Vel ) de
= [ Vet (Vo) e (o) + (0F-9) Vb (V6509 de
/}ng| vk ndS’—i—/ (|VQ¢’T_2(VQ§®VQE):5(1J§)
2

— (divol) Vel ~ (r—1>|v@¢|r2|v@’:|”v9£-(v’:~vwg¢> da
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/7|Vg’ﬁ| vk ’I’LdS-i-/‘VQT (Vokavol) e(v T)—%(divv’jﬂVgﬂrdw. (4.19)

Thus, counting also with V(¥ divv®) - (|[VoF["=2VeF) = (diveF)|Vek|" + ok |V k| =2V ok - V(div vF), we
obtain the inequality

h1 —
/ [Ver| -|Ve | A((i—l)(divv’j)‘V@ﬂr—’VQ’T“‘T Q(Vglj@VQ’ﬁ):e(v’j)

— g'j’VgﬂTﬂVg’ﬁ-V(dlvv )) dx

r—1
Vé’ﬂ LT(Q;]RB)HV

k k(" k ook
s<9Hs@4)HLm(QR3N)j£yv94 a@ + ||| | (@ived) | ooy (4:20)
Here, we needed p > r to be able then to choose s = pr/(p—r) < +oo for (4.18). Using the discrete Gronwall
inequality again, relying on (4.13a), we obtain the estimate for sufficiently small time steps 7 for the mass

density:
ol oo (rwrr(y) < C- (4.21)

Furthermore, by testing (3.1a) with the nonpositive part (0¥)~ = min(0, o¥) € W7 (£2) of ¥, we obtain

2
[ ((@)7) o= [ ot (eh) — rdiv(ebol) (¢4) " de < 7 [ ohok-V(eh) de
(9] £ — — 2

<0ifgr ' 20
_ _ T —\2
= —T/ (Q];) v’ﬁV(gf) dx = f/ ((g’j) ) div v” de, (4.22)
Q 2/)a

where we also used the calculus like (4.16) for s = 2. From this, for each 7 > 0 sufficiently small, namely for
T < 2/]|div v'j||L<x>(Q), we can see that o* > 0 provided ¢*~! > 0 on (2. Even, we can prove positivity of o¥.
This can be seen via a contradiction argument: Assuming that ¢*~! > 0 on {2 and that the minimum of a
(momentarily smooth) solution ¥ is attained at some = € 2 and QT( ) = 0, we have that o¥(x)—o*~1(z) < 0
and V¥ (x) = 0. This yields that o (z) — 08~ (z) = —rvF(z) Vol (z) — 708 (x) divvF(x) < 0 but, in view
of (3.1a) written at x, it should be equal to 0. Thus we obtain the contradiction, showing that o%(zx) > 0.
This a.e. positivity allows for a test with 0% := 1/0F. Using the convexity of the function ¢ + 1/9 on (0, +0c0)
for the convective time differences and (3.1a), we obtain the inequality a.e. on {2:

kgt 1/1 1
N T s
o

T o ot
1 — bt 1 :
<- 2& O 4 ohVek ) = —divel = (divok) of, (4.23)
(0%) T or
where o1 := 1/0%=1. Testing (4.23) by |0¥|*~20% for some s > 1 and using the slightly modified calculus

(4.16), this test gives the following inequality

i/n("f)s_T(aﬁl)sdm</Q<1+l> (divok) (oF)" da
(1+ >||d1vvk||Loo(Q)/Q(af)sdm. (4.24)
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For a sufficiently small 7 > 0, say for 7 < 1/((1+s) max; <p<7/, ||div vf”Lw(Q)), we obtain a uniform bound
for [lo%|
\/NC/1 with C from the second estimate in (4.15) and with N the norm of the embedding L?(I; L?(£2)) N
LP(I;WYP((2)) C L*(I; L°°((£2)). Thus, choosing 7 < 1/((1+s)2NC) i
bounded and using (4.13a) while realizing that v* = \/o% p¥/./0F, we obtain the bound

L+ () Py using the discrete Gronwall inequality. Here note that we have max; <y <7+ [|div vF () <

k
dl <C k Lids 4.25
HUT L2s/(s+1) (iR3) = “s||\/ O . (4.25)
( ) L2s(2)|| vV Qlf_ L2(2:R%)
From (4.25) with an arbitrarily large s > 1, we have obtained an estimate
V7]l e (1.pa(0:r3)) < Ca  With an arbitrary 1<a <2. (4.26)

Together with (4.13a), we thus obtain the bound for v, in L&(I; W2P(£2;R3)) with 1 < a < 2. In particular,
[0l o (rwre (m3y) < C- (4.27)

Moreover, (4.26) together with (4.13a) and (4.21) also allow us to augment (4.13d) by an estimate for
vi)T = V(Z)T’ET) = Z)TV’BT + VZ)T®,BT7 namely

”i)THLp([;WLT(Q;]RS)) < C. (428)
By the comparison from (3.5a), using (4.28), we obtain

H dor

<C. (4.29)

O Nl Lo r.Lr(2)

Moreover, by the comparison from (3.1b) when using (4.13b), (4.21), (4.27), and (4.28), we obtain

= //T—HD)(-:UT —p-®v,):e(v)

LP IW2P(Q RS) ) H”HLp(I W2,P(82; RB))<1

Ip-
ot

+ 9,:V20 — 0,g, -vdaxdt < C; (4.29b)

note that, as p > 3 is assumed, 0,QvV, € Lp/2(I; Lo (82 Rg;fl’)) is indeed in duality with e(v) €
LP(1; L= (2 REw))-

Step 3: A test towards a generalized entropy. The next test is for (3.1d) by (1/6%)* for some 0 < . Note that,
for A = 1, such test leads to the standard entropy balance. To this aim, reminding that 6% > 0, we can also
show that 6 is positive a.e. on 2. More specifically, let us assume that #*~! > 0 on {2 and that the minimum
of a (momentarily smooth) solution 6¥ is attained at some x € §2 and 0%(z) = 0. Thus 0%(z) — 0~ (x) < 0
and VG’“( ) = 0 and also div(k(0F(x))VOF(x)) > 0. The heat equation (3. 1d) wrltten as uf—uk~—1 =
T(divoR)uf + 7ok - Vuk + 7div(k(0F)VOF) + Lrtr( T (EE, 0F)— 7 (EF,0)) div ok + 7€, (6%; ’T“,Hk) 2 0 at
this point x. Smce % is increasing on [0, +00), we have u¥(x)— ’ﬁ Y(z) < 0 and we thus obtain the
contradiction, showing that 6%(z) > 0.

We now use the assumption that the function 1/[% ~1](-)* is convex, so that we have the inequality

Fouyt) < iy (up) = (ufh), (4.30)

>
—~
<
|
<
3
~—
I
—~
<

o
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where 7, is a primitive function of 1/[% ~*](-)*. Note that, up to a possible additive constant which can be
calibrated as 0, it holds that 1, o % = n,, where

0
x(0) == —/ 9172 (9) do; (4.31)

0

note that we have [,0%]'(0) = (1/7 ) o w (0))%'(0) = (1/0M%'(0) = —01=2+"(0) = n\ (). Further,
we will exploit the discrete version of the calculus

;@t +d1v(uv)> = ;(;%(9) +div(%(0)v)>

elx %(7(9)*97’09)) + e%div((v(@%@v’(e))v)
- %m(e) + div(na (0)v) + (W _ m(ﬁ)) divo: (432)

note that, for A = 1, it reduces to the calculus (4.4) for 7, as defined in (4.3). Thus, using (4.30), we have
now the inequality

1 (Ulﬁ_ui_l +div(uk'vk)> < m(07) —m(05)

O T

+ div(n (0F) %) + (W ) (9’:)) div vl (4.33)

Multiplying (3.1d) by (6%)~* and integrating it over 2 while using the Green formula with the boundary
condition for the normal velocity, we obtain

ok ITF k|2 k k
/gext 5 T7H ) +Ii(9k) ‘ve-r’ d.’I}+/ H(G‘r)vernds
r

(o) (0%)"
k_ k=1
o[ L (T it - 1T diver) da. .
o)\ T 3

The handling of the boundary term in (4.34) is quite tricky. Since h(-) is strictly monotone, cf. (4.61), we
can identify an external temperature

k
aext T

= h (h’]ecxt 7')

Together with the non-negativity of h, this yields the following estimate
H(eﬁ)vef h(l)CXt T h(eﬁ) h(efxt 7') B h(@l:) + h(ek) — h(efxt T)
. n o

(05)" ot (e (05r)”
RICRLIC N (h(0) = n(050.1) (09" = (05er)") hohe).
(k) (05 (05, T (k)

By merging it with (4.33), realizing (4.2), and summing it over the time levels k = 1,...,T/7, we obtain the
inequality

) T/

T/T k: k k 2 T/T
gex 7'7 T’H voT R 07’ ex 'r
T L e M

.
ext 'r
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T/7 , k k k~t(pk k
—Z/ ( g & (0B 91f+)¢(trE r) 0 (9(;);@;7(07) +m(g§)> div v! da (4.35)

with &, = o (0; v, IT) from (2.22d). This inequality written in terms of the interpolants yields the variant
of the thermal entropy balance (4.5) integrated over the time integral I and over {2 as an inequality, i.e.

/ / gext 97—77]7'; ) H(@ )|V919+L dmdt</ 77/\(9 ( )) 77)\ 90 daj—}—/ / ext‘r dsS dt

/ /91 Mo (0E,) + ¢(tE,)) divo, + (01 (6- )+§¢v(97)+m(57))div57dwdt. (4.36)

The last integral in (4.36) is bounded due to (4.15) and (4.13b). In more detail, we first improve the former
estimate in (4.13b) by testing (3.1c) with | E¥|"~2E¥*, where r is arbitrarily large. Reminding the abbreviation
Z from (2.20) and the assumption (4.6e), we can estimate

E|" _ | gpk—1|"
%/ Mdm < / ]E7’f|r_2E7’?: (e(vh) — B, (vF, EF) — 2 (E",0%)) d=
2

T T

< (1 + HV,UEHLOO(.Q;]RSX?’ 24

L2

(4.37)

LT‘ _(ZRSXS )‘ LT IZRSXS),

here, for the term (v*-VE¥) involved in B,,(vF, EF), we have used the Green formula with the boundary
Fn=0on I as

condition v;
/(v vEY): (B E) dm:/|Ek| (vk-m) dS
2

—/(r—l)‘Ef]T_QEf:(Uf-VEf)+ (divv*) | EF|"de = —/ div oy ~ B} da. (4.38)
(9] (9]

By the assumed regularity (4.6k) of the initial condition Ey with the growth assumption (4.6e) on %, by
the discrete Gronwall inequality, for sufficiently small 7 > 0, we obtain

HETHLOO(I;LT(Q Raxay) = Cr. (4.39)
Here, we have used that TZT/T [V kHLoc(Q R3x3) 18 bounded due to (4.15) with Korn’s inequality, so that
Tmaxy_1, 1/r |VUE| Lo (0iraxsy = O(y/7) is sufficiently small for 7 small enough, which allows us to use
of the mentioned discrete Gronwall inequality.
This allows estimation of the terms on the right-hand side of (4.36). Using (4.39) with r sufficiently large

and the growth assumption (4.6¢) when realizing that 1 (£, 0) = ¢'(tr £)I due to the ansatz (4.1), the term
01-2¢/(trE,) div v, can be estimated as

7/9571—7/\¢ (tI‘E )le’U-,— dm < H0 ||L(1+‘1)/(1 A)(Q ||¢/(trET)HLT/Cl(_Q)HE({)T)”L‘”(Q;Rsxg)'

The term 01~ *¢(trE, ) div v, can be estimated similarly. To estimate the term §1~*v'(6,) div v, we use the
growth |7/ (0)| = |f0 "(9) dd] = €(0*). Here note the growth |y (0)| = |%'(0)/0] = |&,(E,0)/0] = 0(0°~1)
due to the assumptlon (4.6b). Finally, in view of (4.31), when using the ansatz (4.1) and the estimate
(4.13b), we can see that 1y (6,) with 7,(0) = foe 2'(9) /9> d¥ is bounded in L>®(I; LY (=X (£2)). Therefore,
nx(0,(T)) is bounded in L= (£2) and ny(,)divv, is bounded in LP(I; LY/ (=X (£2)). Eventually, the
boundary term h(6, ext /0% 7 = Pexi 7 /D (heyr ) in (4.36) is uniformly bounded in L' (IxI") under the
assumption hgy, /b~ (hey ) € LY (IXT).
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With the left-hand side of (4.36) estimated, we therefore obtain a bound for #(6,)|V0,|?/0:t* in LY (Ix ),
which can be used to estimate Vs, in L“(IXQ,R?’) for some 1 < p < 2. To this end, we apply Holder’s

inequality to |V6.|* written as the product of @TM(H)\)/?/F;(@ )#/2 and k(6,)/2|VO.|* /01 (272,
n(14+X)/(2

) 1-n/2 ¢ (@)Y, | n/2
[foreason( [ i) ([ 2G5 )

with a constant C), x dependent on p and A. The last integral in (4.40) is estimated from (4.36), while
the penultimate integral is to be estimated using the latter estimate in (4.13b). The first integral on the
right-hand side is to be estimated by interpolation with the latter estimate in (4.13b), specifically

9/,1, (14X)/(2—p) 1+>\ w/(2—p) (4.6g .
l/‘/ dz dt = (/:/ ( ) dzdt < q/ / 1+9H<1+A B/ (2= W)dwdt
M/(2 ®)
gc’(1+// |V97|“dmdt>. (4.41)
0J N

The last inequality relies on the latter estimate in (4.13b) via the Gagliardo—Nirenberg inequality. Specifically,
for each time instant ¢ (not explicitly denoted), we have

||1+g"'| Li(Hx=p1)/(2—p) () < C||1+57'HL1+"(9) (H1+§THL1+“(Q) + ||V97||L“(9;R3))
24 1 1\ l-a

We raise it to the power p(l+A—p31)/(2—u) and choose a to obtain the desired exponent
ap(1+A—=p1)/(2—pn) = p, i.e. a = (2—p)/(1+A—B7), which allows for the last inequality in (4.41). Since
the exponent 1 — 11/2 is less than 1, merging (4.40) and (4.41) yields the bound

HVGTHLu(IxQ;W) =C (4.43)
After some algebra, substituting the mentioned choice a = (2—pu)/(1+A—3") into (4.42) yields the
bound (4.8). In more detail, note that, for this choice of a, the inequality in (4.42) simply becomes
a/3 > (1-a)/(14), i.e. a > 3/(4+a). Realizing a = (2—p)/(1+A—=F7), we eventually obtain (4.8).
According to the Sobolev embedding theorem, (4.43) yields a bound for 6, in L*(I; L* (§2)) and, by inter-
polation with the bound in L>(I; L'*%(£2)) with the weights 3/(4+a) and (1+a)/(4+c), also the bound

Haf||L(4+a>u/s(1XQ) <C (4.44)

From this, realizing the bounds ¢(f) = €¢(0%) and % (f) = 0(0*+*) and that Vu, = V#(0,) = ¢(0,)V0,,
we can read also the estimates

||7_LT||L(4+0¢)M/(3+30¢)(I><(Z) <C and Hva‘r”L(‘Ha)H/(4+40¢>(I><!2;]R3) <C (4.45)

Recalling s as a primitive function of x as used in (2.38b), we realize that »(6) = ¢(0'*”) and thus, from
(4.44), we obtain the estimate

H%(QT) ||L(4+a)u/(3+36)(]><9) <C. (4.46)
Let us specify the feasible exponents a and (3 depending on \. First, we assume that « > 0 in order to work
with the conventional L'T-Lebesgue space. Recalling (4.8), the above-specified bounds 1 < i < 2 needed
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for (4.40) lead respectively to the restrictions 1 + a + 33" > 3\ and 8T < 1 + A. The latter restriction
is involved in (4.7) while the former restriction is automatically satisfied if o > 0 and if the exponents in
(4.45) are greater than (or equal to) 1. This last requirement means the restriction 1 + 38" > 2a + 3A,
which is also included in (4.7). Furthermore, also the exponent in (4.44) should be greater than (or equal
to) 1, which means another restriction 2 4+ 2« + 387 > 2. This is automatically satisfied by the previous
restrictions. Eventually, also the exponent in (4.46) should be greater than (or equal to) 1, which needs
2+ 2a > 3\ + 3(B—p7). This restricts a > 0 further as o > %/\ — 1 when A > % Altogether, we obtain the
conditions in (4.7). Cf. also Remark 4.4 below.

Step 4: An estimate of VE.. For a mere Kelvin—Voigt rheology, i.e. when the Maxwellian viscosity vanishes

by considering IT = 0, the estimate of VE, would follow from the obtained regularity of the velocity
field (4.15) together with the assumed regularity of the initial condition Ey. For the general temperature-
dependent Jeffreys rheology, the estimation of VE, is more involved and we also rely on the previously
obtained estimate for V6.
To obtain an L*-estimate VE, with some s > 1, we can test (3.1c) by div(|VEF|*~2VE¥) and choose r in
(4.39) sufficiently large so that 1/r + 1/u+ 1/s’ < 1. Therefore, we need 1/r + 1/u < 1/s, which requires
that s < . For this, we can choose © > su/(u—s). Additionally, we also need 1/p+1/s’ < 1, which requires
that s < p, a condition that is always met. This yields

E|S E—1|5
1/ [VEZ| T|VET | dxg/]VEﬂs_QVEff(Vs(v’ﬁ)—V%’(Ef,@f)—VBZJ(v’ﬁ,Ef))dw
2

TY/T T YT

S/]VEf]S_QVEff(Vs(vf) — Ry (EX,0%)-VE:— 2y (EF,0%)@V0:— VB, (v, EY)) da

[ve:

(4.47)

< (1 V05l monsy + 1B s JIVEE].

HLH(Q;]R3 Ls(£2;R3%3x3)

with C' depending here on (p,r, s, ). Here we have also used the assumption (4.6e), so that, in particular,

we have |VEF|> 2V EF:(#,(E¥,0%)-VEF) > 0, and for the term V((v%-V)EF) contained in VB,,(vF, E¥),

TY/T

we have used the Green formula:
/v V)EF)|VE! TVEE da
— /|VE5\S’2(VEL€®VE$) :e(vF) + (vF-V)VEN|VE!| 'VE! da

/|VEk|v nds+/ (|VEf\S*2(VE’;xVEf):e(v’;)
2
0

— (divok)|VEF|" - (3—1)|VE’:F’2VE’:E(v§.v)VE’:) da

:/yVE’:\S‘z(VE’MVEf):s(v’;) —é(divv’ﬁ)WEﬂsdm, (4.48)
n

where the product K of the 3rd-order tensors is defined as [G K G];; = Ei,l:l GikiGjki- Relying on the
already obtained estimate (4.39) and using the discrete Gronwall inequality for sufficiently small 7 > 0, from
(4.47) we obtain

IVE,||, < Cps withany 1<s <y (4.49)

(I; L= (2;R3%3%3))

here we have used the assumption Ey € Whs(£2;R3X3), cf. (4.6k). Here, for the aforementioned dis-

sym

crete Gronwall inequality, we have used that both TZT/ 1IVok P is bounded for p > 1 and

oo (Z R3X3)
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.....

TZT/T ||V9k||m(9 ) is bounded for x> 1. Thus both 7 maxy— ... 7/ [VOE || o (rax3) = O(T171/P) and

Tmaxp_y . 1/7 [ VOE| Lu(gmsy = O(7'71/#) are sufficiently small for 7 small enough.

Moreover, by comparison, from 2 E, = €(v,) — B,,(v,, E,) — #Z(E.,0,), we also obtain

OE,
ot

<C,.. (4.50)

— s

Lp(I;L* (2;R3%3))

Step 5: Eristence of a solution to (3.1). The rigorous proof of the existence of a solution (o¥,p*, E¥ 0F) and
thus also v* of the system (3.1) is slightly delicate. Convincing arguments may rely on a suitable regulariza-
tion towards a quasilinear elliptic system for which standard theory can be used, and then making a limit
passage.

Given (oF=1, ph=1 EF-1 0F=1) € W (02) x WL (02;R3) x Whe (02 Rg’;rf;) X LHO‘(Q) with ¢¥~! > 0 and
0%=1 > 0 a.e., we seek a solution (o¥s_, v , EF,_ 0% ) and thus also p¥s_ and uf;_ of the regularized

edT? VedT
quasilinear elliptic system

k : k k — k k— : k k k
Ocsr + le(Tps&r_(S'st&‘r‘T 2VQ€5.,_) =07 ! with Desr = Oc57Ves7s (4513’)

p€57' + lev(paéﬂ'@veér Deér) = pT + Tglacéfgf + 7div y(Eféﬂ 0567')
2 —
567’|p vfé‘r - 6|VQ§§T|T (V’UE(;T)VQI‘:&_,

—¢glv
where DP, = De(vly,) — divhly, with k= u[V20ls, |7 V20l (4.51b)
Els, = Ef '+ re(vly,) — TS5, — 7By, (vl Bl ) + le( IVEL, [ VE557>
with 1%, = % (Els, . 0%,), (4.51c)
ubs, + rdiv(ulsvls, —r(05,) VO, ) = ub™t 7 (08,5 vEs,, L5, )
+ 5te(T (Bl 05,) — T (B, 0)) divoly,  with by, = 2(0%,), (4.51d)

considered with > 3 and s > 3. For the d-terms in (4.51a) and (4.51b) in the case r = 2 (not used here)
we refer to [39]. Of course, we consider the corresponding boundary conditions (3.2) now written for the
(g,9)-regularization and augmented also by n-Vok; =0 and by (n-V)E¥,_ =0on I

Like (4.10), we obtain the inequality

pls,
(ot 0t ot
eoT

+€SO ( aér)VEaé-r (‘VEE&I”G_QVE;C&T) +€v§57|p> dw+T/ h(9§57) ds
r

— + @(Ek 1) + %(ek 1) + 7—956797 657' dz + / hext T ds. (452)

Here we used the cancellation of the two d-regularizing terms as in [34,39]. From (4.52), treating the
term 7% _g¥ - vk as in (4.12), we can directly read the a-priori estimates for v € LP(£;R3),
Er_ e L*(%; R3%3), and 0k, € L' (£2). Here we also used that 6%; > 0, which can be seen by test-
ing (4.51d) by (0% )~.

Then, test of (4.51b) by v¥;_ while using (4.51a) multiplied by |v¥

557‘2/2 and (4.51c) multiplied by SO(EQST)
gives

|2
/Q < ’2292i7—| + (Ests‘r) + E’”?&T ’p + TDe (vfér) :E(’Uf(s‘r) + T:U’|v2 66T|p> dz
eoT
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|pk 1| k-1 N "
< o 2 k—1 +<'0(ET )+T956Tgr've5r+
o~

étr(ﬂ(Ef&7 Hng)—ﬂ(Ea;T, 0)) divols, de.  (4.53)

Here the terms [(p)p7 (0%, IT%,) : IT%; > 0 and ep”(EX )VEY ([VEE_|s=2VEk,_) > 0 in (4.52) are
omitted because they would not yield a useful information. Treating the right-hand side as in (4.14), this
gives the further a-priori estimates Vof; € WhP(;R3*3). Then, testing (4.51a) by o leads to an
estimate (4.17) augmented by the left-hand-side term §|Vo¥s |" and thus an estimate of g¥; € Wb ()
and, from (4.20) augmented correspondingly, we still obtain an estimate for div(5|V¥s. |"2VoF; ) in L2(£2).
Moreover, by the same arguments as in Step 3, we can show that 9?67 > 0 a.e. on {2. Then, we can test

(4.51d) by (6%, )~*, and thus we arrive at a direct analogue of (4.35), namely

/ gcxt 567—’ 567'311:57') +I€(9 ) |V E§T| d(L’S/n)\(QQsT) 777)\(07]?71) diI;+/ h(egxh‘r})\d
2 T r (Hécxtﬂ')

(ek )1-‘1-)\
+ M (egT)) divols da. (4.54)

edt

_/ 9166 ¢l(trE§57) qb(trEf&T) + 96577 (9557') 7(0857)
- (e’ (0%,)"

Then, by testing (4.51c) with |EE; |"~2EF; | by the calculus (4.37)—(4.38) for 7 > 0 sufficiently small,
we obtain a bound of EX in L’"(Q R3%3) for r arbitrarily large. Note that [, div(e|VEY |*72VEY ):

sym edT

(EL, "Bl ) de = — [, e|VEL, |**VEL NV(|EL, ["° Bl ) de = (1-r) [ e| EL [?|VEL P de <
0. Then, by interpolation calculus as in (4.40)-(4.42), we obtain a bound of V6%, as in (4.43), i.e. here in
LA (82 Rg) with g from (4.8).

Also, testing (4.51c) by div(|VEE; |*=2V E; ) gives an additional estimate for VE%; € L*(£2;R3*3*3) and

edT

for div(|VEY; [*~2VEE, ) itself. More specifically,
lebsellneiy <€ ama - |aiv(|Veks, Ve, )|, < CIVE. (4.55)
1905 gy < o el gy < /05 and pg SO (1.55)
1B e sy < C amd || ([VEE, [V EE, )| < O/VE and - (455e)
H655THL1+a(Q)ﬁW11H(Q) <C. (4.55d)

This allows for the existence of weak solutions to (4.51) by rather standard methods for quasilinear elliptic
problems when realizing that the highest-order terms in each equations in (4.51a)—(4.51c) are monotone
and when realizing that the equation (4.51d) is semilinear, albeit with the L!-right-hand side. Here, the
compactness of E’s and 0’s is important together with the continuity of the nonlinearities .7 and Z in the
lower-order terms.

Then we pass to the limit with § — 0 by choosing a subsequence such that

ok — of weakly in W7 ($2), (4.56a)
pls. — p" weakly in T(Q R3), (4.56b)

vk — of weakly in W?2P(2;R?), (4.56¢)
EY_ — E* weakly in S( ;R3%Y), and (4.56d)
0k, — 0k weakly in WhH(02). (4.56¢)
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According to the latter estimate in (4.55a), the regularizing term div(8|Vols. |2V ¥, ) in (4.51a) is €(V/6)
in L2(2) and thus vanishes in the limit. Also, the compensating force §|V %5 |"=2(Vovr; )V, in (4. 51b) is
0(3) in L" (£2; R?) and thus vanishes in the limit. The strong convergence (in terms of subsequences) of v¥;_
in W2P(£2;R3) can be proved due to the strong monotonicity of the operator v — div(div(u|V2v|P~2V?v) —
De(v)). In more detail, using (4.51b), we obtain

(int, 282 ) @l =) sy + 16l 7 (08305 [ gz
ko _ok—1 _ -
< /!2 <(Q§5795 - % 7'5|")557| - er 75W9557| Q(V”§5T)VQ§5T> '(Uf&_”)

- (]D)E( )+ 9( 6T 557') _plgé'r@v?ET) :E(v§5r ) M|v2v|p 2V2v vZ( Vesr— >> dx

k—1
=0 ((hgt ~ BB ot Pk (08 -0)
— (De() + T (EL,, 08,)—pk, vk, ) re(vf. o) — p| V20" *V20iv? @5;6)) de (4.57)

for some ¢, > 0 and for any v € WP (£2; R3). We have also used the strong convergence 9(E§57, 9557_) —
F(EE_,0F) in L' (£2;R3%3). Choosing v = vf,, we obtain the mentioned strong convergence V¥ — Vok,

in WP (£2;R3). Similarly, the monotonicity of the operator E — —div(¢|VE|*~2VE) allows for making the
convergence in (4.56d) strong.

We thus obtain a solution (¥ , v¥ ET, EF_60F ) and thus also pF. and u*_ of the system (4.51) with § omitted.
In particular, (4.51a) turns into o¥_ + div(7of v* ) = 0F~! so that, by the estimation as in (4.23)-(4.25)
when using also the last estimate in (4.55b), we obtain a bound for v in L%(2;R3) for any 1 < a < 2
independent of e. Together with the first estimate in (4.55b), we have v*_bounded in W22 (£2; R3).

This allows us to pass to the 1imit with e — 0 in terms of subsequences. The e-regularizing in (4.51b) with
§ omitted, i.e. now elv® [P=2vF | is O(e) in L>(§2;R3) so that it vanishes in the limit for e. The latter
estimate in (4.55¢) makes the regularizing term div(e \VEEJTP 2VEF;. ) as O(\/) in L?(£2; Rfyxrg) so that
it vanishes in the limit for e — 0. Altogether, we obtain (o¥, v¥, E¥, 0F) and thus also p* and u* solving the
boundary-value problem (3.1) and (3.2).

Step 6: Convergence of (3.5) for 7 — 0. By the Banach selection principle, we obtain a subsequence converging

weakly* with respect to the topologies indicated in (4.13), (4.15), (4.21), (4.26)—(4.29), (4.45), (4.49), and
(4.50), to some limit (g, p, v, E,u). Specifically,

0r — 0 weakly* in L™ (I; LWwhr( 2)), (4.58a)
0r — 0 weakly* in L™ (I; W7 (£2)) n WYP(I; L7 (£2)), (4.58b)
pr— D weakly in LP(I;W" T(Q,R?’)), (4.58¢)
pr— P weakly in LP(I; WL (2;R%)) 0 Wh?' (1, WP (2;R%)"), (4.584)
v, — v weakly* in L>®(I;L*(2;R?)) N LP(I; WP (£2;R?)) with 1 < a < 2, (4.58¢)
E. - E  weakly* in L®(L;W"*(RE3)) N L(1; L (2 R%:)), (4.58f)
E. - E  weakly* in L®(L; W5 (2;RED)) N WhHP(I; L (1;R2Y])), and (4.58g)
Uy — U weakly in LT #/B+39) (15 (). (4.58h)

Notably, the limits of o, and g, are indeed the same due to the control of %QT in (4.29a); cf. Section 8.2 of
[29]. The same holds true also for p, and p,, and for E_ and E,, too
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By the compact embedding W17 (£2) C C(£2) for r > 3 and the (generalized) Aubin-Lions theorem, cf.
Corollary 7.9 of [29], we have also

0r — 0 strongly in L*(I;C(£2)) for any 1<a < oo, (4.59a)
pr—D strongly in L (I;C(£2; RB)), and (4.59b)
E - E strongly in L*(I; L* (Q,Rfyxn?)) for any 1 <a < occ. (4.59¢)

Moreover, using the Arzela—Ascoli-type theorem, cf. Lemma 7.10 of [29], we have also
0r — 0 strongly in C'(Ix£2). (4.594d)

Moreover, from (4.59a,b), we know that, for a subsequence of 7 — 0, p, /0, converges to some v a.e. on I x 2.
Simultaneously, we know sup, fOT Jo [v—=pr/0-P de dt < oo with p > 1 so that, by the dela Vallée Poussin
theorem, {|v—p,/0-|?}r>0 is relatively weakly compact in L'(Ix{2) for any 1 < ¢ < p. Then, by the
Dunford—Pettis theorem, it is uniformly integrable and, by the Vitali theorem, it converges a.e. to its limit
which equals 0, i.e. it converges to 0 in LI(Ix{2). By (4.58¢), we can identify v = v so that all the (already
chosen subsequence for (4.58)) converges to v. This proves

= f’T p _ . q .3

Vy,=— > — = strongly in LY(Ix§2;R”) for any 1 < ¢ < p, (4.60a)

Or o
Actually, by interpolation with (4.58¢), we have the strong convergence v, — v even in a better space
L3(I; L%(£2;R?)) N LI(I; C(£2; R3)) with any s < oo and 1 < a < 2. Thus, by (4.59b), also
PRV, — PRV = gURV strongly in L9(I; L (Q,Rj;rf;)), 1<q¢g<p, 1<a<?. (4.60Db)

The bound (4.45) and, by comparison, the bound for 2w in L!(1; W?26(£2)*) allow us to use the (generalized)
Aubin-Lions theorem, cf. Corollary 7.9 of [29], so that the convergence (4.58h) is even strong. Realizing
0, = % *(u,) and the estimate (4.44), we use the continuity of the Nemytskii mapping and obtain

= 4
0, — 0= "'(u) strongly in L*(Ix$2) for any 1 < a < %. (4.61a)
In view of (4.46), we thus also have
2#(0,) — »(0) strongly in LA+ 1w/ G438) (1 ), (4.61b)

Furthermore, for the Cauchy stress and for the inelastic-rate mapping, we have

T (E..0.) — F(E,0) strongly in L'(Ix2;R2%}) and (4.61c)
I =%(E.0,) — %(E,0) = IT strongly in L?(Ix(;R3%?); (4.61d)

here we have used the growth conditions (4.6d) and (4.6e) and the continuity of .7 and Z.

This already allows for the limit passage in (3.5). While the limit passage in (3.5a) is simple due to (4.58b,c),
the limit passage in the quasilinear momentum equation (3.5b) is a bit more technical. To this aim, we use the
uniform monotonicity of the operator v — div(div(u|V2v|P~2V?v) — De(v)) with the boundary conditions
(3.6) and, using (3.5b) tested by v,—wv, we obtain

. — ~\ 112 — ~
(érllil]D)EE) ||E(UT_U)||L2(I><Q;]R3><3) + MCPHVQ(UT—U)Hip(IXQ;Rsxzxz)

T
s/ /Ds(m—%):e(ar—{;)+p(\v2{27\”*2v2m—\V%V’Qv%)iv?(m—{;)da:dt
0 2
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T _ op- _ . — = _ _ .
= / 09, — 5 (v.—v)— (7 (E,,0,) — p-®v,) :e(v,—0)
0Jn
— De(v):e(v,—v) — u]v2{:|p_2v263v2(v76)) de dt

/ / (QTgT (v 71;) + aalt (pT@vT) . ( ) - (DE(6)+9(ET7 57’)) 55('17)7—*’5)

2 2
2 ot~ 7|
v 2V2U:V2 vV, —v )dwdt+/ ol — “’de 4.62
Hvol ( ) 0 200  20.(T) (4.62)
for some ¢, > 0 and for any v € LP(I; W?P(§2;R?)). The last inequality in (4.62) has again exploited the
convexity of the kinetic energy (p, o) — l|p|2 /o in the calculus:

p- (D) Ipol | //apT _ |vT| dor o
QQQT(T 290 v ot

2
//apT 5.+ 12 T' div p, dee dt = //a’” o, + 0, - div(p,®0,) dzdt, (4.63)
(9] (9]

where, for the last equality, we have used (2.28). Now we want to pass to the limit in (4.62) or, more
precisely, to estimate the limit superior from above. For this, we again use the kinetic-energy convexity,
which causes the weak lower semicontinuity of (o,p) — [, |p|*/odz as a convex functional {peL'(£2); p >
0} x LY(2;R3) — [0,+00]. Here, we rely also on that |p,(T)|?/o-(T) is bounded in L'(2) due to the
former estimate in (4.13a) and on that o, (T) — o(T) even strongly in C(£2) due to (4.59d), and on that
p-(T) converges weakly* in C(£2)*, i.e. as measures on §2 due to (4.13d) to its limit which is p(T) because
simultaneously p,(T) — p(T) weakly in W2P(£2;R3)* due to (4.58d). For the term (p,®v,):e(v), we use
simply (4.60b). All of this allows us to estimate of the limit superior of the right-hand side in (4.62) from
above, so that:

. . — ~ 2 — ~
hmsup<< Hlil ]D)EE) HE(’UT*’U)HLZ(IXQ;R&Q) + /IJCpHVz('UTv)||i2(1XQ;R3x3x3))

7—0 E|
op

< | T<at,a> - (gg~<v—6> — (pv):e(B) — (T(E,0) + De(v)) :e(v—b)

—u!vzf”pQV%fV?(v—é)) dwar - [ Pl _ IpOF
o 200 20(T)

:/OT<21;,;,_U>+/Q(gg-(v—a)—(mE,e) pov) i e(v—p)

— De(d):e(v—v) — u|v26|”‘2v253v2(v_5)> dz dt, (4.64)

where (-,-) denotes the duality between W2P(£2;R3)* and W2P(£2;R?) and where, for the last equality, we
used the calculus like (4.63) but for the continuous-in-time limit which holds as an equality. Choosing v = v
and reminding also (4.60a), we obtained

v, — v strongly in LP(I; WP (2;R?)). (4.65)

Thus, we can easily make the limit passage in (3.5b) and thus prove that v satisfies the momentum equation
(2.22b) in the weak sense (2.38).
The limit passage in (3.5¢) is even simpler. Specifically, due to (4.58f) and (4.65), we have

B, (v, E.) = B,,(v,E) weakly in LP(I;L°(£2;R2)). (4.66)

sym
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FIGURE 1. The («, §)-pairs complying with the restrictions (4.7) for four values of 0<A<2.

The other terms in (3.5¢) can be handled by (4.59¢) with (4.59b).
Finally, for the limit passage in (3.5e), we exploit the strong convergences in (4.61).

Step 7: Energy balances. It is now important that the tests and then all the subsequent calculations leading to
the energy balance (2.32) integrated over a current time interval [0,¢] are analytically legitimate.
First, note that, by (4.29), we have that 20 € LP(I;L"(£2)) and 2p € LP'(I; W2P(£2; R3)*). By (4.50), we
also have that 2 E € LP(I; L*(£2; R3%3)). Then, for the calculus (2.29) integrated over in time [0, ¢], we rely
on that Ty = ¢'(E) + o(E)I € L>(I; L*(12;R3%3)) is certainly in duality with e(v) € L& (I; L= (£2; R3%3))
and ¢'(E) € L>(I; L%Q;Rg’;ﬁ)) is in duality both with Ec Lr(I; Lz(Q;Rg’;n?l’)) as well as with devT, €

Lo°(I; LS (£2;R3X3)), too. Thus the calculus (2.29) is indeed legitimate when integrated over time.

sym

Furthermore, 2p € LV (I; W22 (2; R3)*) and div(ov@v) € LYP/2(IxQ;R3%3) as well as divD €

sym

LP'(I; W22 (£2; R3)*) are in duality with v € LP(I; W2P?(£2;R?)), as used when testing the momentum equa-

tion by v, in particular in (2.28). The calculus (2.27) also relies on that both %g and div(pv) = v-Vp+pdive

live in LP(I; L"(£2)) and are thus certainly in duality with |v|? € e (I; L*>=(£2)) for p > 3.

The right-hand side of (2.22d) is in L'(Ix{2), so that (2.22d) bears legitimately integration over [0,]x 2.
Adding this to (2.32) integrating over [0, ¢] then yields the total-energy balance (2.33) integrated over [0, ¢].
Thus the point (iv) is proven.

O

Remark 4.3 (Heat bulk sources). The above analysis could easily be extended if the heat equation (2.22d) had
a non-negative right-hand side in L'(Ix$2). Such sources arise in engineering from some exo- or endo-thermic
chemical processes or from electric eddy currents etc. or in geophysics in the planetary mantle from radiogenic
heating or absorption radiation from the Sun in the atmosphere.

Remark 4.4 (The restrictions on « and 8 in (4.7)). Depending on A > 0, the bounds (4.7) restrict possible
exponents « and . For A > 2, no pair is consistent with (4.7). Depending on 0 < A < 2, the admissible pairs
(a, B) lie within the polyhedrons as in Figure 1. The usually considered situation that x bounded and the test
for A — 0 leads here to the restriction 0 < o < 1/2, as e.g. in [18,33]. Allowing for a growth of x = k() as ~ °
with 8 > 0 and using a general test by some fixed positive A opens possibilities for 1/2 < o < 2.

Remark 4.5 (The general E-dependent heat conductivity). When x = x(E, ), we can generalize s in (2.38b)
as #(E,0) := foe k(E,9)dv, so that (E,0)V0 = Vx(E, ) — »5(E,0)VE. Thus, the integral identity (2.38b)

augments by the term VE:(xg(E, 0)®Vé) which, however, is not integrable if the Maxwellian viscosity (;, is
temperature dependent, as seen in the calculations in Step 4 above. Therefore, instead of 3(6)A6 in (2.38b), one
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should use —«(E,0)V6-V0, for which we need the heat flux to be integrable. Realizing the bound «(E,,0) =
0(6P), we obtain the bound for the (negative) heat flux x(E._,6,)V6,, namely

HH(ET’ éT)véTHL(4+04)M/(4+(Y+35)(]><Q;]R3) <C. (4.67)

To legitimate the weak formulation of the heat equation and to facilitate the limit passage, the exponent in
(4.67) must be greater than (or equal to) 1. Recalling (4.8), this holds for & > 3X — 1. This is a slightly stronger
restriction on the exponent o than o > %)\ — 1, which is needed for (4.46). For the convergence with 7 — 0, in
view of (4.67), we also have

K(E,,0,;)V0.— k(E,0)V6 weakly in L)/ (dFa+36) (Ix2;R?). (4.68)

Remark 4.6 (Rate-dependent plasticity). The inelastic-strain rate Z : (E, 0) involving the conjugate dissipa-
tion potential ¢ (6, -), considered here as continuously differentiable, can also cover the rate-dependent plasticity.
However, since plasticity is an activated process, it typically involves a potential that is non-smooth at zero plas-
tification rate. Nevertheless, some applications (particularly in geophysics, where the activated plastification is
combined with so-called aseismic slip) combine non-smooth plastic-type and smooth creep-type (say, quadratic)
potentials “in series”; such a serial arrangement is called an extended Mazwell model. This means that the
original dissipation potential ¢, (,-) is a so-called infimal convolution of the two aforementioned potential and
its conjugate ¢%(0,-) is the sum of the conjugates of those two original potentials. To obtain a smooth (; (6, -),
it should still be combined with the Stokes viscosity in parallel. This can advantageously and directly be used
n (2.20), avoiding an explicit (and often nontrivial) evaluation of the infimal convolution. Cf. [32].

Example 4.7 (Creep in thermally expanding materials). The linear creep with the Maxwell viscosity modulus
M = M(0) > 0 is governed by the quadratic dissipation functional (,(6,-) = $M ()| - |*. Thus Z(E,0) =
M=) devyxr(E,0) = M~Y(0)dev /' (E) + 0M~1(0) dev ¢/ (E), where the ansatz (4.1) has been taken into
account. When (-, 8) is convex, the positive semi-definiteness of Z holds. For the specific case that complies
with the ansatz (4.1), we can consider

1 Cy o
V(E,0) = SK|tr E - 0?4+ Gldev E|? — a(l—&—a)aH — 1Ka26?
1
= 5K(trE)2 + G|dev E|? — a,0Ktr E —

Cv

e prte (4.69)

with K and G as the bulk and the shear elastic moduli, respectively, and with «, denoting the thermal volume
expansibility. Thus, we obtain

(E,0) = (E,0) — 04(E,0) = $K(tr E)* 4+ G|dev E” + 156"+,

(E,0) = Y5(E,0) — 00 (E,0) = Ktr E + 2G dev E,

(E,0) = —0yyy(E,0) = 0%, and n(E,0) = —yp(E,0) = <0+ o, KtrE,
(E,0)

(E,0) =

)

Ve(E,0) +¢(E,0) = (K (tr E—a,0) + Y(E,0)) [+ 2Gdev E, and

[6o(6,)"] (dev.T (B, 0)) = 12%; dev E.

)

V9N o

)

This special case complies with (4.6b)—(4.6d). Also, the convexity of the function 1/[# ~'](:)*, used for
(4.30), is satisfied for any 0 < A. To see this, note that, from v = #%(0) = ﬁQHO‘, we can see
0= %_1(u) = ({j’—vau)l/(l“‘“) so that 1/60* = 1/[#~Y](u)* = (tr—vo‘u)_’\/(l"’“). Also, note that (u=*/ (1)) —
s (um A OFey = (1 2y M OF) > 0 so that 1/[#7']()* is convex on RT. The function

?7 (u) from (4.30) is then 7, (u) = EEe (LEay)1=3/(ta),

||Jr
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