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A relative entropy approach to convergence of a low order
approximation to a nonlinear elasticity model with viscosity and
capillarity

Jan Giesselmann®

Abstract

In this work we study the dynamics of an elastic bar undergoing phase transitions. It is modeled
by two regularizations of the equations of nonlinear elastodynamics with a non-convex energy.
We estimate the difference between solutions to the two regularizations if in one of them a
coupling parameter « is sent to infinity. This estimate is based on an adaptation of the relative
entropy framework using the regularizing terms in order to compensate for the non-convexity
of the energy density.

1 Introduction

This paper is concerned with two models describing longitudinal or shearing motions of an elastic
bar undergoing phase transitions between a low strain and high strain phase. The models are based
on the (isothermal) equations of elastodynamics which, in the multi-phase case, form a system
of hyperbolic/elliptic conservation laws. It is well-known that for such systems standard entropy
conditions are insufficient to guarantee uniqueness of weak solutions. There are two approaches to
overcome this obstacle: One is to impose so called kinetic relations at discontinuities, [1, 21, e.g.].
The other approach is to require solutions to be limits of solutions of regularized equations. We
are interested in the second approach and study two such regularizations. One of these systems is
well-accepted in the literature while the other one offers computational advantages. We estimate
the difference between solutions of the two regularized models. In particular, we will see that the
regularizations compensate for the non-convex energy density, in that they make the models well-
posed (which is well-known and can be seen as the main reason for their introduction) and in that
they allow us to use the relative entropy framework to derive estimates for the difference between
solutions. To be more precise, let us introduce the two models: We consider the following third
order model including viscous and capillary effects:

wy — vy =0

Ut — (W/(w) — VWez)w = [Wzz, (1)

where w is the deformation gradient, v is the velocity, v, x > 0 are the capillarity and the viscosity
parameter and W = W (w) is a (possibly) non-convex energy density. This model was studied
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in [2, 18, 26, 25, e.g.]. We will assume that W € C3(R,[0,00)) and that there exists a possibly
negative constant C' € R such that

W' (w)>C YweR. (1.2)

It is important to note that we do not make any assumptions on convexity of W. The case we
have in mind is that W is a double-well potential. Recently the following family of lower order
approximations parametrized by o > 0 (whose solutions will be marked by ~) was suggested in [13]:

DY — 5% =0
o — (W' (@) + yad®), = pig, —yacy (1.3)

a(c®

— ) = &,
Here w® is the deformation gradient, 0“ is the velocity, 7y, u > 0 are as above and ¢ is an auxiliary
variable without any immediate physical interpretation. For later use, let us note that the second
and third line of (1.3) can be combined to obtain

o — (W (%) = E3,)e = nig, (1.4)

The minimization problem associated to the energy of (1.3), see (2.5), was studied in [7, 27]. In
[13] several advantages of (1.3) over (1.1) are stated. While arguments are provided indicating
that (1.3) is a meaningful physical model in itself the authors of [13] argue that their main reasons
for introducing (1.3) are numerical in nature. In particular, provided « is sufficiently large, the
first two equations in (1.3) form a strictly hyperbolic system of balance laws for w® and 9% such
that the whole wealth of schemes developed for such problems can be employed to solve (1.3)1 2,
while (1.3)3 can easily be solved by any elliptic solver. Therefore, it is expected that numerical
schemes for (1.3), see [23], are much more robust and efficient than those developed for (1.1). The
construction of numerical methods for (1.1) is a delicate issue [8]. We refer to [8] and [6, 11, 16]
(dealing with numerical methods for the Navier-Stokes-Korteweg system) for ideas to overcome the
problems introduced by the hyperbolic-elliptic structure of the first order part of the equations.

As a matter of justifying (1.3) it was shown in [13] that for @ — oo a sub-sequence of the
solutions of (1.3) converges weakly in L? to a solution of (1.1). This is the starting point of this
study. We aim at making this convergence more explicit. In particular, we will prove an estimate
for the difference between strong solutions (w,v) of (1.1) and (w®,0%,¢é%) of (1.3) if the initial
data for both models are the same and sufficiently regular, see Theorem 3.12. We show that the
convergence of ||w — & || g1 + ||v — 9%| 2 is of order a~'/4. However, it must be noted that the error
constant is proportional to exp(7T/uy) if [0,77] is the time interval under consideration.

Our estimate is based on an adaptation of the relative entropy framework, going back to [9, 12],
to higher order models making no assumptions on the convexity of the energy density W. In recent
years the relative entropy technique was frequently used for the study of hyperbolic conservation
laws and related systems. For a general overview of the development in the last decades we refer
to the references in [10, Section 5.7]. More recent works employing relative entropy arguments
include [5, 14, 15, 19, 20, 22, e.g.]. In these cases the energy densities are at least quasi-convex or
poly-convex. KEstimates obtained using the relative entropy framework usually involve the use of
Gronwall’s inequality and, therefore, an exponential dependence on time. The dependence of the
estimate on v, p in our case is due to the fact that the estimate heavily relies on the convexity of
the energy functional and, here, the local part of the energy density W (w) is non-convex.



In fact, a main novelty of the work at hand is that there exist higher order (regularizing)
mechanisms which may compensate for non-convex energy densities, in that they make stability
estimates based on the relative entropy possible even for entropies which are not quasi-convex.

This is also true in several space dimensions. In order to show this, we consider generalizations
of (1.3) and (1.1) which still allow for additional balance laws, which might be seen as energy
balances. However, in both multi-dimensional models neither the capillary nor the viscous terms
are materially frame indifferent [3, 4]. Therefore, the physical content of the multi-dimensional
equations studied here is at least dubious.

Still, from a mathematical viewpoint it turns out that the results from the one dimensional
situation can easily be generalized, provided the multi-dimensional equations admit sufficiently
smooth solutions. The proper physical generalization of the models (1.1) and (1.3) to several space
dimensions is a matter of ongoing research beyond the scope of this work.

The remainder of this work is structured as follows: In the forthcoming Section 2.1 we state the
energy balance laws associated with the systems under consideration. In particular, this enables us
to determine energies and energy fluxes which is a valuable prerequisite for employing the relative
entropy arguments later. Section 2.2 is devoted to the well-posedness analysis of (1.1) and (1.3).
In Section 3.1 we describe a generalized relative entropy approach and in Section 3.2 we establish
estimates related to the elliptic operator (1.3)3. These results are combined with Gronwall’s Lemma
in order to estimate the difference between the solutions of (1.3) and (1.1) in Section 3.3. Section
4 is devoted to a generalization of these results to several space dimensions.

2 Thermodynamics and well-posedness

2.1 Thermodynamical structure

In this section we recall the energy inequalities satisfied by (1.3) and (1.1). In doing so we identify
entropies and entropy fluxes. Moreover, the energy dissipation equation (2.3) will be crucial in
establishing the existence of global strong solutions to (1.1). In our analysis we will use the classical
Lebesgue LP, Sobolev W*P and Sobolev (Bochner) spaces LP(0,T; H*(-)), for p > 1 and k € N,
where H* refers to W2,

We will consider both systems on S' by which we denote the unit interval with its endpoints
glued together. We choose functions w : S* — R and v : S' — R and complement (1.1), (1.3) with
identical initial data

Both systems are thermodynamically consistent in that they satisfy energy balance equations
and are materially frame indifferent.

Lemma 2.1 (Energy balance for (1.1)) Let T, v, u > 0 be given and let
(w,v) € (CO([O,T],H3(SI)) N Cl((O,T),Hl(Sl))) X (C’O([O,T],HQ(SI)) N Cl((O,T),L2(Sl)))

be a strong solution of (1.1). Then, the following energy balance law holds in (0,T) x St :

1
(W(w) + %(wm)2 + 502)t — (VW (w) = Yowee + Y0rwe + pvLv)  + w(vg)? = 0. (2.3)



Proof :
Equation (2.3) is obtained by multiplying (1.1); by W/(w) — yw.,, multiplying (1.1)3 by v and
adding both equations. |

Lemma 2.2 (Energy balance for (1.3)) Let T, v, p > 0 and let (0%, 0%, ") with
@ € WH2((0,7), L*(81) n C([0, T], H' (S1))
o € HY(0,T; L*(SY) n L>=(0,T; H'(SY)) N L*(0,T; H*(SY)) (2.4)
& € C'((0,7), H'(S")) N C([0,T), H(S"),

be a strong solution of (1.3). Then, the following energy balance is satisfied in (0,T) x S* :

~Q ’}/O[ ~Q ~Q¢ /7 ~Q ]‘ SO
(W (@) + L2 (@ - )% + (@)% + 5(5)),

— (BW' (%) + ya0® (@ — &) + E1EY + pogd®)  + u(3)* =0. (2.5)

Proof :
To obtain (2.5) we multiply (1.3); by W/(@0®) + ay(w® — ¢*) and (1.3)3 by 9* and, further, use

P = al@® — )" — &) + &, — (@) (2.6)

2.2 Well-posedness of the models

From now on we will use the notation o = W’. Let us start with well-posedness of (1.1). In [2, 17]
weak solutions of (1.1) were investigated in case of natural boundary conditions. We consider
periodic boundary conditions and are interested in strong solutions. Still, our analysis goes along
the same lines as the one in [2, Sec. 6]. Using w = u, the system (1.1) can be rewritten as

—v=0
e in (0,00) x ST, (2.7)

UVt — U(um)z = WUzyx — YUzzax

with initial conditions
u(0,-) = ug, v(0,-) =vg in St (2.8)

We denote
HE(SY = {f e H*SY :/ fdx=0}.
Sl

Theorem 2.3 (Well-posedness of (2.7)) Let initial data ug € H,(SY), vo € H2,(SY) and T > 0
be given. Then, the problem (2.7),(2.8) has a unique strong solution
(u,v) € (C°([0,T], Hy (1) N CH(0,T), Hyp (51))) x (C°([0, T, Hy, (1) N CH((0,T), L7, (51)).-

Corollary 2.4 (Well-posedness of (1.1)) Let initial data w € H2,(S'), v € H2,(S') and T > 0
be given. Then, the problem (1.1),(2.1) has a unique strong solution

(w,v) € (C([0, T, Hy, (81) N CH(0,T), Hy, (1)) x (C°([0,T], Hy, (S1)) N CH((0,7), Ly, (1))



Proof of Theorem 2.3:
Let us note that the periodicity of ug implies (ug), € H3,(S'). In abstract form (2.7) can be written

ye = Ay + f(y) (2.9)

) B () ew

Let us define the spaces

with

X :=HZ(SYH, Y :=XxL*9". (2.11)
For every f € X it holds that f, € H} (S') such that, by Poincaré’s inequality,

() (), = ftmteae s eman (=) (),

define a scalar product and a norm on Y. The operator A is densely defined on Y with

—~

2.12)

D(A) = (HY(SY) N X) x H*(S"). (2.13)

The operator A induces a C° semi-group on Y which can be seen analogously to the arguments in
[2] using {sin(2n7-),cos(2n7-) : n € N} as a basis of X. Note that for all ¢ > 0 it holds

/u(t,-)dx:O, /u(t,')xdac:O, /U(t,-)d:r:O
St St St

due to our assumptions on the initial data and the fact that wu,,v satisfy conservation laws. The
semi-group induced by A is, in fact, contractive as any solution (u,v) of

(0,-4)

satisfies
i U
dt )

Moreover, the map f : Y — Y is locally Lipschitz continuous as X C H?(S') is continuously
embedded in C'(S') and, therefore,

(G) - (C2)

Ul — U2
< ClH“l - UQHJZLIQ(Sl) + CQHUQH%JQ(Sl)”Ul - UQH%Q(SQ) < c H (Ul — U2>

2
= 2/ VUzzUgzt + vV d T
Y st

=9 /1 VUgzUprt — VUtlpprr + p0Vz: dx < —2 /1 ,u(vgc)2 dx <0. (2.15)
S S

2

:/ (o((u1)z)z — U((UQ)x)x)2dx
Y St
2

. (2.16)
Y

where

C1 = max {|o"(w)[* « Jw] < [lut]lg2(s1)}, Co o= max {|o” (w)|* + |w| < [Jullz(st) + luzll 2o §
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and C' is a generic constant depending on C1, Co, Hu2||§12,7, and the constant from the embedding
X — C1(S"). We have also used that the Poincaré constant on S! is smaller than 1. Invoking [24,
Theorem 5.8] we infer that there exists a maximal time of existence T, € (0,00] and a unique
strong solution (u,v) of (2.7), (2.8) with

u € CO([0, Tn), Hp, (81)) N CH((0, Tn), Hp (1)), (2.17)
v € C([0, T), Hy, (1) N CH((0, Tn), L7, (S)). '
In case T}, < oo the result [24, Theorem 5.8] implies
H(U(t, ')7 U(tv ))THY — 0 for ¢ /‘ Tmax-
We know from (2.3) that strong solutions of (2.7) satisfy
4 W (ug) + L (u )2+1v2dx<o (2.18)
dt Jor 20 2 - ‘

As W is bounded from below (2.18) implies that ||(u(t,-),v(t,-))T|ly is uniformly bounded in time

and therefore T ax = +00.
|

Proof of Corollary 2.4:

As w € H3 (S') every primitive is in H*(S!), and there is exactly one primitive ug € Hz (S*) of
w. Let (u,v) denote the solution of (2.7), (2.8) with initial data (ug,v). Then, (u,,v) is the unique
solution of (1.1), (2.1). [

The well-posedness of (1.3) is investigated in [13] in a similar way. There the system

uf — 0% =0
Uf — 0 (03 )e = Vg — @y (" — U3 )z (2.19)
lE:?cé:z: = ly,

equipped with the following initial and boundary conditions

G(,0) = a%(t,1) =0, (t,0) = 9°(t,1) =0, & (t,0)=é%(t,1) =0, Vte (0,T), (220
1*(0,2) = up(z), a5 (0,2) =vo(x) Ve (0,1),
is considered. The following result on existence of strong solutions is shown in [13] with I := [0, 1]:
Proposition 2.5 (Well-posedness of (2.19)) Let a,y > 0 be fized and suppose that
ug € HX(I)N Ho(I) and wvo € H*(I)N Hy(I).
Then, given T' > 0, there is a unique solution (4, 0%,¢%) of (2.19), (2.20) with

=% € HY(0,T; L*(I)) N L>=(0,T; HA(I)) N L*(0, T; H*(I))
a“ € CY((0,T), L*(I)) N C([0,T), H*(I) N H(I)) (2.21)
& e CcY(0,7), HY(I)) nC([0,T], H3(I)).

6



In particular, a® € WH*°(0,T; HY(I)). In addition, there exists a constant C = C(T) independent
of a such that
a3, (&, M2y < C(T) Viel[0,T]. (2.22)

Remark 2.6 (Boundary conditions) The analogous result to Proposition 2.5 with H*(I) and
HE(I) replaced by H*(S') and H},(S') can be shown in the same way. Note that the result does
not require the choice of W from [13] but works for the more general class considered here. In
particular, assumption (1.2) is required to derive (2.22). Similarly, the viscous term 0%, may be
scaled by some p > 0 without changing the result.

With respect to system (1.3) this implies
Proposition 2.7 (Well-posedness of (1.3)) Let oy, > 0 be fized and suppose that

w e HY(SY) and o€ H*(SY) N HL(SY).

SO SO

Then, given T > 0, there is a unique solution (W%, 0%,¢%) of (1.3), (2.2) with
5 € HY(0,T; L7, (5") N L>™(0,T; Hy(S')) N L*(0,T; Hp (S"))
@™ € WH(0,T; Ly, (S") N C([0,T), Hy, (1)) (2.23)
& e CY((0,7), H'(S")) nC([0,T], H*(S")).

In addition, there exists a constant C = C(T) independent of o such that
g (t, M p2s1y < C(T) Ve [0,T].

3 Estimates in the one dimensional case

3.1 A relative entropy argument

This section is devoted to an adaptation of the relative entropy framework to the situation of a
non-convex energy and higher order problems. It should be noted that the higher order mechanisms
compensate for the lack of convexity of W. For the general setup of the relative entropy framework
and the way it may be used to prove stability for hyperbolic balance laws, we refer to [10, Chapter
5]. As in this isothermal problem energy and entropy coincide we will use the terms relative entropy
and relative energy interchangeably.

We start our considerations with a relative entropy inequality still involving W. The main issue
here is the correct choice of the parts of the relative entropy and relative entropy flux corresponding
to the third order terms.

Proposition 3.1 (Relative entropy equality) For T > 0, let (w,v) be a strong solution of
(1.1),(2.1) in the sense of Corollary 2.4 and let (w*, 0%, ") be a solution of (1.3),(2.2) in the sense
of Proposition 2.7. Then, the following relative entropy equation is satisfied

d ~ ay, . on2 Voiona L oo Y 9 1 o
. ‘17 « _r [0 (0] A (0% - (03 _‘17 _ - -

— W' (w) (0 — w) — ywz(¢* —w), —v(d* —v)dx

= /Sl —M(’Dg — ’Um)Q + Vg (W’(IDO‘) _ W’(w) N W”(’LU)(’II)a _ ’U))) _ wax(w? _ E?) da. (31)



Proof :
We start with a direct computation following the general relative entropy framework:

1
A= | o (W(@) + L@ - )2 + L)+ (072 - W(w) - L (w,)? - S0
- 2 2 2 2
= W (W)(@” — w) = e (& = w)y — v(5 — v))
+ 890( — W' (0*)0* + v, 0% + W (w)v — yweev + W (w)(0% — v) — ywe (0% — v)
+ oW (@) — véS,v — W (w)v + fywmv) dx
= /., W (0w + ay(w® — &) (wy — &) + yeses, + 02y — W' (w)wy
— Ywpwgr — vvg — W (w)wy (0 — w) — W(w)wg + W' (w)wy
— YWt Co + YW Wat — YWy Cop + YW Wat — V0 4+ Vv — VO] + VU
= W (@)og — "W (@%)q + 0% + 5,07
+ W' (W), — oW (w)y + W (w)ds — W (w)v,
- fy'ﬁawwxm + YO0Wgzax — ’Vw:cxf)go; + YWxz Vg
+ v W (@) + oW (0%) — Y02, — Yo v d x.

In this equation several terms cancel out. We use the evolution equations (1.1), (1.3) and

—WyCop = —Wa gy + (Wely — Wey )z — Waa (W — &)

to get rid of the time derivatives and obtain

A [ W = A )+ W) T + 57
— W (w)vg (0 — w) — W(w)08 — yvpels — Y05, + Y(weds — wid)
— YWag (Wf — &) + YWz — VW' (W) 4+ Y0 Waze — 0 Vg
+ oW (w)z — Y0Waz + POV — VW' (0 + YVC e — pUTS,
— W/(@*)vg — 0OW' (W) + 40y, +VE0, 05
+ W' (w)y — W' (w)y + W (w)o§ — W (w)v,
— YO Wygr + YVWaze — YWazUy + YWeaVs

+ v W (@) + oW (%) — Y02, — Yvpce, d
— / (0% — v) (0% — ) g + fy(éf‘ég — VzCh + VpWy — Vo Wy + Wyl — wméf‘)w
Sl

g (W/(5°) = W (w) = W (w) (0% — w)) — yga (55 — &) .

(3.2)

(3.3)

(3.4)

The assertion of the proposition follows from (3.2),(3.4) upon using Gauss’ Theorem and the bound-

ary conditions.

By rearranging the velocity and gradient terms in the relative energy in (3.1) we obtain:



Corollary 3.2 (Reformulated relative entropy equality) Under the assumptions of Proposi-
tion 3.1 the following relative energy equation is satisfied

4 W(a®) — W(w) — W (w)(w® — w) + @(wa — &4 1(53 —w,)? + 1(@0‘ —v)?dz
dt s 2 2 2

- /51 —u(T5 = va)” + 0 (W(@%) = W' (w) = W (w) (@ — w)) = e (@7 — &) da. (3.5)

If W were a convex function the only remaining problem preventing us to use (3.5) and Gron-
wall’s inequality to show convergence of solutions for & — oo would be to estimate the integral of
YWaz (W — ). In fact, this is a major step in our analysis, see Lemma 3.6. However, we have
the additional difficulty that the gradient terms in the energy functional do not make the energy
functional globally convex. Thus, we have to deal with the (non-convex) W-terms on the left hand
side of (3.1). Our next step is to remove these terms.

Corollary 3.3 (Reduced relative entropy inequality) Provided the assumptions of Proposi-
tion 3.1 are satisfied, then

d ay

i &2 4 %(ag —w)? + (0% — ) da

1 ! ~Q !/ 2 ~Q ~Qx
g/glM(W (%) — W' (w))? — (@ — &) da. (3.6)

Proof :

A straightforward calculation using the evolution equations (1.1), (1.3) shows

) (W(u”;“) ~ W (w) — W (w) (@ — w)) o (W’(@a) — W (w) — W (w) (@ — w))

= W'(0*)02 — W (w)v, — W (w)vg (0 —w) — W (w)dg + W' (w)v, (3.7)
— v W (@) + v W (w) + v, W (w) (0 — w)
() W) 32 ).

Inserting (3.7) into (3.5) implies

d ay
dt Js1 2

x

~a o Y/ 1, _,
(@ — %)% + 5(0 —wy)? + 5(?1 —v)?dz
_ /S () — (W) — W) (8 ) — e~ ) da. (38

The assertion of the corollary follows from (3.8) and Young’s inequality. |

3.2 Estimates for the elliptic operator

Let us denote the solution operator to Id — £, on S' by Gy, i.e., for f € L?(S') we have

«

Ga[f] - *Ga[f]xx = f (39)



at least weakly. Thus,
¢ = Go[w®] (3.10)

by definition.

Lemma 3.4 (Regularity of elliptic approximation) For any f € L?(S') the following in-
equality holds

1GalflllL2(sry < Iflle2esm- (3.11)

Moreover, for any k € N the fact that G, is the solution operator to a linear elliptic equation with
constant coefficients implies

Galf] € H*2(SY)  for f € H¥(SY)

and
Ga[f:c] = (Ga[f])x (3'12)
for all f € HY(SY).

Proof :
Upon testing (3.9) with G,[f] and using the periodic boundary conditions we obtain

1
IGalfllsy + 51GalMinisn = [ £Galflde < IGalfMlua(en I zz(sn, (3.13)
which implies (3.11). The other assertions of the Lemma follow as 0, commutes with Id — éﬁm. |

Our next step is to investigate the approximation properties of the elliptic operator in (1.3)s.

Lemma 3.5 (Elliptic approximation estimate) Let f € H'(S'), then

£ ~ CalfIl3agst) < 21 fBngsn)

In case f € H*(SY) the following (stronger) estimate is satisfied:

1
1/ = Galfllzasy < —5lliasny-

Proof :
From testing (3.9) with f — G,[f] we infer
-1 1
If = Galfllesy = — | (f = GalfDOsaGalfldz = ~ 2Golflzdz
L2(Sh) 1@ /S1 a/2 (3.14)
< 2 1fs = Galfelllzzsn | Galfellzzesy < 2By

upon applying (3.11). This shows the first assertion of the Lemma. For f € H?(S!) we compute

1 1
I = Galfllssy = 33 [ (0usCGal ) da = o5

1
a2 Sl(Ga[fxx])2de < $|f|%_12(51)- (3.15)

10



3.3 Difference estimates

Lemma 3.6 (Estimate on time derivatives) Under the assumptions of Proposition 3.1 the fol-
lowing inequality is satisfied for all t € (0,T) :

}/ w6 — 0f) | < \fwm 05 151 (3.16)
Sl
Proof :

A straightforward calculation, based on & = G [w}], gives

/ Wi (& — %) d :/ Wan(Gali®] — 7%) d = —/ Wann(Gal0®] — 0% d . (3.17)
St St St

Using Lemma 3.5 we obtain

’/ Wz (6 — W' dx‘ < ’w|H3 St \/>"U ‘Hl S1y-
Sl

Remark 3.7 (Boundary conditions) If we considered natural boundary conditions, as in [13],
instead of periodic ones, there would be additional (non-vanishing) boundary terms in (3.16). It is
not clear whether it is possible to estimate them properly.

Proposition 3.8 (Reduced relative entropy growth estimate) Letw € H2 (S'), v € H2,(S!)
and T, p,~v > 0 be given. Then, it exists a constant C > 0 such that for a large enough the strong
solution (w,v) of (1.1),(2.1) and the strong solution (w*,0%,¢*) of (1.3),(2.2) satisfy the following
estimate for all t € (0,T) :

d a’y (0% ~Q ’y ~¢ ]. ~a
dt( [ IZ2(s1) + 318 = wlin sy + 519 —szLz(SI))
C Oé/y ~ ~Q ,y ~QY 2 ~a
< %( 2 H ”%2(51) + §|C — w‘%{l(sl)> +'7"1U|H3(Sl)\/;‘11 ‘Hl(Sl)' (318)
Proof :

The existence of (w,v) and (w®, 0%, ¢%) follows from Corollary 2.4 and Proposition 2.7. As w*(t,-) €
H} (SY) foralla > 0and all t 6 [0, T] the bound (independent of a) on supc( 7 [0 g1 (51 asserted
in Proposition 2.7 implies that ||w*(t, )| g1 (s1) is bounded independent of . Due to the continuous
embedding of H!(S!) into CY(S) this implies
Wimax := Max {||w| oo (jo,17x51)> SUP 0] oo (0. 77x51) } < 00, and W= max |[W'(w)| < oo.
a>0 |w|Swmax
(3.19)
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Combining (3.6) and Lemma 3.6 we find

dray, . . Vi 1
(BT = 232y + 212 = wlony + 515 = ol3agsn))
w2 s - 2,
< E(H — &2y + 12 = w”%2(51)> + Ywlgacsny a’va!m(sl)
1 W2 ay, .., . o 2
< max {a, 1}H( 5 | — a||%2(51) + §|ca — wﬁﬂ(sﬂ) —|—'y|w|H3(51) E‘UO‘\Hl(Sl): (3.20)

because Poincaré’s inequality is applicable to ¢* — w as

/Sléa(t,-)—w(t,.)dx:/Slwo‘(t,-)_w(t’.)dx:/Slwa(O’.)_w(o,.)dxzo.

Equation (3.20) proves the assertion of the proposition.
|

Remark 3.9 (Dependency of W.) While the constant W defined in (3.19) is independent of o,
1t might very well depend on w, v, v and p as wmax might depend on those data.

Remark 3.10 (Higher order estimate) Analogous to the derivation of Proposition 3.8, but us-
ing a modification of Lemma 3.6 which relies on the second assertion of Lemma 3.5 instead of the
first one, we can show that

d 1 ~a||2 Y~ 2 1, . 9
dt( 1% = e*lzaesny + 51" = wli sy + 5 110% = UHL2(SI)>
C ray, . ~ v 1
= %(7”11}0[ B QH%Q(Sl) + §‘Ca - w’%{l(sq)) + 7‘w’H3(Sl)a‘va‘H2(Sl)7 (3.21)

for some C' > 0 independent of o, holds under the assumptions of Proposition 3.8.

Let us define the following reduced relative entropy (without the W-terms)

(o4 a’y ~Q r)/ ~Q 1 ~Q
n*(t) == 2 [@®(¢,-) — ¢ (t,-)\\%g(51)+§!c (t,-) —w(t, ')@{1(51)"‘5”” (t,-) —o(t, ')H%%sl)- (3.22)

Using this notation we can write the assertion of Proposition 3.8 as

(n™)'(t) < 777 +'V\/>\w s sn)[0% () (sh)- (3.23)

In order to derive a bound for n® via Gronwall’s inequality we need to study n“(0).

Proposition 3.11 (Estimate on initial relative entropy) Provided the assumptions of Propo-
sition 3.8 are fulfilled, then n® defined in (3.22) satisfies

a Y-
n*(0) < a”w”%r?)(sl) (3.24)

and [0%(t, )| 20,111 (s1) @8 bounded uniformly for all o > 1, where | - |20, 1,11 (s1y) indicates that
we consider the H'-semi-norm in space.
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Proof :
As 94(0,-) = v(0,-) and @w*(0,-) = w(0,-) we have

(0% a,y ~ ~Q ’y ~Q ~
n(0) = (0, ) = &0, ) Iz sy + 5167(0,2) = D(0, ) s s (3.25)
The second assertion of Lemma 3.6 implies
;re ~a y _ _ Yo -
51€%(0,) = 0*(0, W (s1) = 5lGalw] ~ @/ 51y < ﬁ’w’%ﬁ(sl) (3.26)
and ~a ya .
5 116%(0, ) — @*(0, Wiz = 5 IGa[w] — 0| 72s1) < ﬁ\w’?ﬂ(sﬂ)- (3.27)
Combining (3.26) and (3.27) proves (3.24). Integrating (2.5) in space implies
d

L w@) + 2w — a2+ L@@)? 4 2 (692 da = —u/ (59)* da
dt g1 2 2 St

such that, because the energy density is non-negative,

o _ o, _ v B 1_
0%t )20, (s1)) < /Sl W (@) + %(w = Go[@])* + 5 (Gol@]s)* + 5° da
1
< | W@+ S (@) + 5(0) da +1%(0). (3.28)
Sl

Combining our preparatory results we are now in position to prove our main result:

Theorem 3.12 (Model convergence) Let w € H2 (S'), v € H2,(S') and pu, v, T > 0 be given.
Then, it exists a constant W so that for a large enough the strong solution (w,v) of (1.1),(2.1)
and the strong solution (W%, v,é%) of (1.3),(2.2) fulfill the following estimate for all t € (0,T):
7|~a 1

Ay, ~a pe’ ~Q
EINa ) = &t Mgy + 212 () = wlts Wy + 51178 = 0t g

Y2 K 12 i 2 Ey Y o2
S a”w||H3(Sl)€ t+'7 ae t(“w”LQ(O,T;H3(5’1)) + 7 + Oéillj,”wHHg(Sl)) (329)

with .
1 w
Ey = / W(w) + 1|H)x|2 +-v?*dz and K := —.
st 2 2 YH
Proof :
Applying Gronwall’s inequality to (3.23) we find
Kt 2 " ket
n*(t) <n*(0)e™" 474/ a/o M D w(s, ) s (s1)[0% (5, ) (o) ds. (3.30)
Using Proposition 3.11 and Young’s inequality in (3.30) we find
a Y2 Kt /2 Kt 2 ~or|2
n (t) < EHU}HH3(51)€ + ae (Hw||L2(0,T;H3(Sl)) + ‘U ‘L2(07T;H§(Sl))>' (3.31)
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This completes the proof as
~ Y-
1o F2 o1 (s1y) < Eo +n%(0) < Eo + a”le%ﬁ(Sl)

by Proposition 3.11.

Remark 3.13 (Parameter and time dependence) Theorem 5.12 implies that for given 7,y >
0 it holds n®(t) = O(a~'?) locally uniform in time. It must be noted that the constant in this
estimate depends strongly on v and p and for ~v, u very small the error might be quite large. In
particular, the strong dependence on v was to be expected as it scales the part of the energy which
18 convex in w.

Remark 3.14 (Initial data) Note that we do not need to impose identical initial data for (1.1)
and (1.3) but we simply did so for simplicity. For Theorem 3.12 to hold, it is sufficient that the
initial data are sufficiently reqular and such that Proposition 3.11 is valid.

Remark 3.15 (Different convergence rates) Theorem 3.12 guarantees strong convergence of
solutions provided the initial data are sufficiently smooth. However, in most numerical examples
higher orders of convergence are observed, see [23]. We expect that in those cases some additional
terms are uniformly bounded in «, while it is not clear how to uniformly bound these terms in
general. As an indication in this direction we will give an estimate below, which shows how the
convergence is accelerated in case HﬁaH%Q(mT;HQ(Sl)) is uniformly bounded

Theorem 3.16 (Model convergence II) Let w € H3 (S'), v € H2(S') and T, ~v, p > 0 be
given. Let (w,v) be the strong solution of (1.1),(2.1) and let (w®, 0%, ¢%) denote the strong solution
of (1.3),(2.2). In case there exist constants C, a9 > 0 such that

~o||2
||/Ua||L2((]7T;H2(Sl)) <C Va> ag,

there exists a constant W so that for a large enough and K := % the following estimate is satisfied:

1 ~Q
&(t,) = wt, s sy + 5157 ) = vt )y

AT Y
< an”%p(Sl)eKt 4 aeKt(HwH%Q(O,T;Hs(SI)) + C). (3.32)

w (t, ) — 6a(t, )H%Q(Sl) + =

This can be proven analogous to Theorem 3.12. The only difference is that Proposition 3.8 has
to be replaced by Remark 3.10.

4 The multidimensional case

4.1 Layout of the problem

In this section we consider the multi-dimensional equations of non-linear elastodynamics supple-
mented by a rate type and a second gradient type term. Those terms are multidimensional versions
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of the viscosity and capillarity terms in (1.1). However, the multi-dimensional terms are not mate-
rially frame indifferent, cf. [4, e.g.], and therefore do not allow for any physical interpretation.

We will denote the strain by F = (Fj;) and the velocity by v = (v;); space derivatives are
abbreviated by 0;. Whenever one index appears twice it is understood that it is summed. For
given «y, > 0 we consider the following third order model

8tFij—8jvl- =0 for i,j: 1,...,d
ow 4.1
8tvi—8j(7(F)—’}/AFij) :/LAUZ' fOFiZl,...,d ( )
8Fij
subject to the involution OypFj; = 0;Fy, for 4,5,k = 1,...,d. In (4.1) we assume that W €
C3(Mj'£Xd,R), where MiXd is the space of d x d matrices with positive determinant. For the
first order part of (4.1) to be materially frame indifferent W needs to satisfy certain conditions, see
[3, 10, e.g.] which rule out convexity. Instead of investigating the effects of certain assumptions of
W, e.g. poly-convexity or quasi-convexity, which are compatible with material frame indifference,
our analysis will rely on the higher order regularization mechanisms. We only impose that there
exists a constant W such that
ow - ow
(5 (F) -
8F¢j 8FZ]

2 o~ ~
(F)) <W[F*—F> VF,F* e Mo (4.2)

and we will see that in this case the higher order regularizations will indeed compensate for the
non-convexity. We are well aware that Assumption (4.2) is problematic for realistic energy densities
as W(F) will usually be singular for det(F) — 0. However, assumptions like (4.2), i.e. boundedness
of the second derivative, are standard for relative entropy estimates.

We will compare solutions of (4.1) to those of a family of lower order approximations (parametrized
by a > 0)

atﬁic;fajggé:o fori,j=1,...,d
ow

00§ — ) (5
ij

(2

(F*) +yaFy)) = pAsY —va0;Cf fori=1,....d (4.3)
a(C—F) = AC, fori,j=1,....d

subject to the involution 8k13}j = @Ek for i,j,k =1,...,d. Note that the second and third line of
(4.3) can be combined to obtain

ow

0§ = 03 (5
ij

(F*) —yACE) = pAve. (4.4)
In addition, equations (4.3); 2 form a hyperbolic system of balance laws for (F,v) provided « is
large enough.

Both systems satisfy an additional balance law, which, in case of periodic boundary conditions,
gives rise to a Lyapunov function, upon integration in space. Strong solutions of the third order
system (4.1) satisfy

1
O(W (F) + 2|VF[* 4 J|v])

ow

— 0 <Uiﬁ(F) — Y0 AFjj + Y0 Fik0; Fi + lwz'ajvz‘) +u/Dv> =0 (4.5)
ij
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where Dv denotes the Jacobian of v. Equation (4.5) is obtained by multiplying (4.1); by gTV‘;(F) —
yAF;j and (4.1)2 by v; and summing. Strong solutions of the lower order system (4.3) fulfill

- - - - 1
Ou(W (F) 4+ B = &2 4 L[V Ca 2 4 S5 P)

~a on el ~a (T ez ~ ~ ~an ~a ~a
— 0 (Ui o, (FY) = ya0f (B — C5) +7(0:Cir) 0 Cie + p7 0575 ) +pu[DV? = 0. (4.6)
ij

To obtain (4.6) we multiply (4.3); by %(FQ) + av(ﬁg - CN'%) and (4.3)2 by 0 and, further, use
8 . . . . 1 .
a(Fj — C5)0,Cfs = =0k (0:CF501C5) + §8t((6k0%)2). (4.7)

In the sequel we will consider both systems on the flat d-dimensional torus T?, ie., the
cube [0,1]¢ with periodic boundary conditions. We choose functions F € H3(T?, M%) and
v € H?(T¢,R?%) and complement (4.1), (4.3) with the following initial data

F*(0,") =F(0,)=F, ¥%0,-)=v(0,:)=v, inT< (4.8)
Definition 4.1 (Strong solution of (4.1)) We call a tuple (F,v) a strong solution of (4.1) if

F e C°([0,T], H*(T¢, M) n C'((0,T), H' (T4, M{*))

v e C°([0,T], H*(T,R%)) n ¢ ((0,T), L*(T?, RY)) (4.9)

and if it satisfies (4.1) in a point-wise sense almost everywhere.

Definition 4.2 (Strong solution of (4.3)) We call a tuple (f‘a,f/a,éo‘) a strong solution of
(4.3) if
F* ¢ Wheo(0,T; L*(T¢, M%) n C([0, T, H(T¢, MI*4))
v e HY(0,T; L*(T4, RY)) N L°°(0, T; HY(T, RY)) N L?(0, T; H*(T¢, RY)) (4.10)
C* e C'((0,7), H' (T, M) n C([0, T], H3 (T, M)

and if it satisfies (4.3) in a point-wise sense almost everywhere.

We will not provide any well-posedness analysis in the multi-dimensional case. A main difficulty
of such an analysis would be to exclude det(F®) — 0 at some point in finite time. We will show
results under the assumption that strong solutions exist.

4.2 Relative entropy

Proposition 4.3 (Relative entropy equality) Let T, v, p > 0 be given. Let (F,v) be a strong
solution of (4.1),(4.8) and let (F*,v®, C®) be a strong solution of (4.3),(4.8). Then, the following
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relative energy estimate is satisfied:

d Sy L Y ma Fa2, Yioda2 , Lisag Yiow2 Lo
& [ W)+ GE = Eop + JIVE P + g~ W(F) - ZIVFPE - S
ow nle] Ao ~Q
— TFZJ(F)(F” — Fij) — yakFijﬁk(Cij — Fz) — ’UZ'(UZ» — Ui) dx
ow - ow oPw -
= [ —p|DV™ — Dv|* + 0jv;| = (F) — F) - F)(Fy — F
L, D% = DV o (%) = T () = e (F) (P Fi)
+YAF;0,(CE — F)dx. (4.11)
Proof :
The proof is analogous to the proof of Lemma 3.1. For completeness it is given in the Appendix.
|

Corollary 4.4 (Reformulated relative entropy) Under the assumptions of Proposition 4.3 the
following equation is fulfilled

d - ow - & A2 Vo é 2 1o 2
2 Fo) — W(F) — —(F)(F® — Fy;) + “L|F* — €2 + L|VE* — VF2 + -[5° — v|2d
i L W) < W) = S (B)(FS — Fy) o R - GOt 4 9 E" - VF 4 97 vl dx
- W =, OW *wW =
— | AAF;0,(CY—F)— | DV — Dy [2+8:0; | o (F) — F)— F)(Ey—F ]d .
(4.12)
Proof :
The proof is immediate upon rearranging the velocity and gradient terms in (4.11). [

As in the 1-dimensional case we need to remove the W-terms from the left hand side of (4.12).

Corollary 4.5 (Reduced relative entropy) Under the assumptions of Proposition 4.3 the fol-
lowing estimate is satisfied

d a7y = ~ap2 | Y e 9 1 2
— —|F* - C* —|VC* — VF —|ve — d
dt s 2| | +2|V VF]| +2|V v[*dx

1 ,0W ow

1 (op, @)~ gp, () dx. (113)

S/ VAF;0((Cf — F) +
'ﬂ*d
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Proof :
A straightforward calculation shows

S ow a ow o oW aQW ~
8t(W(F ) - W<F) - ang (F)(Fz] z])) a ’Uz(aE] (F ) 8Fij (F> - W(F)(Fkl — Fk:l))
W foyg,50 — W W o oW o, OW
~ OF; (F)9,05" — OF; (F)0jv; — W(F)alvk(ﬂj — Fj) — 6Fi]( )0; 05 + aFm( )0;v;
oW . ow PwW .
g (F) + 00 7, )+ 050 (B) (Fia — Fu))
ow = ow

— (8Ej (Fo)) - TFQ(F)) (0,03 — 0jv;). -

Inserting (4.14) into (4.12) implies

d ~ o A 1,.
Fa a2 o a_yF 2 TloY _ |2
& o 2| C% +2|VC VF| +2|V vi‘dz
ow - ow
= [ —p|DV* — Dv[* - F%) — — 0jv;) + YAF, —F2)dx. (4.1
[, ~ulps =Dy (5 F) — 5 (F) (0578 ) +9AF,0(C5 ~ Fg)dx. (415)
The assertion of the corollary follows from (4.15) upon using Young’s inequality. |

Lemma 4.6 (Estimate on time derivatives) Under the assumptions of Proposition 4.3 it holds
o e 2 ~a
Proof :

Because of Lemma 3.11 we have

‘/Td AFZJ@(C’% - ﬁg)dx‘ = ’/ AFz](Ga[alﬁja] - 8ivj)dX’

= | / Diser Fij (G — 5 )dx| < \/>‘F|H3('[[‘d [V g ey (4.16)
[

Let us denote the Poincaré constant on T? by K, such that
IE(t,) — C(¢, Wizrey < KplF(t,) — C(t, Win(ray V€ [0,T], (4.17)

because of

/11‘«1 F(t,x) — C*(t,x)dx = /Td F(t,x) —-F%(t,x)dx = /]Td F(0,x) — F*(0,x)dx = 0.
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Proposition 4.7 (Growth of reduced relative entropy) Provided the assumptions of Propo-
sition 4.8 are satisfied, then for a large enough

d o a2 7\ Fa 2 L ga 2
dt( HF - C HLQ(Td) + §|C — F!Hl(Td) + iHV — VHL2(Td)>
W2K a7y =a =Tey 7 G 2 ve
< = (G = Gl + 51C ‘F’?Lfl(W))”\ﬁ‘F’H%ﬂrd)\V ey, (418)

with W defined in (4.2) and K, defined in (4.17)

Proof :
Combining (4.13) and Lemma 4.6 we find

d

a =16} Y\ Ao 1 ~a
dt( [F* - C ||%2(1rd)+§|c —Fﬁ{l(w)ﬂLj\V —V||i2(1rd)>

W2 mQ ~Q = 2 —a
S ﬂ(HF — C “%2(’]@1) + ”C — FH%z(Td)) +’Y\/;|F’H3(Td)‘|v ||H1(Td)

1 W32 ay = ~ v =
< — Ky} (L IF - o2 LTI T

2 ~a
+ ’Y\/;‘F|H3('ﬂ‘d)|v |H1(11~d). (4.19)

Equation (4.19) proves (4.18) for « sufficiently large.
|

Let us define the multi-dimensional reduced relative energy

() = TR, ) — Gt ) |2 L& (t, ) —F(t, )2 Lo ) =vit, )2 4.20
n ()— 2 || ()) (7)||L2(’]1‘d)+2| (7) (’)|H1(’Ed)+2||v (, ) V(, )HLQ(Td). ( . )
Then, we can write the assertion of Proposition 4.7 as

(ﬂ“)'(t)_ V% n°( +7\/7|F WNrara) [V (& )| ey (4.21)

We would like to use Gronwall’s inequality to derive a bound for n®. In order to do this we need to
estimate n(0).

Proposition 4.8 (Estimate on initial relative entropy) Provided the assumptions of Propo-
sition 4.3 are fulfilled, then n® defined in (4.20) satisfies

o ’Y o2
n (0) < aHFHHB(Td)-
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Proof :
We have

a Y B ~Q AT
1(0) = SLIF(0,) = €0, )2y + 21€7(0,) = F(0,) s . (4.22)
Using Lemma 3.11 we find
ary e ~Q Y=
— IIF*(0,) = C (0. )12 (pay < %’Fﬁﬂ(’ﬂ‘d)

(4.23)
Y\ Fa Y s
5;0 (0,-) — F(0, .)ﬁp(w) < —QQQ\F|§{3(W)_

Theorem 4.9 (Multi-dimensional model convergence) Let the assumptions of Proposition
4.8 be fulfilled. Then, for o large enough the strong solution (F,v) of (4.1),(4.8) and the strong
solution (F*, v, C%) of (4.3),(4.8) fulfill the following estimate for all t € (0,T):

QY Fa ~Q Y\ Fa 1 ~«
OVE1,) — G0, Wy + 21E (1)~ Bl Wapngoy + 5190 = () agen

Y 2 Ey =
< a||FH12L13(51)€Kt+7\/> (HFHLZ’OTHS(W))JF?JF ||F|@13(1rd)> (4.24)

no
with 2K
_ _ 1
Eo ;:/ W(F) + 2|VF? + - |[v|2dx and K = L.
Td 2 2 Y
Proof :

Applying Gronwall’s inequality to (4.21) we find

n*(t) < Kt+7\f/ DI (s, MNes ey [V (8, )1 ray d s

Using Proposition 4.8 and Young’s inequality we find

v = [2 ~
na(t) S E”FH%IS(Td)CKt + Yy a@Kt (HF||2L2(O,T;H3(Td)) + ’VO{‘%Z(O,T;HL% (Td))) . (425)
This completes the proof as
W7 g0 i ray < Fo +17(0) < Bo+ 2 IFlsr

by equation (4.6) analogous to Proposition 3.11.

Remark 4.10 (Higher order convergence) If we assumed ||V | 2 p,m2(ray) was bounded umni-
formly in o we would obtain a higher order convergence result analogous to Theorem 3.16.
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Appendix

Proof of Lemma 4.3:

We begin with a direct computation
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In (4.26) several terms cancel and we get
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Once more several terms cancel and others may be combined to obtain conservative terms such
that
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The assertion of the Proposition follows from (4.26) and (4.28), upon using Gauss’ Theorem and

the periodicity.
[
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