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Abstract

We formulate quasistatic nonlinear finite-strain viscoelasticity of rate-type as a gradient
system. Our focus is on nonlinear dissipation functionals and distances that are related
to metrics on weak diffeomorphisms and that ensure time-dependent frame-indifference
of the viscoelastic stress. In the multidimensional case we discuss which dissipation dis-
tances allow for the solution of the time-incremental problem. Because of the missing com-
pactness the limit of vanishing timesteps can only be obtained by proving some kind of
strong convergence. We show that this is possible in the one-dimensional case by using a
suitably generalized convexity in the sense of geodesic convexity of gradient flows. For a
general class of distances we derive discrete evolutionary variational inequalities and are
able to pass to the time-continuous in some case in a specific case.

1 Introduction

The equation of quasistatic nonlinear viscoelasticity of strain-rate type can be written as
div (DpW (z, Vu) + S(z,Vu, Vi) = f(z), (1.1)

where u(t, z) is the deformation of the body, ' = Vu(t, z) is the deformation gradient, W is
the stored-energy density and f is a given external force (see Section 2.1 for a more detailed
discussion). In (1.1), DpW (z, F') is the elastic part of the Piola-Kirchhoff stress tensor whereas
S(x, F, F), depending linearly on the strain-rate Vi (t, x), is its viscoelastic part. In addition to
classical frame-indifference of the stored energy density, the main modeling postulates are that
the viscous stress is derived from a dissipation potential and that the stress is time-dependently
frame-indifferent.

The latter conditions means that S takes the form
S(xz,F,F) = FG(z,C, ), (1.2)

where C' = FT F is the right Cauchy stress tensor and G is a symmetric matrix-valued function
(cf. [Ant04] for a more general statement about the history of motion). Condition (1.2) is quite
difficult to handle analytically due to the fact that it is not compatible with some common hypothe-
ses (e.g. monotonicity with respect to the strain-rate) on the stress (see [Dem00] and [Sen10,
Sec. 2.3]). The existence of a dissipation potential R means that there exists a real-valued func-
tion R(F, F') with R(z, F, F') > R(z, F,0) = 0 such that 0 R(x, F, F) = S(z, F, F"). On
the level of R the condition of time-dependent frame indifference means that R can be written
as R = R(x,C, ('), see Section 2.1.



The fully dynamical equation of nonlinear viscoelasticity of strain-rate type (which corresponds
to (1.1) together with the inertia term) has been well-studied by various authors such as [Dem00,
FrD97, Tve08, Ryb92, Ryb94, Pot81, Pot82] for existence and long-time behavior of solutions.
The only theory for the existence of solutions for this problem with frame-indifferent S(Dy, Dy;)
is that of Potier-Ferry [Pot81, Pot82], who established global existence and uniqueness of so-
lutions for initial data close to a smooth equilibrium for pure displacement boundary condi-
tions. Demoulini [Dem00], on the other hand, obtained a weaker notion of solutions, namely
measure-valued solutions, under assumptions on the potential for the viscoelastic part of the
stress that are not compatible with frame-indifference. Similarly, Tvedt [Tve08] proved existence
and uniqueness of weak solutions with mixed boundary conditions, but his hypothesis on uni-
form strict monotonicity of the dependence of the stress function on the strain-rate was not
compatible with frame-indifference as was shown in [Sen10]. In the one-dimensional case, one
should also mention [Daf69, Peg87, NoP91, KuH88, GMMG68] for the treatment of different types
of stresses and [Wat00] where the dependence on temperature is also taken into account. A dif-
ferent approach is adopted in [BaS] where (1.1) is analyzed in a one-dimensional setting with a
specific viscoelastic stress and the existence of solutions are obtained as well as the asymptotic
behavior of solutions to an equilibrium state is investigated.

In this work we start from the fact that, on the formal level, equation (1.1) can be understood as
a gradient system, 0 = DR (u, %) + D¢(u), with respect to the energy functional

o) = [ Wi, Tu(w) = f(a) - ule) do
and the dissipation functional
R(u, ) :/QR(x,Vu(:E),ViL(x))dx.

Guided by the modern theory of gradient flows in metric spaces (cf. [AGS05]) we propose to
consider dissipation metrics d of the form

d(uy,ug) = </QD(.T, Vul(:c),Vug(a:))de) v

where the dissipation density D? has to be connected to R via E%D(x, F F+5F)2 — R(z, F, F)
for e N\, 0.

Thus, it is natural to consider the incremental minimization problems
i 1 2
up  minimizes  u — 2—d(u, uk—1)" + o(u), (1.3)
T

where 7 > 0 is a small timestep. In Sections 2.3 and 2.4 we discuss natural conditions on W/
and D that are physically admissible and allow for an existence theory for (1.3) and provide
some examples. However, the main difficulty lies in the limit passage for 7 ™\, 0, since d and
W are of the same order (namely one space derivative), so there is no direct compactness
argument for passing to the limit. Thus, a natural approach is to look for strong convergence
results that allow us to pass to the limit in the nonlinear terms directly. For this it will be essential
that the two constitutive functions W and D work together nicely.



Presently, the multidimensional case seems out of reach. However, even in the one-dimensional
case, to which we restrict ourselves starting from Section 3 (i.e. 2 = (0, 1)), it is productive
to follow the approach paved by the theory of metric gradient flows. We consider dissipation
distances of the form

1/2

i) = ([ (o6 ar)

where ¢ is a differentiable and strictly increasing function. The main idea of the paper is that
the combined function We(z) := W (£ *(y)) must have good properties, e.g. it hast to be
A-convex.

In the 1D case, there are two different cases, namely the case of Dirichlet boundary conditions
of Neumann boundary condition:

(Dir) u(0) =0andu(l) =1  (Neu) u(0) = 0and DW (u'(1)) + S(u'(1),4'(1)) = 0.

The Neumann case (Neu) is much simpler than the Dirichlet case (Dir), hence we postpone it
to Section 6. There we will see that the metric admits geodesic curves while this is no longer
the case for (Dir). Thus, we have to work with generalized geodesics that do not enjoy all the
necessary properties that are needed to apply the abstract theory of metric gradient flows.
Nevertheless, in Section 4 we obtain existence results for the time-incremental minimization
problem (1.3) if £ is given in the form £(z) = z® and derive a suitably generalized discrete
variational inequality (cf. Theorem 4.4).

In Section 5 we perform the limit 7 — 0 by establishing strong convergence of the discrete
solutions to a solution of the metric evolutionary variational inequality, where we closely follow
the ideas in [AGS05, Sect. 4]. Unfortunately, this step only works for the square-root distance
dsq(u,v)? = fol (\/U—\/F)Q dx, which is also called the Hellinger distance in probability
theory. Finally we show that ¢ has a strong upper gradient |0¢| and that all solutions of the
evolutionary variational inequality are curves of maximal slope and finally weak solutions of the
one-dimensional version of the viscoelastic problem (1.1), namely

(W7 0, 0)) + (€1 (1,2)) 0 (1 @)' —0.

In the case (Dir) most steps work for general distances d¢, except for the strong convergence
where d = dy, of d(u,v) = |ju—v||.2 is needed, i.e. {(z) = 2* withaw = 1/20r v = 1. In
the case (Neu)the abstract theory of metric gradient systems work directly for a large class of &,
see Section 6.

Finally we emphasize that our gradient-flow approach does not use any higher regularity of the
solutions than the one induced by the functional ¢ and the metric d;. In particular, we can allow
for arbitrary measurable dependence of 1 and & in the material point € (0, 1). It is just for
notational convenience that we do not write this possible dependence explicitly.

2 Modeling of viscoelasticity as formal gradient system

In this section we we take a formal approach to modeling frame indifferent viscoelastic stress
in general space dimension d by assuming that all vector fields and solutions are smooth. A



rigorous analysis will be preformed in later sections and will be restricted to the one-dimensional
case.

2.1 Energy functional and dissipation potential

We consider a bounded domain © C R? for d € N with Lipschitz boundary. The deformation of
the body is denoted by u : 2 — R and the deformation gradient by F'(x) = Vu(x) € R,
The elastic energy in the body is given via a stored-energy density (cf. [Bal77a]) W (x, F'(x))
such that

:/QW(QJ,VU(:E))dx—(E,u) with (¢, u) ::/Qf(x)-u(x)dzv,

where the volume force f satisfies f € L°°(2; R?). With

GL,(d) = {F e R™?| det F > 0} and
O(d) ={Q eR™|QTQ =1, detQ =1},

our constitutive assumptions on W : 0 x R%*¢ — [0, oc] are

W e C°(GL,(d)), (2.1a)
W(F) = oo for F € R™¥\ GL,(d), (2.1b)
W(F) — ocofor |[F| 4+ 1/|det F| — oo, (2.1¢)
W(QF)=W(F)foral F € GL;(d)and Q € SO(d), (2.1d)

W(I)=0and W(F) > 0for F' ¢ SO(d) (2.1e)
IDW (FYF'| < CW (F)+C. (2.1f)

Hence, the elastic part of the stress is given in terms of the first Piola-Kirchhoff tensor T'(x) =
DpW (z, Vu(z)). Viscosity is related to strain rates Vi(t, z) = V4 u(t,z), such that we
now consider time dependent deformations u : [0, T’ x 2 — R<. The viscous stress S € R%*4
also depends on the strain rate Vi(t, z) in the form S(t, z) = S(z, Vu(t, z), Vi(t, z)). The
equations of viscoelasticity then read

div(DFW(:v,Vu(t,x))+§(:B,Vu(t,x),vu(t,x))>:f(x) n[0,7]x Q, (22

where we have to add boundary conditions, which we will mostly impose as u(t, x) = x for all
(t,x) € [0,T] x O€.

Frame indifference for the viscous stress tensor S can be formulated via § and leads to a time-
dependent version of frame indifference (cf. [Ant95] and the illuminating discussion in [Ant98]):

S(z,F,F)=FS(F'F,FTF+F'F) and S(C,C)=5(C,O)T, (2.3)

where C' = F'T F is the Cauchy stress tensor.



A potential R = R(z, F, F) € Ris called a dissipation potential for the viscous stress tensor
Sit S(x, F, F) = D;R(z, F, F) If S depends linearly on I, what we always assume in this
work, then the existence of R follows from classical arguments in linear irreversible thermody-
namics, see e.g. [Ant95, Ott05, Mie11]. The invariance properties (2.3) can be obtained from
general dissipation potentials R(z, F, I) if R satisfies the invariance

VzeQ, FeGLy(d), FeR™, Qe S0(d), Acso(d):
R(z,QF,Q(F+AF)) = R(z, F, F),

where so(d) :={ A € R4 | A =—AT}.

The invariance of 1 can also be written as R(F", F)~: R(C,C), which gives S(C,C) =
204 R(C,C) in (2.3). Typically R is given in the form R(z,C,C) = %C :V(C) : C, and the
choice V(C') = 111 + 1,C~! leads to

S(F,F) =2 F(FTF4+EF"F) + 2u(F+F TFTF).
Defining the global dissipation potential
R(u, i) = /Q R(z, Vu(z), Vi(z)) dz,
we can rewrite (2.2) as an abstract gradient flow in the form
0=DyR(u(t),u(t)) + Do(u). (2.5)
Indeed, if we use the variational derivatives we have
DR (u, @) = —div <D #R(z, Vu(z), Vﬂ(x))) and

Do (u) = —div(DFW(:z:, Vu(x))) ~ f(a).

2.2 Dissipation distances and incremental minimization problems

To construct solutions to (2.5) defined in terms of the gradient systems (¢, R) it is most ef-
ficient to use a time discretization and define suitable incremental minimization. For this pur-
pose it is useful to replace the dissipation potential R, which has the mathematical struc-
ture of a Riemannian metric R(x, F, F) = %F : V(z,F) : F where the fourth-order
viscosity tensor V plays the role of a Riemannian tensor on GL, (d), by a global distance
D(z,-,-) : GL(d) x GL4(d) — [0, co] which is usually defined by

D(z, Fo, F})? — in { /01 R(z, F(s), F(s))ds

Fe C(FO,Fl)},

where C(Fy, F1) = { F € C([0,1}; GL,(d) | F(0) = F,, F(1) = F; }. For quadratic
R defined in terms of V as above, the standard theory of Riemannian manifolds shows that



D(x,-,-) defines a Riemannian pseudo-distance, i.e. we have non-negativity, symmetry, and
the triangle inequality. We do not have positivity because of the invariance (2.4).

However, from the point of modeling it is much easier to postulate a metric 1D and calculate the
associated R, namely

RD(.T,F,F) = llI%ﬁD(l’,F—Fé“F, F)2 (26)
£— £

Recalling that D(z, F, F) = 0 and D(x, F, F4+eF) = O(e|F|) we see that 1/£? is the
proper scaling. The following result shows that separate frame indifference of D implies the
time-dependent frame indifference of R.

Lemma 2.1. If D satisfies the separate frame indifference
VQl,QQ € SO(d)VFl,FQ S GL+(d> : D(QlFl,QQFQ) = D(Fl,FQ), (2.7)

then R satisfies the time-dependent frame indifference (2.4).

Proof. For )1 € SO(d) and A € so(d) we define ()2 = Q1 exp(eA) € SO(d) and consider
D(F, F+eF)? = D(Q1F, Q exp(c A)(F+<F))?. Dividing by 2¢2 and taking the limit & —
0 (using exp(eA) = I + €A + O(e?)) we obtain the desired result for Rp. O

The global dissipation distance D between two deformations w1 and u is defined via

1/2
D(ugp,uy) = </ D(z, Vuy(x), Vul(:c))2d:c) :
Q
The abstract incremental problem for time step 7 > 0 is then given in the form

1
Ul = argmin 2—1)(Uf_1,u)2 +é(u)forn €N, U2 = uy, (2.8)
T

u

where U is hopefully approximating u(nT, -) with u being a solution of the viscoelastic problem
(2.2) with u(0) = wuo.
2.3 Examples of dissipation distances

We discuss possible choices of distances D on GL (d) which satisfy as many of the relevant
assumptions as possible. We first collect mathematically and physically desirable assumptions:

D(F,G) > 0if FTF #+ G'G, (2.9a)
D(F,G)=D(G,F) (2.9b)
D(F,H) < D(F,G)+ D(G,H), (2.9¢)
D satisfies the separate frame indifference (2.7), (2.9d)
VF: G~ D(F,G)?*is polyconvex (2.9¢)
D(F,G)* = U(GF™)det F with U(G) > 0. (2.9f)



Here we dropped the dependence on = € (2 for notational simplicity. Conditions (2.9a) to (2.9¢c)
clearly state that D is a true distance, when restricted to symmetric matrices in GL (d). This
is the best we can hope for, given the frame indifference (2.9d).

The polyconvexity condition (2.9e) is very useful to obtain the existence of solutions for the in-
cremental minimization problem (2.8), where we may even allow for non-quasi-convex behavior
in W if this is compensated by %D(F, -)%, where 0 < 7 < 1 is helpful, see [Ryb92, Ryb94,
FrD97] for a similar overcoming of nonconvexity in (non-frame indifferent) viscoelasticity.

Finally, condition (2.9f) is a special condition that relates to the multiplicative character of diffeo-
morphisms. For D being independent of the material point = € 2 satisfying this condition we
obtain a global dissipation distance that is invariant under diffeomorphisms, namely

D(ug o v,u; ov) = D(ug, uy) (2.10)

for all diffeomorphisms v : €2 — (2. Indeed using the chain rule V(u;ov) = Vu,;(v(z))Vu(z)
the integral transformation rule with y = v(x) gives

D(ug o v,us o) :/

= /Q\I/(Vul(y)Vuo(y)l) det Vuo(y)dy = D(ug, u1).

In particular, we conclude that for diffeomorphisms g and u; from €2 into itself, such D satisfy
D(Uo, U1> = 7)(1(17 Uy © U,al)

We remark that, if D satisfies (2.9f), then the symmetry (2.9b) is equivalent to the fact that ¥
satisfies the inversion relation
U(F) =det FU(F™1). (2.11)

Moreover, the separate frame indifference (2.9d) is now equivalent to frame indifference and
isotropy of U, i.e. U(Q1FQ,) = W(F) forall Q, Q> € SO(d). We refer to [Sil03, Mie05] and
the references therein for characterizations of polyconvexity of isotropic functions.

Example 2.2. Additive distances in the 1D case. In one space dimension the frame indifference
condition (2.9d) is trivial. We obtain a distance by taking any strictly monotone function & :
(0,00) — Randlet D(F,G) = |{(F)—£(G)).

The polyconvexity condition (2.9e) reduces to convexity of G +— |£(G) —n|? for all y € im(€).
Considering the family £(G) = G this holds for a € [1/2,1].

Example 2.3. Multiplicative distances in the 1D case. We start from the multiplicative ansatz
(2.9f). For o + (3 = 1/2 the function W(2) = 2°(2—1)? satisfies the inversion symmetry
(2.11) and hence D with

D(F,G) = (FG)"?|F*—~G~|

satisfies all conditions in (2.9) except possibly the triangle inequality (2.9c). The latter holds for
the case 5 = 0 and hence o = 1/2, which is a special case of Example 2.2.

In Corollary 3.4 we will show that the validity of the triangle inequality implies that W(z) has
upper and lower linear bounds for z — oo. Hence, the case

D(F,G) = |VF = VG|

U (Vul(v(x))Vv(:v) (Vuo(v(x))Vv(x))A) det (Vuo(v(z))Vo(z)) dz



is distinguished and, in fact, will play the central role in this work.

Example 2.4. Additive distances in higher dimensions. The simplest dissipation distance, lead-
ing to the easiest mathematical structures is D(F,G) = |F — G| and is used in [Ryb92,
Ryb94, FrD97], which obviously satisfies the distance properties (2.9a)—(2.9¢) and the polycon-
vexity (2.9e), but not frame indifference (2.9d). To fulfill the latter, a natural choice is

D(F,G)=|Z(F'F) - 2(G'q)]|,

where = : RZ{% — R%$? should be injective, e.g. Z(C) = C. However, it seems difficult to
satisfy polyconvexity for such =.

Example 2.5. Multiplicative distances in higher dimensions. In higher space dimensions poly-
convexity can be satisfied most easily for dissipation distances D satisfying the ansatz (2.9f) by

choosing a polyconvex function W. In analogy to Example 2.3 we let
U(F) = (det F)™°|F — (det F)*(F~1)T[

We always have the double frame indifference because of | Q1 AQ»|? = |A|? = trace(ATA).
Moreover, for « — 3 = 1/2 we also have the symmetry (2.9b) via the inversion relation (2.11).
Fora=1and 3 € [0,1] we use det F'(F'~)T = cof F' and observe that

U(F) = (det F)°|F — cof F|”

is polyconvex in any space dimension d € N. Indeed, using convexity of (z, %) +— 22/y” the
potential W is convex in (F', cof F, det F'). Thus, D defined via D(F, G)* = U(GF ') det F
satisfies the polyconvexity (2.9e), but it does not satisfy the triangle inequality (2.9c).

For d = 2 we note that \TJ(F) = 0 holds for all conformal F', i.e. F' = AQ for A\ > 0 and
() € SO(2). Restricting to incompressible elasticity, i.e. det /' = det G = 1, we obtain
D2 (F,G) = |G(cof F)T—(cof G)FT|*> and W(F) > dist(F,SO(2))>.

For d > 3 we have that {IVI(F) = O implies F' € SO(d), i.e. the positivity (2.9a) is satisfied on
GL.(d). Moreover, we have the dissipation coercivity

U(F) > edist(F,S0(d))” withy=2— 3 for ' € GL(d). (2.12)

2.4 Towards a multi-dimensional existence theory

Since in the multi-dimensional case already the existence of minimizers of the incremental prob-
lem

Ur = argmin/ QLD(VU:LI(SU), Vu(r))? + W(x, Vu(z)) —u(z) - f(r)dz, (2.13)
u O <T

is a major difficulty, the polyconvexity (2.9e) of G +— D(F, G)2 appears unavoidable. One
may therefore need to proceed without the use of the triangle inequality, which represents an
interesting challenge.



Assuming also polyconvexity of W (z, -) and additional coercivity
d¢,C>03p>dVF €GLy(d): W(x, F)>c(|FP+|FP) - C,

it is standard to obtain existence of minimizers U, cf. [Bal77b, Bal77a]. Moreover, using the
Dirichlet boundary conditions u(t,z) = x on 0f), the theory of weak diffeomorphisms (cf.
[GMS98]) can be applied to conclude that the inverse mapping (Uﬁ)_1 exists, and we have the
a priori estimates

U7 ey + 1UF) " wrage) < Ci,

where C, depends only on the initial condition u. Additionally the time increments satisfy

>

n=1

DU U2 < dluo) — ¢(U7) < ¢(uo) — Cs.

S|

For the incremental mappings V. = U”" o U"™!, one expects that the U" = %(V[‘—id) con-
verges to an Eulerian velocity field U such that the limit deformation u (¢, x) satisfies Oyu(t, z) =
U (t, u(t, z)). However, the composition invariance (2.10) of D, the coercivity (2.12), the Dirich-
let boundary conditions together with the rigidity estimate in [FJM02] we only obtain

N N N
1 1
Livesidp, <o SO [ dist(vve so@)y de < 6, ST Spvm id)? < ¢,
Ve WL7(Q) T Jq T T T
n=1 n=1 n=1

which is not enough to pass to the limit.

Here the main difficulty is that D does not satisfy a triangle inequality, otherwise the sublevels of
¢ in the set of weak diffeomorphisms could be considered as a complete metric space equipped
with the distance D. Indeed, this will be the approach in the forthcoming sections for the one-
dimensional case.

3 The setup for the one-dimensional Dirichlet case

Here we restrict to the one-dimensional case and set, without loss of generality 2 = (0,1) C
R. For the most part of our analysis we consider general true dissipation distances as described
in Example 2.2, namely

1/2

1
2
detwn) = ([ (@e)-caw)’ar)”, o
0
where & will be a smooth and strictly increasing function. As special family we will consider
Ea(z) = 2% witha € [1/2,1].

The case a« = 1/2 plays an exceptional role, since our theory becomes most complete. We

write
) = ([ (V@) = V@) ) )

9



This distance is called the Hellinger or Hellinger-Kakutani distance in stochastics. Note that it
can be extended to all probability measures as (a, b) — (y/a—v/b)? is convex and asymptoti-
cally linear.

The aim of the remainder of the paper is to show that solutions obtained from the incremental
minimization problem

1
U" € argmin —de(U" " u)? + é(u),
ucy 27

converge to a solution u of the one-dimensional viscoelastic problem
!/
(DWW (@, /(2 2)) + € (t,2)) 200 (1 2) ) =0, (3.2)

We will perform most steps of the proof for general £, however, at one crucial passage we need
to restrict to the case { = {12, i.e. d¢ = dgq.

3.1 State space and energy

Throughout we use the general state space .’ and define additionally the subset .7}, via
S = {ue WH(0,1) |u(0) =0, u(l) =1, u'(z) > 0ae. },
Sy ={ue S |ueW?0,1)}.

The energy takes the form

b(u) = / W (e, (x)) — f(e)ulz)da,

however, for notational convenience we set f = 0 in the sequel and omit the dependence on
the material point . The treatment of the general case requires only minor modifications, which
are standard.

We will always assume that IV satisfies coercivity and lower semi-continuity:

W(z) >c(z™ 4 2"")—Cfor andz >0 and W(z) =ooforz <0, (3.3)
W : R — [0, 00] is lower semicontinuous. (3.4)

Thus, the sublevels {¢ < M} := {u € . | ¢(u) < M } satisfy that for each M > 0 there
exists C'ys such that u € S satisfies

HUHWI"”I(OJ) + HuleWLm(og) < Cy.
Thus, for all M € R we have {¢ < M} C .%,,.

The following condition, which was introduced by Ball in [Bal84], is central to exploit the multi-
plicative structure via composition of the weak diffeomorphisms:

(W'(2)z] < K(W(2)+1) Vz>0. (3.5)

We refer to [Bal02, FrM06, MaMO09] for applications of the multi-dimensional version of this
estimate in finite-strain elasticity and plasticity. The following elementary result will be needed in
Lemma 4.2.

10



Lemma 3.1. If W satisfies (3.5), then we have
Vz,w>0: W(wz) <max{w®, w ¥} (W(z)+1) — 1. (3.6)
Proof. Fixing z > O we set g(a) = W (e*z)+ 1. Then, ¢'(a) = e*zW'(e"z) and (3.5) implies

l¢'(a)| < Kg(a). Now, Gronwall's estimate gives g(a) < e/1%lg(0) which is (3.6). O

3.2 Generalized geodesics for the distance d;

Here we consider the distances
de with §(2) = 2%, where a € [1/2,1].

A key point is that £ is concave whereas z — £(2)? is convex. We will use this without further
notice. We choose a p > 2« > 1, then for u, v € .7, the distance d¢(u, v) is well defined.

Given ug, u; € %), we define generalized geodesics s — u; = Ug(s; Ug, uy) via

wle) = 250 it o) = [ 6 (-9 (w) + s w)) v @)

For ug,uq € Yp we see that s — wu, is a continuous curve in (5”},, dg) connecting uy and
uy. The main difficulty is that the prefactor 1/w;(1), which is needed in the definition of u; to
achieve u,;(1) = 1, depends on u, and u; in a nontrivial way, such that d¢(u,., us) cannot be
calculated in a simple manner. Below we will give more specific results for £(z) = /z.

To derive the variational inequality for the incremental minimizers we use that s — Ug(S; Ug, ul) €
& is differentiable. The following result for the distance d; strongly depends on the fact that d;
is defined as an L2-norm, namely d¢(u,v) = ||£(u')—&(V')]|re-

Proposition 3.2. For{(z) = z* witha € [1/2,1] and u,v € S, we set

1 1 N __ /
A¢(u,v) = / (E(u) =€) ¢ (u') dy and Be(u, v) == / Mdy. (3.8)
0 0 &' (u)
Then, for uy, ui, w € 7, withp > 20, we have the relations
9. U{(s; uo,m)(x)‘szo = f(ul(gzig(i(;;()(x)) + Be(ug, uy)ug(z) and (3.9)
d
&dg(UE(S; ug,ul),w)z‘szo = de(uy, w)? — de(ug, w)? (3.10)

— dg(Uo, U1)2 + 2A§(UQ, ’LU)B,E(U(), Ul).

Proof. For the first relation we simply differentiate using the fact that u, := (1—s)ug + su) €
L2%(0,1), and hence 1/¢'(us) € L2(0,1).
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The second relation follows by the chain rule and and the quadratic nature of the distance d.
Indeed, letting a; = {(u);) and b = {(w’) we have

1
%dg(us, w)2|S:0 = /0 2(a0—b)§’(u6)8su;‘$:0 dx
1
:/ 2(ap—b)(a1—ag) dx + 2A(ug, w) Be (ug, uy)
0
1
- / (a1—w)? — (ag—w)? — (a1—ap)*dz + 2A¢ (ug, w) Be(uo, uy),
0

which gives the desired result. O

3.3 1D distances derived via composition

As an alternative to distance functions of the form (3.1), we now consider distance functions d
of the form

d(u,0)* = [[o(wou) ()|, :/0 W(wou)(2)"dz, (3.11)

where ¢ € Cl(O, +00) is to be chosen. This form is motivated in particular by (2.9f).

It is quite straightforward to see that d : . x . — [0, +00], and we now investigate under
which conditions it is symmetric and satisfies the triangle inequality.

Lemma 3.3. Let d be defined by (3.11). Then the following statements are true:
(i) d is invariant under composition, that is,
d(u,v) = d(id,vou™") = dluov'id) Vu,ve.7.
(ii) d is symmetric on W1(0,1) if and only if
|w(z)| =z ‘w(l/z)’ Vz > 0. (3.12)
(iii) d satisfies the triangle inequality on W11(0, 1) if and only if
|¢(zw)‘ < |w(z)| + \/Z‘@D(w)| Vz,w>0. (3.13)

Proof. (i): This immediately follows from the property of composition of maps that (vou™')~! =

uov_l.

(ii): Consider two homogeneous deformations u(z) = x and v(z) = z x, then (vou™') (u) =
zand (uo v~ 1) (v) = 1/z. The statement d(u, v) = d(v, u), written in terms of 1, reads

d*(u,v) = ¥(2)* = 2¢(1/2)* = & (v, w),

12



which shows that (3.12) is necessary.

Conversely, (3.12) implies that d is symmetric. Let u,v € .¥ such that )((v o u™!)'(u)) is
integrable, then by (3.12) and the change of variables formula,

1 1 1
duf = [ (@ ou ) du= [ o(fou) (Fou)du= [ w(or)
0 0 0
This shows that (3.12) implies symmetry of d.
(iii): Let u(z) = x,v(x) = zx and w(x) = rzz, forany z,r > 0, then
d(u, w) = |w(z7")’ and d(u,v) + d(v,w) = }w(z)‘ + \/EW(TM

This shows that (3.13) is necessary.

To prove the converse, we can assume without loss of generality that © = x; then by (3.13), for
any v, w € . we have

d(w,w) = [ (G o), = (% o w™] [& oD,
< (g ow ), + (G ou™) e (g 0u™) .

and a coordinate transformation in the second integral on the right-hand side (similar as in the
proof of (ii)) yields the triangle inequality. O

As a simple consequence of the foregoing lemma we obtain upper and lower bounds on . We
only give bounds for z > 1; the corresponding bounds for z < 1 are obtained from (3.12). We
note in particular that the (maximal) choice 1/(z) o (1/z — 1), which corresponds to d = dx,
again appears naturally.

Corollary 3.4. Suppose that d is a metric, v € C*((0,400)), and 1)(z) = 0 if and only if
z = 1. Then, assuming without loss of generality that 1)(z) > 0 for all z > 1, there exists a
constant ¢ > ( such that

c(vVz—1)<y(z) <20 (1)(Vz—1) Vz>1. (3.14)
Proof. Since 1)(z) > 0for z > 1, (3.13) becomes
Plzw) <P(2) +Vep(w)  Vz,w > 1
Letw = 1+ ¢ for ¢ > 0. This implies

Y1 4+2) = 0(z) _ 1 w(1+2) — ()
ze ~Vz €

Taking the limit as € — 0 gives

, Ve > 0.

V(z) <

Integrating this inequality yields the upper bound in (3.14).
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Now suppose, for contradiction, that the lower bound is false. Then there exist z; — 00 such
that ¢(z;) < ,/Z;, and consequently,

v(z)

J

[Y(1/2)| =

— 0 asj — oc.

This clearly contradicts the assumption that 1/(0) # 0. O

3.4 The square-root distance

We continue to call the Hellinger distance the square-root distance

datu) = [ (Vi) - ) an)

to emphasize its role in the family d; studied in Section 3.2 as well as the composition distance
studied in Section 3.3 with ¢)(2) = /2 — 1 or in Examples 2.2 and 2.3 with ¥ (z) = (y/2—1)%.

Lemma 3.5. We have the elementary estimates
v 7 L 2 < Lyl < <V2
wUES: g sq(u,v)* < §||u —||p1 < dsq(u,v) < V2. (3.15)
Moreover, (.7, ds) is a complete metric space.

Proof. The first estimate follows from the simple estimate (v/a—+/b)? < |a—b|. For the second
estimate use fol udr=1= fol v’ dz to obtain

1 1
/ /| de = / N[Vl da
0 0
1 1/2
gdsq(u,v)(/ (v'+2vu'v'+0') dm) < 2dgq(u,v)

0

and deq(u, v)? = [i (u'—2v/uv'+v') dz < 2.

Since . is a closed subspace of W!(0,1) and dy, dominates the norm in W1(0, 1), the
completeness of (., dy) follows. O

The main advantage of the square-root distance is that the generalized geodesic curves u; =
Usq(s; 1o, u1) can be studied more precisely:

1 v 2
Utsitonin) = o5 [ ((1=v/ak) + 5v/i)) o (8.16)
s 0
where w,(1) = 1 — s(1—s5)dgq (g, u1)*.
To see the form of w,(1) given above, we use ug, u; € % and find

s(1) (1 s up(y) + sy/uh (y ) dy=(1 —s)2+82—23(1—3)f01\/ugu’ldy
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and use the identity
dsq (u,v)? = fol (\/U—\/Ffdx = fol (' —2Vu'v'+0') de =2 — 2 fol Vuv'dz. (3.17)

The next result specializes Proposition 3.2 for the case { =/, i.e.a = 1/2, and provides the
derivative of dgq along s — Usq(s; ug, u1).

Proposition 3.6. Foru,v,w € .¥ = .% and A and B defined in (3.8) we have
1
Ag(u,v) = stq(u,v)z and By (u,v) = dyy(u, v)*. (3.18)

Hence, we find the relations

d
——dsq(Usq(5; uo, u1), w)2|5:0 = dyq(u1, w)? — dsq(to, w)?
ds ] (3.19a)
- dsq(u(b u1)2 + §dsq<u07 w)stq(u(h u1)27
d
Edsq(Usq(s; uo,ul),uo)Q}Szo =0, and (3.19b)
d2
@dsq(Usq<S; U, 'Lbl), UO)2 ‘s:O = 2dsq(u0, U1)2 + %dsq(uo, U1)4. (3.19¢)

Proof. The identities (3.18) and (3.19a) are special cases of Proposition 3.2. The identity (3.19b)
is a special case of (3.19a).

To prove (3.19c), we first note that a straightforward calculation using (3.17) shows

2 — sdsq(ug, ug)?

dsq(Usq(8; o, w1), Uo)2 =2
ws(1)

9

where w;(1) is given in (3.16). This expression can be explicitly differentiated and evaluated at
s = 0 to obtain (3.19c). O

The next result shows that dgq is locally approximately 2-convex (as already suggested by
(3.19¢)) along the generalized geodesics. This result relies on the L2-structure of the norm
and will be used to show strong convergence of minimizing sequences for the incremental min-
imization problems, see Proposition 4.3.

Lemma 3.7. Given ug, ui, w € . the midpoint u ;2 = Usq(1/2; 1o, u,) satisfies

g (dsq(uo, w)2—|—dsq(u1, w)Q) +2—2p

where p = (1 — +dsq(uo, ul)Z)_l/2 € [1,V2).

dsq(u1/27 w)2 =

Moreover, for all ¢ > 0 there exists § > 0 such that dsq(uo, u1), dsq(uo, W), dsq(ur,v) < 0
implies
dsq (12, w)* < Ldyq(ug, w)* + Ldsg(ur, w)? — 255 1(1—3)dsq (o, u1)*. (3.20)

In particular, for e = 1/2 it suffices to choose § = 1/2.
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Proof. The general identity dsq(ul/g, w)2 follows from the definition of Uy, and (3.17).
To obtain the estimate let 0 = dgq (1o, u1)? and o = dgy(uj, w)% Then, foro < § < 1/4 we
have p = (1—0/4)"1/? € [14+0/8, 140 /4]. Hence,

dg(uryp, w)* < (145) ($+5) +2 - 2(1+5)

~ Hawkar) = (5= % = 2)a < Yavray) - (4 -

INE

)o.

which is the desired result for § = /¢ /2. O

4 Time-incremental minimization problem

In this section we keep the time step 7 > 0 fixed and study the existence of minimizers for the
time-incremental minimization problem

1
u, = argmin —dg(u,v)?* + ¢(v). (4.1)
vESp 27

By inserting the definition of d¢ we have to minimize the functional

v [ 50 @) — @) + Wi (@) = Fa)ule)do

under the constraint v(0) = 0, v(1) = 1,and v'(z) > 0 a.e.in (0, 1).

To make the calculations easier, we simplify the energy function in this and the following section
by assuming
¢(u) = [} W(u'(z))dz and inf,oW(z) >0, (4.2)

i.e. we omit the z-dependence of W, and the loading (¢,u) = fol f(x)u(z) dz is set to
¢ = 0. It can be easily checked that the whole theory works in the general case as well. The
normalization W' (z) > 0 implies ¢(u) > 0 and hence the solutions w., of (4.1) satisfy

o de(u,ur)? < () — (ur) < d(u).

Moreover, we will derive a discrete variational inequality (DVI), that will allow us to pass to the
limit 7 — 0, in the next section. We recall that we do not assume convexity of the energy
density /' — W (F) to allow for the modeling of phase transformations. Nevertheless we will
use suitable generalized convexity conditions. They will be especially important when studying
the slope of ¢ with respect to the metric d.

4.1 Convexity of the energy ¢
There are two possible approaches to obtain existence. The first result uses the classical con-

vexity of z — W (z). The given assumption (4.3) will only be used for this result and are not
needed in the remainder of this work.
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Proposition 4.1. Assume that {(z) = z“ for « € [1/2, 1] and that the stored-energy density
W satisfies (3.3) with my > 2« and the following conditions

IANY €RV 2,2 >0, s€(0,1):

W((1—=s)zo+s21) < (1—s)W (zp) + sW(z1) — %5(1—5)|21—ZO|2,
dJR>1:

(4.3a)

W| 0.1/R] and W| [R.o0) 31€ CONVEX. (4.3b)
Then, there exists T, > 0 such that for all T € (0,7.) and all u € .5, there exists a unique
minimizer u., for (4.1).

Proof. For zy > 0let g, (2) = (2* — 2§)%. Using a € [1/2, 1] one sees that the mapping g.,
is strictly convex on [0, o). Hence the mapping z — 5-(2* — (u/(z))*)? + W (%) is strictly

2
convex on [0, 1/R] and on [R, c0).

For 2,2y € [1/(2R),2R] we have g7 (z) > 2a/(2R)*7** > 0. Choosing 7. > 0 such that
5200/ (2R)*72 + AW > 0, for all 7 € (0, 7] the sum 3-g.,(2) 4+ W (z) is strictly convex
on [1/(2R), 2R]. Together with the above convexity on [0, 1/R] and on [R, 00), we have strict
convexity on [0, c0) and conclude the existence of a unique minimizer. O

We now establish existence and uniqueness of minimizers by employing a notion of convexity of
¢ with respect to the metric d;. This notion of convexity is more readily combined with convexity
of d¢ along generalized geodesics and can serve as a basis for studying the time-continuous
limit 7 — 0. For general strictly increasing & we define

Wey) = W(E (y)) fory € im(€)
and impose a A-convexity condition for IV:
FIAVeY g,y >0Vs €[0,1] :
AW (4.4)

We((1=s)yotsy1) < (1—s)We(yo) + sWe(y1) — 78(1—8)|y0—y1|2.

The following lemma shows that this condition implies a kind of A-convexity of ¢ along the
generalized geodesics u, = Ug(s; ug, u1).

Lemma 4.2. Let {(z) = 2 with a € [1/2,1] and let W satisfy (3.5) and (4.4). Consider
ug, uy € & with p(u;) < oo and define us = Ug(s;ug, 1) via (3.7). Then, for all s € [0, 1]
we have

AV
d(us) < ws_K<(1—s)¢(uo) + so(uy) — Ts(l—s)dg(uo, u1)2> +w; K —1, (4.5)

where w, = w;(1) is defined in (3.7) and K in (3.5). If « = 1/2, i.e. d = d, then

¢

d(us) < (1—s)p(ug) + so(uy) — %s(l—s)dsq(uo, up)? (4.6)

with \? = (1 + C /2)AVe — Cx (M +1), M = max{¢p(up), d(u1)}, and Cr = 2(25-1).
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Proof. We first show w(1) € [1/2, 1]. The upper bound follows from convexity of £ ! via
1 1
wV) = [ € (1= 9)euh) + () de < [ (1= s)u+ s ) do = 1.
0 0
For the lower bound we use - ((1 — 5)2§ + s2{)"/* > 0 for a € [1/2, 1], so that we get

, (4.7)

DN —

ws(1) > /1 ((1 — 5)\Juh+ s u’1>2da: >1—-2s(1—s)>

where the last inequality follows from an explicit computation as in Section 3.4.
The estimate of ¢(us) relies on the multiplicative estimate (3.6), which follows from (3.5) (cf.

Lemma 3.1), and the A-convexity of W by applying (4.4) with y; = &(u’;()):

Blus) = fy W(EEH(1—5)&(up)+s€(u)))) da
<@e Wy K [ W (€T (1—8)E(up)+sE(u)))) do + w; K — 1
= w; ™ fy We((1=8)é(up) +sé(uwp)) da + w X — 1

Sy Wy [ (1) We(€ () +sWe (§(uh)) — 25 5(1—5) € () —€ (uf) [P da + wy K1

= w0 K (1=)0(uo) + s6(ur) — 55 s(1=s)de(ug, ur)?) + 1wy ¥ — 1,

which is (4.5). For & = 1/2 we have w,(1) = 1 — s(1 — 8)dsq(uo, u1)? from (3.16); hence,
w; K <14 Cres(1—s)d2 (ug, ur) < 14+ 5Ckd2 (ug,uy) with Cx = 2(25—1). Inserting
this into (4.5), and employing the bound ¢(u;) < M, we obtain (4.6). O

Using the approximate 2-convexity of ds, established in Lemma 3.7, and the A\?-convexity of ¢
from (4.6), we can now obtain uniqueness of minimizers for the time-incremental problem.

Proposition 4.3. Assume {(z) = \/z and that W satisfies (3.4), (3.5), and (4.4). Then, for
all M > 0 there exists T, = T.(M) > 0 such that for all 7 € (0,7.) and all uw € . with
¢(u) < M there exists a unique minimizer u, € . for the time-incremental minimization
problem (4.1).

Proof. Let \? be defined by (4.6) but with M as prescribed in the hypothesis. Let ®(v) :=
=d2 (u,v) + ¢(u). If ®(v) < d(u), then, since ¢ > 0, dyq(u,v)? < 27M and hence we

2T 78q

only need to consider v € . := {v € . | dq(u,v) < V2T M }.

Suppose that 7 is sufficiently small so that /27 M < 1/2, then, for vy, v; € .’ and Vg =
Usq(1/2;vg,v1), (4.6) and (3.20) imply that

(I)(%’Uo + %’01) < %¢(’Uo) + %¢(Ul) — ()\¢ + %) %dsq(’l)o, Ul).

If T is so small that A\? + % > (0, then one can readily prove the stated result, following for
example the proof of Lemma 4.1.1 in [AGS05]. O
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4.2 The discrete variational inequality

By the above subsection we can assume that the time-incremental minimization problem has
(unique) solutions. We will now show that solutions satisfy a variational inequality that can be
used to derive strong convergence (at least in the case of dyq) and to pass to the limit 7 — 0.
The idea is to compare the incremental energy at the minimizer .- and at Ug(s; Ur,v) for s
small. For this argument, we do not need geodesic convexity properties along the whole curve
[0,1] 3 s = U(s;u,,v), but rather the derivative %L:oy

Theorem 4.4. Assume £(z) = z* fora € [1/2,1] and that W satisfies (3.3) with m; > 2a,
(3.4), (3.5), and (4.4). For T > 0 take u € %5, with ¢(u) < oo and assume that u, € ./
satisfies the time-incremental minimization problem (4.1). Then, for all v € Sy, we have the
generalized discrete variational inequality

1 AWe
Yve. S (alg(uﬂv)2 — de(u, v)2> + ng(uT,U)Q

T

S (;5(1)) - ¢(UT) - §d§<u7 UT)2 + C.E(Ta Uu, uT)Bf(uTa U)?

where Ce¢(T,u, w) := fol (L(&(w)—=E(W))E (w') + W' (w'))w' da.

Proof. We consider the functional w — ®(7, u; w) = 5-d¢(u, w)? + ¢(w), which satisfies

1 1 ,
0 < —(@(r,u Uelsiur,v)) = @7, usuy) ) = =Ti(s) + Tas)  with

1 1
11(5) = (de(Ue(s 1, ), 0 e, u)?) and To(s) = ($(Ue(s: ) — 6(u)
for s € (0, 1]. Using Proposition 3.2 with up=u, u;=v, and w=u the limit s — 0, gives
Ti(s) — T1(0) := de(v,u)? — de(u, ur)? — de(ur, v)?* + 2A¢ (ur, u) Be(ur, v).

We decompose T3 according to the definition of Ug (s; ug, u1) =

S

"1
Ti(s) = /0 Lo wl(2)) — W(a))) da.
For T (s) we use w!, = £~ ((1—5)&(up)+s€(uy)) and the A-convexity of Wy, namely
AWe

W (w) = We((1=s)& () +s8 (1)) < (1=s)W () +sW (u)) ——=s(1=s) (£ (ug) =€ (u1))*,

Hence, we conclude lim infy_q, T4(s) < Ty = ¢(u1) — ¢(uo) — #d&(UO, uy)?.
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For T5(s) we use <& S:O+ws(1) = — Be(ug, u;) so that by (3.5) we obtain

Ts(s) — T3(0) := Bg(uo,ul)/o W (ug(z))ug(x) d.

From T'(s) > 0 we have T (0) 4 T5(0) 4+ T4(0) > 0. Inserting uy = u, and u; = v into
T3(0) and T4(0), we obtain the generalized discrete evolutionary inequality (gDVT,). O

To turn (gDVI,) into the more useful discrete evolutionary inequality, we need to control the new
term C¢ (7, w, u,) Be(u,, v). For the first factor we note that the quantity C is closely related to
the Euler—Lagrange equation for the minimizers. If w minimizes v — 3=d¢(u, v)? + ¢(v), then
the weak form of the Euler—Lagrange equation for w reads

AY%awrfw»awwuvwwﬁﬂxzm

where n € C°((0,1)). Thus, C¢ is obtained by choosing 7 = w (which, strictly speaking,
is not an admissible test function, because w(1) = 0). However, by the lemma of Du Bois—
Reymond £ (&(w")—&(u))€ (w') +W'(w') is constant. Using fol w'dx = 1 we conclude that
C¢ must equal this constant. We also see that the term C¢ will be in general not small even if 7
is small. In fact, in the formal limit 7 — 0 the time-dependent constant C convergences to the
constant stress X(t) = &' (u/(t, z))*u/ (¢, ) + W'(u' (¢, z)).

Thus, to control the additional term C¢ B it is crucial to control B, which can be done in two
cases. First consider £(2) = z (i.e. « = 1), then B¢ = 0 and we are in the situation of classical
convexity. Second, the square-root distance dy, (i.e. @ = 1/2) can be treated because of the
identities (3.18) for A¢ = Ay and By = B

Corollary 4.5. Under the same assumptions as in Theorem 4.4 assume now o« = 1/2, i.e.
d¢ = dsq. Then, for each M > 0 there exists Ay > 0 such that for any u € .7 with
o(u) < M, any minimizer u., of (4.1) satisfies the discrete variational inequality

AVe — A
—Mdsq(uT, v)?

1
Vve S —(dsq(uT, v)? — dyq(u, v)2> +
2 2 (DVLy)

T

< (o)~ B(ur) — 5ol ur )

Proof. We estimate the term Cy, by exploiting its specific form, namely Cs, (7, u, w) = %Asq(u, w)+
f01 W' (w")w' dz. Using (3.18), (3.5), and (4.1) we obtain the estimate

1
|Csq (T, 1, 17 ) By (ur, v)| < (Edsq(u7 ur)? + Ko(uy) + K)dsq(uT7 v)?
< (max{i, K}¢(u) + K)dsg(ur, v)* < Aprdsq(ur, v)?

with A\yy = max{%, K} M + K. Hence the term Cy, B, can be moved to the left-hand side
and the result is established. O
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Remark 4.6. For general { a good estimate B is still missing. For £(z) = z* we find

1 [ 1 .
Be(u,v) = 5/0 u' — (V) () dr = /0 1—(42)"du > 0.

Fora > 1,z, € (0,1),and 0 < § < 1 define piecewise affine functions us, vs € . with

uy(x) = 0, vy(w) = af, us(y) = 222 vi(y) = B2 for0 <z < 7, <y < 1.

1—xx 1—xx

This gives the expansions d¢ (us, vs)? = z.(1 —a®)2§** + O(6?) and B¢ (us, vs) = (1 —a+
aa — a®)d + O(6%). Hence, for a € (1, 1) we cannot estimate B in terms of dZ, for general
choices of a, z,, even when restricting to sublevels of ¢.

5 The time-continuous case

In this section we first give the limit passage 7 — 0, from the (DVI), to the evolutionary
variational inequality, namely

£ deut), ) + Sde(u(t), v)* < 6(0) — 6(u(0) + CoBe(u(t),v),  (BVL

where u : [0,00) — .7 is absolutely continuous in (., d¢), u(0) = wuop, and satisfies
sup{ o(u(t)) |t > 0} < @(up) < M. Afterwards we show that solutions for the (EVI),
are in fact curves of maximal slope, and finally that they satisfy the PDE (3.2).

5.1 Strong convergence in the case d

In the case of the square-root distance ds, the discrete variational inequality is exactly of the
type studied in [AGS05, Ch.4]. Thus, we can employ the same arguments and obtain strong
convergence. Let t" := n7 and UT, U, denote, respectively, the backward and forward piece-
wise constant interpolants of u... Then, we have the following result:

Proposition 5.1. Let T € (0, 7.) and u, be the solution of (4.1) with d¢ = d,. Then the family
U . of discrete solutions is convergent to a function u(t) € C([0,00);.¥) asT — 0, uniformly
in each bounded interval [0, T). In fact,

VT >03Cr: sup dy(u(t),U.(t)) < Cr/T. (5.1)

te[0,7)

Proof. One can essentially follow the proof in [AGS05], so we only give a sketch. To begin, we
recall some notation. For 7,1 € (0, 7), let

0(t) =02 fort € (1" "] and £,(0) = 0,
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which we use to define the following piecewise affine interpolants:

or(t) = (1= L) (U, (1)) + £ (1) p(U-(t)),
d-(t; V) i= (1 = (1)) dsq (U, (), V)? + £ (1) dog (U (1), V)?,
dr(t,9)> 1= (1= £y(8))do (U, (5))2 + € () (5 T ()%, £, > 0.

All of these interpolants are defined for all £, s > 0 and are differentiable everywhere except on
a discrete set.

With v := AWsa — X,/ in (DVI),, we apply [AGS05, Theorem 4.1.4] directly in each interval
(t"~1 ™) and obtain

(V) +27dyg (U, V) + 2(-(t) — 6(V) < Z:(1),
where '%T<t> = 27—(1 - €7)<¢(Q7—) - ¢(U7)) + (1 - 2€T<t>>%dsq<QT7UT>2'

To simplify the subsequent notation, we estimate
(1) < A1) = 2o(U,) — 6(U,)) + Ldo(U,. U,)".

Next, following the proof of [AGS05, Corollary 4.1.5 and 4.1.7] (since the argument applies the
inequalities for U, and U, separately, it can again be repeated verbatim) we obtain

Oydry(t, 3)2 + 2vd,(t, 3)2 + 20, (t) — 2p,(s) < ZL(t) + M.@f(t), and (5.2)
Oslry(t,5)” 4 27dry(t, 8)* + 20y(5) — 20-(t) < ) (s) + V1 Z3(s), (5.3)

where 2%(t) = (1 — £.(1))%ds(U,,U.)? < dy(U,,U,)?. Adding (5.2) and (5.3), and
setting s = t, we obtain

LA (t 1)+ 27 d2, (1) < & (1) + &,(t), (5.4)

where the residual &; reads &;(t) = 2[¢(U,) — ¢(U.)] + (|7] + 77 1)ds(U,,U-)% In
particular, applying Grénwall’s inequality we obtain

T
&2, (T,T) < 7+ /O (&) + &®)]dt - VT >0, (5.5)

where A > 0 is a constant.

The first group in the expression for &, is a telescope sum, and hence we get
TN N
| 20— 6Tlat = 20 Slo(Ur) - o(U2)] < 206(w0)
0 n=1

To estimate the second group we note that --ds, (U, U,)?* + ¢(U,) < ¢(U..), so that

(I + 77 dg (U, U-)* < 27| + 1) (6(U,) — 6(U7)).
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From the first estimate, we deduce that

Nt
/'ﬂﬂ+r*mwﬂﬂafws2kuﬁwwwy
0

Therefore, there exists a constant C's, depending only on y and ¢(ug) such that

Nt
/ & (t)dt < Cer VYN €N, Vre (0,7.). (5.6)
0

We wish to prove that (U (t));c(o,-.) is a Cauchy sequence in . for every ¢ € [0,7']. Com-
bining (5.5) and (5.6) we obtain

dry(t,t)? < MO (T 49)  VE€[0,T),

hence we only need to bound OZS(Jl(UT,ﬁ?)2 in terms of dzn. To that end we can again use a
result of [AGS05] where it is shown, in the proof of Theorem 4.2.2, that

doo(Ur, Uy)? < 3dyy(t,1)* 4+ C(T + ).

By completeness of (., dsq) (see Lemma 3.5) this shows that there exists a limit curve u :
[0,7] — . suchthat U (t) — wu(t) in . forallt > 0. Since the constants C' and C'r do not
depend on t € [0, T'] the convergence is in fact uniform:

_ <l
trerf(%i] dsq(Ur(t),u(t)) < Crr

In particular, it follows that the piecewise affine interpolant converges, uniformly in [0, 7], to the
same limit, and hence u € C'([0, T]; ). O

Having the strong convergence of U, to an absolutely continuous u, we can now pass to the
limit in an integrated version of (DVI), to an integrated version of (EVI),, which is then equivalent
to the above differential form of the (EVI), ([DaS08, DaS10]).

Theorem 5.2. Assume that d; = dsq and that W satisfies (3.3) withm; > 1, (3.4), (3.5), and
(4.4). Then, for each initial condition uy € .7 with ¢(ug) < M < oo there exists a unique
solution of (EVI)x, where A < \Wsa — X\,,.

Proof. Integrating (DVI,) from 0 to T, for any v € . we obtain

/OT % (dsq(UT, 0)? — dyg (u, v)?) dt + /OT (d)(UT) + %dsq(UT, U)?) dt

T T 4 -
< / o(v)dt — / —dsq(u, U,)?dt
0 0 2T
where A < AWsa — \;,. Since
1
.0, )? + 0(ur) < 00,
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by Proposition 5.1, passing to the limit as 7 — 0, gives

5 ()0 = da(u0),0?) + [ (60t + 2dalult). vP) dt < T o(0).

2 0
By [AGS05, Remark 4.0.5] there exists at most one integral solution to this formulation with
prescribed initial datum and it corresponds to

%%dsqw(t), v)? + %dsq<u(t>, v)* < ¢(v) — d(u(t)),

which is equivalent to (EVI),. O

5.2 The slope

To connect the evolutionary inequality formulation (EVI,) with curves of maximal slope, we first
study properties of the slope. Under some of our previous assumptions for general £(z) = z*
with a € [1/2,1] we show that the slope can be characterized and has useful properties,
such as lower semi-continuity on (%, dg). For the sake of simplicity, we restrict our result to
&(z) = 2%, but the proof reveals that it is in fact valid under more general conditions involving
the regularity and the growth of £ and L.

Following [AGS05] the local slope |0¢| of ¢ at u € D(¢) is defined by

|06 (u) := lim sup (9(u) = ¢(U))+.

v (u,v)

(5.7)

Theorem 5.3 (Slope). Let&(z) = 2% a € [1/2,1] and assume that (3.4), (3.5), (4.2), and
(4.4) hold. Then foru € D(¢p) N S, the slope |0|(u) is given by

i) = { N0V @)=CH/E @] for W' (/€ () € L2(0,1),
S otherwise,
where C,, € R is such that fol(Wl(U')—Cu)/é"’(u’)z dz = 0.

Proof. We first consider the case W' (u') /&'(u') € L?(0,1). Since (4.4) is equivalent to say
that z — We(z) — %MQ is convex, we have

A\We PUE
We(€(v) = - [E(I° = We(€(W)) = =€) +
ok [We(ew)) — 6P (6w) — €u))
Using We(2) = W (&' (2)) and hence W{(£(2)) = W'(2)/¢'(2), one obtains

W) > W) + W) (W) =€) /€ W) + 2 e(0) — £(u)]2.
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Using that W' (u') /&' (v), £(u'), and £(v') lie in L2(0,1), we can integrate and using the
Dirichlet boundary conditions we obtain, for all C' € R,

/Ol(W(u’) —WE@)—-C —v"))de <
< [(B) -0 (i) ) e - ewnar+ Bl i

§'(w) §(u') = &(
() o~ A
< ‘ () - C ({(u’) —é(v’)) ng(u,v)—i— 5 de(u,v)?..
Definition (5.7) implies that
, W' (u') ( u = )
1 —C| —F——F—
0¢](w) < limsup &) O g(v') 2
< W) = C)/€ (W)l ) ~ T |,

For £(z) = z* with @ € [1/2,1] the second term on the right-hand side vanishes. Indeed,
settinga = (u/)* and b = (v')* we have v — win (., d¢) if and only if b — ain L*(0, 1)
The case a = 1 is trivial. With 3 = 1/a € (1,2] we have to show =2 — 3aP~1 |
LY0,1). From |y?~! — P71 < |y ¢|P~1 and yﬁ_'zﬁ

obtain the elementary estimate |y — pyP1 < ﬁ|y z|P~1. Now we have

= B¢P~1 with & between y and z we

< Bl la=b" |z < Blla=blly " = Bde(u, v)*".

il

1 W= _ /-1 __ aﬁ bﬂ
) Ew)—£) )2 = ||Ba

We therefore obtain that
0¢[(u) < [[(W(u') - C) /& (W), forallC €R.

Minimizing with respect to C' we obtain the minimizer C', as stated above.

To prove the lower bound, consider v, € . where

vs(z) = (id + sp)(u(z)), ¢ € C([0,1]), ¢(0) = (1) =0,

such that |¢’| < K. We assume throughout that s < 1/K. Since |{(v])| < (1+Ks)*|€(u')],
once again Lebesgue’s dominated convergence theorem yields dg(u, vs) — Oas s — 0, which

implies
|0¢|(u) > lim Sup—¢(u) — ¢(US>.

s—0 &(uv Vs)

For the denominator we use {(z) = 2 and v, = v/(1 + s¢’) and obtain
1 2 1 9
de(u,v,)° = / ()21 + s¢)* = (W)) d = / ()2 (1 + 5¢') = 1)*da
0 0

1
232/ o? (W) (') da + O(s) = s*||&' (W) (¢ o u) H;—%—O(s?’).
0
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For the numerator we use fol(u’ — vl)dx = 0 and the special form of v, and find

lim sup % /01 (W(u/) — W(U;)) dz

s—0

— limsup /0 1 (W(u’) - W(u'(1+sgo’(u)))> dz

. /ﬁ?ﬂ{;ﬂf(mwW(stso’(u)))) "

1
= [ (W) ) () d.
0
Changing variables, we obtain that the slope admits the lower bound

Jialr)g/(r)dr
' /0]l,
a(r) .= -W'@'(u"'(r))) and  b(r) =

|06](u) > for all p € Cy([0,1]) with

1
(V' - &'(u)) out(r)
We emphasize that, due to (3.5) and u € D(¢), a € L' and hence the nominator is well-

defined. Moreover, using the fact that v/ € L** it is easy to see that 0 < b,1/b € L? and
hence the denominator is also well-defined.

Thus, we can apply the following lemma, and the desired result follows. O

Lemma 5.4. Consider a,b : (0,1) — R witha € L'(0,1) and 0 < b,1/b € L?*(0,1). Let
H(a,b, ) = [ ap'dr/|¢'/bl|s and ¢, = f01 ab*dr/ f01 b*dr, then

b(a—cay)llo ifab e L2(0,1),

sup{H(a,b,sD)‘SOGCgo(Oal)}:M(avb) ‘:{ 00 else.

Proof. Step 1: We first note that the supremum can also be taken over ¢ € Wol’oo((), 1) =
Co([0,1]), because C°(0, 1) is weakly* dense and H (a, b, -) is weakly* continuous.

Step 2: For ab € L?*(0, 1) the Cauchy-Schwarz inequality gives
1
Jo bla—c) - (¢'/b)dr
1 /0][2
Minimizing with respect to c yields the upper bound sup,, H (a, b, p) < M(a,b).

H(a,b,p) = < ||b(a—c)|]2 forallc € R.

Step 3: For k£ € N we define xx(z) = 1if |a(x)| < kand b(x) < k and x(x) = 0 else.
Then, xxa, xxb € L>(0,1). We define @), € W,°(0,1) via

o), = xxb*(a—cy) with ¢ = fol xrab*dz/ fol ib? dz.

. . 1
Using X} = xx we easily find H(a, b, o) = [, (a—cx), dz/||¢ /b2 = [[xrbla—ck)]]2. If
ab € L*(0,1), then ¢x — ¢4 and xrab — aband xxb — bin L*(0, 1) strongly. Hence we
find the lower bound

sup H(a, b, ) > lim H(a, b, pr) = lim |[xib(a—cp)l2 = [[b(a—cap)llo = M(a, b).
o —00 —00
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Step 4: Assume now ab & L?(0, 1), which means || yabl||2 — 0o. We define

U, xxb and wy = xkab giving [|ug||2 = [Jwill2 = 1.

— [Ixkbll2 | xxab||2

First we have u; — m-bin L*(0, 1), and second wy, — 01in L?(0, 1). Indeed,

1

1
:W/ Xmabvdxlﬂoo forallm € Nand v € L*(0,1),
Xkavl|2 Jo

1
/ wg(Xmv) dz
0

since Xk Xm = Xm for k > m and || xxablls — oo. Because the function x,,v are dense in
L?(0,1), the proof of wy, — 0 is complete.

Rearranging the terms in H (a, b, ¢y) gives

2
(fol Yrab? dx)
fol xi:b?dx

1
H(CL, b7 QOK)Z = / Xka2b2 dr —
0

2
- ||Xkab|]§(1 - <f01 ukwkdx) )
Using || xxab||3 — oo and fol urwy dz — 0 we conclude that H (a, b, ¢r) — 0o, which is the

desired lower estimate sup,, H (a, b, p) = oo = M (a,b). O

In the case d = d the situation is again better, as we have A\?-convexity along our generalized
geodesic curves.

Proposition 5.5. Let(z) = +/z and let  and W satisty (4.2), (3.4), and (4.4). Then, the slope
|0¢|(u) as given in Theorem 5.3 is a strong upper gradient and is ds-lower semicontinuous.

Proof. We slightly modify the proof of [AGS05, Thm. 2.4.9] to prove that

— 2\ +
d(w)<o(v)+1

where \? is given by (4.6) with M/ = ¢(v) + 1. Once this is established the d,-lower semicon-
tinuity and strong upper gradient properties can be easily established by following the proof of
[AGSO05, Cor. 2.4.10].

Let p(w) < ¢(v) + 1 and vy := Uy(s; v, w), then (4.6) and a straightforward computation
imply

+sdsq(v, w)

(¢(U) - ¢(vs))+ . (¢(v> — ¢(w) oy

dsq(v, v5) dsq (v, w)

Letting g(s) = dZ,(vs, vo), by (3.19b) and (3.19¢) we have

+ %)\¢(1 — 8)dsq(v, w))

9(s) = 9(0) + g'(0)s + 39"(0)s* + o(s%) = 44"(0)s* + o(s)
< % 2 dsq(vo, v1)?s% + o(s?)
= (dsq(UOa U1)2 + 0(1))82.
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Hence,

dsq(vs,v9) = <\/dsq(vo, v1)? + 0(1))3 = dgsq(vo, v1)s + o(s).

This implies

|0¢|(v) > limsup

(¢(v) - ¢(vs))+

s—0 d(U,US)
o(v) — d(w) 12 d(v. w "
> (M )

Taking the supremum over w we obtain a lower bound in (5.8).

Conversely, the upper bound is an immediate consequence of the definition of the slope. O

5.3 Curves of maximal slope

Following [AGS05], let .’ be a metric space with distance d and let ¢ : . — R U {+00}. An
absolutely continuous curve u : (0,7) — . is a curve of maximal slope for the functional ¢
with respect to an upper gradient g : . — R U {400} if

1 1

S otu(t) < —shOF ~ Lo (u(t)), (59)

fora.e. t € (0,7, where |u/| denotes the metric derivative,

(1) = lim D) u(8)

5.10
s—t ‘3 —t’ ( )

which exists for a.e. t € (0, 7).

Next we show that all solutions of the (EVI), are in fact curves of maximal slope. This can again
be done for general . Note that also for d; different from dsq we may have solutions of (EVI),,
e.g. by assuming that u/(t, =) only takes finitely many values, cf. [Sen10].

Theorem 5.6. Assume that d = dsq and W satisfies (3.4), (3.5), and (4.4). Then the solution
u to (EVI)y is a curve of maximal slope, that is, ¢ o u € AC,., and

Lo(ut)) < —L/|?(t) — £|00)*(u(t))  forae.t > 0. (5.11)

Proof. From Proposition 5.5 we know that |¢| is a strong upper gradient and ds,-lower semicon-
tinuous. Since we know from Theorem 5.2 that the unique solution u to (EVI), is @ minimizing
movement, we can apply Theorem 2.3.3 in [AGS05] to obtain that u € AC}, ., ¢ou € AC and
u is a curve of maximal slope. O

5.4 Weak solutions of one-dimensional viscoelasticity

Finally in this subsection we show that curves of maximal slope give rise to weak solutions of
the partial differential equation of one-dimensional viscoelasticity.
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Theorem 5.7. Let{(z) = 2 with o € [1/2, 1] and assume that W satisfies (3.4), (3.5), and
(4.4). Also assume that u(t) € C1([0,T]; C*[0,1]) N AC?%([0,T]; 7), thatu'(t,z) > 6 > 0
for all (x,t) € [0,1] x [0,T7, and that u is a curve of maximal slope for the functional ¢ with
respect to its upper gradient |0¢|. Then, u solves the partial differential equation

Div (D, W (4 (¢, 2)) + €' (W' (¢, 2))* 0 (t, ) = 0. (5.12)

Proof. We apply the usual “trick” to show the equivalence of curves of maximal slopes and
gradient flows on Hilbert spaces. We begin by computing a bound on the metric derivative
defined by (5.10):

1 / ’ 2 1/2
|U/|(t) = liminf (/0 (g(u (5)) = £(u (t))> d:lj)

s—t |$ —t|2

! '(s)) — &(u 2 i
( / fmint (au( f) —f|( <t>>) dx)

1 1/2
- (/ (B (1)) dx) O o], 613

v

Provided that DW (u/(t))d,u/(t) € L*(0,1) we have
d d
Sotut) = [ SW)dr= / W (') Oy () d

0

However we know that

/W’ dx—/o (W) = C) [€' (W' (1)) € (W (t)) O (¢) da
(W) — C) (€ N3 + B I (e (4)) 0t (1)1
00 (1)) + 5 (1)

Since v/ > 0 for a.e. z € (0, 1), using Cauchy-Schwarz’ and Young’s inequalities we can
continue by estimating

Gotu) = [ V) =) W o) € e) e do

=~ (W) = ) [ I, ||€ (' (1)) e (1)
=3IV @) =€) (€' @) IHQ—aus (1) 9 (1)
Applying Theorem 5.3 and (5.13) we obtain

Lou(t)) > —L|(W'@) —C) €@ @) Ys - L|e @ @) o (0)||2
5]

uA(t) = §oult)),

v

v
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where in the last inequality we used (5.11). Hence, all inequalities that we employed in this proof
are in fact equalities yielding

(W) = C) [§'(u'(1)] ™ = £(£(/ () Do (1).
Since the energy is decreasing along the trajectory it follows that, in fact,
W'(u') = C+&'(u/(8)* 9 (t) = 0,

as required. O

6 The 1D case with a Neumann boundary condition

Throughout this paper, we considered gradient flows for deformations with prescribed Dirichlet
boundary conditions u(0) = 0 and u(t,1) = 1. In this appendix, we briefly summarize the
much simpler case of a free boundary, i.e. we keep the boundary condition w(¢,0) = 0 and
leave u(t, 1) free, giving rise to the natural Neumann boundary condition.

We work with the same setup as in Section 3. For a strictly increasing, continuous function
€ :[0,00) — [0, 00) with £(0) = 0 we consider the metric d introduced in (3.1) and choose
the state space

FEee = {u e WH([0,1)) |u(0) = 0, £(u') € L?(0,1)}.

As in the Dirichlet case, the metric space (Ygree, dg) will be complete, but now it is even a
geodesic space, i.e. between each two points there exists a geodesic curve. In fact, given
ug, uy € 7, we define the connecting curve u, = U (s; ug, u1) via

wle) = [ € (1=s)g(ur) + 01 (r)) 61

and a straightforward calculation yields d¢ (us, u;) = [t—s|d¢(uo, u1), i.€. s — us is a constant-
speed geodesic, see [AGS05]. The completeness of (%ree, d¢) as well as geodesic 1-convexity
of d are obtained in the following result.

Proposition 6.1. If¢ : [0, 00) — R is continuous, strictly increasing and satisfies
£0)=0 and IC>0Vz>0: £(2) > 5vVz—C, (6.2)
then the following statements are true:

(i) (ygfree, de) is a complete metric space.

(i) The mapping ¢ : ./ — L2,(0,1) := {u € L*(0,1) | u(x) > 0 ae. }, p(u) = o v/
is bijective and metric preserving, if L;O(O, 1) is equipped with the standard L? norm.

(iii) Let {us }o<s<1 be the geodesic defined in (6.1) and v € Yéﬁ”ee, then

de(us,v)* = (1 — 8)de(uo, v)* + sde(ur,v)> — 3s(1 — s)d(uo, ur)*.
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Proof. (i) This statement follows directly from the properties of & and the definition of %ﬁ”ee.
Note that (6.2) implies £ !(y) < C(1+y?), hence y € L*(0,1) implies ' oy € L'(0,1)
and the inverse mapping ! is well-defined via u = ¢ (y) : x — [ € (y(r))dr.

(i) The completeness follows from (ii) and the completeness of (L2,(0,1), || - || 2).-

(iii) This identity is an immediate consequence of the definition of d¢ and u,. Of course, the
relation also follows from the Hilbert space structure of (L2,(0,1), ] - ||z2) and the metric-
preserving mapping ¢. O

Remark 6.2. The conditions (6.2) can be generalized considerably by assuming that £ is a
continuous, strictly increasing bijection between two closed intervals I and J in R, like the
function {(z) = log z with I = (0,00) and J = R considered in [Sen10]. Then, the metric
space (ﬂgree, dg) will no longer be complete. Under suitable coercivity conditions on the energy
density TV for the energy functional ¢, it is easy to show that all sublevels {u | ¢(u) < C'}
are contained in a closed subset .A. Because of the energy decay of the time-discrete and the
time-continuous gradient flows the whole analysis can be done in the complete metric space

(Ac, de).

Let ¢ : %ﬁ“ee — [0, 4+00] be of the form (4.2) with TV satisfying the coercivity condition
(3.3), the lower-semicontinuity condition (3.4), and the A\"¢-convexity condition (4.4). Then, we
immediately see that ® is geodesically A'¢ convex, i.e. s — G(Ug (s; ug, u1)) is A™¢ convex
as mapping from [0, 1] to R. Moreover, let

(7, v;u) = 5-dz (u,v) + d(u)  foru,v € Vgree and 7 > 0,
then Proposition 6.1 (iii) and (iv) immediately imply that
(7, v;us) < (1= 8)P(7,v;5u0) + sP(1,v;u1) — (A + L) s(1 — s)dg(uo,ul).

Thus, we can now directly apply the results of [AGS05, Ch. 4] to obtain existence and unique-
ness of solutions of the evolutionary variational inequality (compare with the beginning of Sec-

tion 5)
+ We
S ulr), ) + R u(0),v) < 0(0) — o(ul)), 63)

with u : [0,00) — 7" absolutely continuous and u(0) = uy € . In particular, we
obtain Lipschitz continuity of the semiflow, i.e. for any two solutions u; and us and 0 < s < ¢t

we have W
de(ur(t), ua(t)) < e *de(ua(s), ua(s)).

We emphasize that for these results it is sufficient to assume that the constitutive functions W
and & are merely continuous.

If W and & are both differentiable, all results of Sections 5.2, 5.3 and 5.4 are readily extended
to the present setting (indeed some arguments can be considerably simplified): The slope of ¢
is again a strong upper gradient and is now given by

W (u) /&' (W)l2 - for W'(u) /€' (u') € L*(0,1),

o0 otherwise.

ool = {
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(The constant C',, in Theorem 5.3 is removed due to the absence of the mean-zero condition
fol u'—v'dx = Oforall u,v € 5/5“*3.) The solution to the variational inequality (6.3) is again a
curve of maximal slope (cf. Theorem 5.6), and under suitable regularity assumptions solves the
boundary value problem (5.12).

In particular, the solutions u : [0,00) — 5@&66 can be understood as weak solutions of the
partial differential equation

0= (W0 (t,2)) + (€ (1,2) 0 (1)) oo
u(t,0) = 0, (W’(u’(t, ) + (€t x>))25tu'(t,x))

=0.

r=1

In fact, the transformation y = ¢(u) : = +— &(u/(z)) maps the metric gradient system
(%ﬁ”ee, ¢, d¢) bijectively into the gradient system (LQEO(O, 1),%, ||-|lz2), where the transformed
energy v is given by ¥ (y) = fol We(y(x)) dz. Hence, the classical L? gradient flow gives the
partial differential equation

Ouy(t, 2) = Wily(t, 2)),

which is in fact an ordinary differential equation for each x. Clearly the latter equation transforms
into (6.4) using the transformation .
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