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STOCHASTIC HOMOGENIZATION OF A SCALAR VISCOELASTIC MODEL
EXHIBITING STRESS-STRAIN HYSTERESIS

THOMAS HUDSON'2* FREDERIC LEGOLL?® AND TONY LELIEVRE!?

Abstract. Motivated by rate-independent stress—strain hysteresis observed in filled rubber, this article
considers a scalar viscoelastic model in which the constitutive law is random and varies on a lengthscale
which is small relative to the overall size of the solid. Using a variant of stochastic two-scale convergence
as introduced by Bourgeat et al., we obtain the homogenized limit of the evolution, and demonstrate
that under certain hypotheses, the homogenized model exhibits hysteretic behaviour which persists
under asymptotically slow loading. These results are illustrated by means of numerical simulations in
a particular one-dimensional instance of the model.
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1. INTRODUCTION

Hysteresis is the phenomenon of “history-dependence” in a physical system. In mechanical systems, stress—
strain hysteresis occurs when the stress observed during loading depends on the path taken by the system in
order to arrive at a particular strain, and not simply on the value of the strain itself. It follows that such stresses
are non-conservative fields, i.e. they cannot be directly expressed as the gradient of a potential energy function.
In such systems, mechanical energy is dissipated through a thermodynamic process.

The Second Law of Thermodynamics dictates the most basic mechanism for dissipating mechanical energy in
a solid: some of the work done on the solid must always be lost as heat, increasing the entropy in the system [25].
Other less ubiquitous mechanisms may involve the storage of mechanical energy through magnetic effects [14]
or through molecular rearrangement [2]. Typically, thermal dissipation depends on the work rate, while the
latter examples involve a stress-induced phase transition in some order parameter of the system, and are hence
rate-independent.

Filled rubbers are a class of materials in which stress—strain hysteresis is observed in experiments, and persists
at very low strain rates [15,16], indicating a rate-independent mechanism. Such rubbers include the most
common varieties which are produced for commercial and industrial applications. Typically, they are composed
of a rubber matrix containing microscopic “filler” particles, added to improve the mechanical properties of the
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material. The matrix is formed of polymer chains which are bonded both to the surface of the filler particles
and to each other via sulphur bonds formed during the process of vulcanization. Viewed through a microscope,
the filler particles are seen to form a complex random network throughout the material (see e.g. [13], Fig. 25
and Fig. 1 below).

At present, the mechanism which causes rate-independent stress—strain hysteresis in filled rubbers is not well
understood. Our motivation here is to propose and mathematically study a class of simple viscoelastic models
which exhibit the features observed experimentally, and reflect the random structure of the underlying material.
In particular, we propose a micromechanical model in which energy is dissipated by frictional stresses acting to
counter local deformation of the polymer matrix.

This model has two key features. First, the complex microstructure of the material is modelled by assuming
that material parameters are random, depend upon the material point and vary on a lengthscale much smaller
than the overall size of the body. Second, energy is assumed to be dissipated by internal frictional mechanisms
which act to counter local changes in strain, rather than rigid body translations and infinitesimal rotations,
in keeping with the physical assumption of frame indifference. Other similar constitutive approaches in the
literature include [12,15,17,18]. The mathematical framework we exploit is sufficiently general to allow us to
incorporate a form of internal “dry friction”, which leads to hysteretic behaviour which persists at arbitrarily
small strain rates.

After presenting the constitutive assumptions made in this model, we prove the long-time existence of solutions
under time-varying Dirichlet loading conditions imposed on part of the boundary, which reflect the boundary
conditions used in standard material testing experiments. Our general mathematical approach to this problem is
through the application of the theoretical tools developed to study doubly-nonlinear evolution equations, which
are described in detail in [22], and are studied with particular reference to the modelling of hysteresis in [26].

Our main result is then to obtain a homogenization result for this model in the limit where the lengthscale
for microscopic variation versus body size vanishes. Technically-speaking, this result corresponds to a stochastic
homogenization result for a random stationary doubly-nonlinear evolution problem. Greater spatial heterogene-
ity and differing assumptions on the dissipation mean that the resulting model lies in a distinct (but related)
class of models to the Prandtl-Ishlinskii rheological models studied in Chapters III and VII of [26]. In the
limiting model we derive, the effect of the spatial heterogeneity is tracked via a “corrector field” which describes
the microscopic oscillations of the strain, and is characterised as the solution of an explicit differential inclusion.

The basis for our proof of this homogenization result is the theory of two-scale stochastic convergence devel-
oped in [5]. This theory is inspired by the definition of two-scale convergence proposed by Nguetseng in [20]
and subsequently explored in detail in [1] in a deterministic setting. The theory is sufficiently general such that
it may be viewed as including both periodic homogenization for deterministic systems and homogenization for
random systems which are piecewise constant on a lattice with a random shift of the origin. Such cases form
the particular examples constructed in Section 2.3.5. We also illustrate our results in the particular case of a
periodic setting in Section 2.4.2.

Recently, a general theoretical framework for evolutionary I'-convergence has been developed to describe the
convergence of doubly nonlinear evolution equations. The work [19] describes several general results under which
“strong” convergence of an evolutionary semigroup may be deduced. Our analysis provides an example of a case
in which a sequence of evolution semigroups converges only in a weak sense (see [23] for an example of another
such result) but the limit can still be identified. As such, our results lie outside the remit of the general theory
of evolutionary I'-convergence. Nevertheless, we make use of many of the ideas underlying the development of
this framework.

At the time of submission, we became aware of related recent works on the homogenization of hysteretic
systems [9,10]. Our results differ from the setting of [9] in that we consider systems driven by time-dependent
boundary conditions, inspired by cyclic loading experiments, which leads us to consider time-dependent dissi-
pation potentials. Further, we note that the technical tools we use differ: while the results in the latter reference
are based on the construction of a Palm measure and a notion of two-scale convergence proposed by Zhikov and
Pyatnitskii in [27], as mentioned above, we use the theory developed by Bourgeat et al. [5].
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The article is organized as follows. Section 2 provides a detailed introduction to the model which we consider
and a statement of the main results (in Sect. 2.4), as well as a numerical study in a simple one-dimensional case
and some results demonstrating the qualitative properties of the model. This is intended to be as self-contained
as possible for the reader less interested in the technical proofs of the subsequent existence and homogenization
results.

Section 3 presents the mathematical background required to precisely state our results: the existence and
uniqueness of a solution to the highly oscillatory evolution problem (Thm. 2.3) and the identification of a
homogenized limit (Thm. 2.4). We also recall and expand some key aspects of the theory of stochastic two-scale
convergence introduced in [5]. The proof of Theorem 2.3 is given in Section 4, while Section 5 is devoted to the
proof of Theorem 2.4.

2. CONSTITUTIVE ASSUMPTIONS AND MAIN RESULTS

Before presenting our model in its full generality in Section 2.3, we describe a simple particular case in
Section 2.1 and some illustrative numerical simulations in Section 2.2. We next state our main results in
Section 2.4. Section 2.5 discusses the hysteretic behaviour of our model.

2.1. A simple illustrative example

We begin by formulating a simple one-dimensional case as an illustration of the more general model we
subsequently consider. In this case, our model is closely related to a Prandtl-Ishlinskii model of Stop-type,
described in Chapter III of [26]. Let D = [0, 1] be the reference configuration for a material undergoing a time-
dependent deformation. The displacement is described by the function y : D x [0, +00) — R, where the second
independent variable represents time. Here and throughout the rest of the article, we write § to denote the
partial derivative of y with respect to time ¢, and D,y to denote the gradient of y with respect to the variable x,
i.e. the strain. We consider the material under a loading experiment in which we assume that “rigid” boundary
conditions are enforced, i.e. that y(0,t) = 0 and y(1,¢) = £(t) for any ¢ € [0,T], where £(¢) is the elongation of
the body (at time ¢, the length of the system is thus 1+ £(t)). The function ¢ is assumed to be periodic in time,
as is common in experimental settings studying hysteresis.

We suppose that the internal stress is composed of three additive components: an elastic stress 0., a “wet”
viscous frictional stress oy, and a “dry” frictional stress oq. The parameters relating these stresses to the current
deformation are assumed to be random, and to vary rapidly on a lengthscale, denoted &, which is much shorter
than the body itself. More precisely, at a given material point 2 € D and time ¢ € [0, c0), the former two stress
components are assumed to be functions of the strain and strain rate respectively, namely

oo(t,x) = A (w, f) D.y(t,x) and ow(t,z)=v (w7 E) D.y(t,x).
€ €
For the dry frictional stress, we assume that
x . .
i (w, 7) if Dgy(t,x) >0,
€

Ud(t7x) = T
—u (w, g) if Dgy(t,x) <0,

and if D,y(t,z) = 0, then o4(t,z) takes on some value in [fu (w, E) S (w, E)] in order to satisfy a force
balance. Here, w €  denotes a realization of the constitutive relatiofl drawn frgom an appropriate probability
space.

These constitutive assumptions are motivated by our understanding of the microstructure of filled rubber,
illustrated on Figure 1 below. As mentioned in the introduction, filled rubbers are made up of two principal
components: large filler particles and a polymer matrix. Elastic stresses are induced by the polymer matrix
acting to increase the entropy of the polymer chains at fixed temperature [24]. The “wet” frictional stress
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FIGURE 1. Schematic representation of the microscopic structure of filled rubber. Large black
particles are filler, white particles represent the rubber matrix.

corresponds to the action of viscous dissipation via thermal vibration of the polymer matrix, while the “dry”
frictional stress represents the opposition to motion by friction between the filler particles and the polymer
chains as they move in order to allow deformation. We also note that, since all stresses depend only on the
strain and strain rate, they are frame independent: rigid body motions (i.e. translations in this one-dimensional
setting) do not affect their definition.

If the material undergoes slow loading, so that inertial effects may be neglected, it follows that at all times the
net force on each material point vanishes. Hence, in an appropriately weak sense, we suppose that the internal
stresses satisfy the force balance

—div(oe(t, ) + ow(t,x) + 0a(t,z)) =0 for any t e [0,7T). (2.1)

In one dimension, any divergence-free field is constant, so (2.1) entails that there exists a (random) function
G (t) such that

Ve €D, oot x)+ ow(t,x) +o4(t,z) =7(t). (2.2)

We may then write

A (w, g) D,y+v (w, g) D.y+p (w, g) o(t) when D,y >0,
4w, g) Duy + oa(t,z) = 5(t) when Dyg =0, (2.3)

A (w, g) D,y+v (w, g) D,y —p (w, g) (t) when D,y <0.

I
Ql

We now recast (2.3) into two equivalent, but more mathematically convenient forms, which turn out to be
general enough to allow us to prove convergence results. Let us define an elastic energy density W (w, z, ) and
a dissipation potential density ¢ (w,x, &) via

(02,6) 1= 5 AW, 2) € and Y{w,2,€) i= 5 vlw,2) € + lw, ) 6.
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We note that o.(t, z) = DgW(w, x/e, Dyy(t, a:)) Furthermore, 1) is convex in £ and hence has a subdifferential,
denoted O¢¢)(w, z/¢e,€), which is
{v(w2)e+n(w
€

devlw a/e,©) = [=n(w.2).n(w
(o)l

It follows that the frictional stresses satisfy the inclusion oy (¢, ) + oa(t, z) € Ocp(w,x/e, Dyy(t, x)), and we
may express (2.2) in the compact form

when £>0,

O88m |80 |8
~— — —

when £ <.

)
} when £=0,
j
)

Ve eD,  DW (w7 g Dzy) + Ot (w7 g Dzy) 5 3 (1). (2.4)

Next, we derive a formulation which is “conjugate” to (2.4), in the sense that it provides an equivalent relation
between strain and strain rate, rather than relating dissipative and elastic stresses as (2.4) does (for further
motivation of this construction, see Sect. 1 of [19]). This reformulation is particularly convenient for the purposes
of the numerical results we describe in Section 2.2. Recall that, for any vector space X, the Legendre—Fenchel
transform of a proper convex function f: X — RU {400} (i.e. a convex function which takes a finite value for
at least one point in X) is the function f*: X’ — RU {400} defined by

f*(O') ‘= sup {<U7 §>X - f(é-)}7
fex
where (-, ) x : X’ x X — R is the duality bracket between X and its topological dual. We note that, by definition,
Ff&) + f (o) =2 (0,8 x for any £ € X and 0 € X'. When f is convex and lower semicontinuous, the following
statements are all equivalent:

(1) o€dfE). () £€df(o) and (3) f(&)+F(0)=(0.Ox. (2.5)

A proof of this fact is given in Theorem 23.5 of [21]. We also recall that f* is always convex, being the supremum
of convex functions.
A straightforward computation demonstrates that

0 it |o| < plw,z),

77[]*(“"71.70') = (‘O-| _/’('(wvx))z

- if |o| > p(w,z).

o o] > p(w,2)

Using the equivalence of the statements given in (2.5) and the fact that ¢* is continuously differentiable with

respect to its third variable, so that its subdifferential is simply its derivative, (2.4) is equivalent to the “rate
equation”

Do) = Dyt* (w, g,ﬁ(t) — DeW (w7 g Dzy>) : (2.6)

This rate equation and the ¢—* framework are convenient formulations of the problem mathematically, and
also for implementing the numerical experiments we describe in the following section.

2.2. Numerical simulation

We now present a numerical study of the model described in the previous section in order to motivate
our subsequent work. We define the random constitutive relations as follows: divide R into intervals I; :=
[p+i,p+i+1) for i € Z, where p is a random variable uniformly distributed in (—1, 0], and assume that A, u
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and v are identically independently distributed constants on each interval I;. More precisely, suppose that A,
and v are constant on each I;, with values chosen uniformly at random from the following sets:

Al;, €{1,3},  pl;, €{0,04,0.7} and v|;, €{0.05,0.1}.

Define a reference displacement g(¢, x) := ¢(t)x, and suppose that initially y(0,z) = ¢(0)z. It is convenient to
introduce the displacement away from this reference, u(t,x) := y(t, z) — y(¢, z), satisfying the initial condition
u(0,2) = 0 and the boundary condition u(0,t) = u(1,t) = 0. We infer from (2.6) that

{+ Dyit = Dyt* (w, %,E(t) — DeW (w, g,u Dmu)) .

It is straightforward to check that D,u is constant in space on each interval I; but time-dependent. It is
therefore natural to introduce a vector of strains S = {S;},,,, with n = [e7!], where S; := D,u|y, for each
1€ {0, . ,n}. We remark that .S; is simply the difference between the true strain for points in I; and the purely
linear strain response to the boundary conditions, which would be £(¢). We also introduce the vector of constant
elastic stresses, 3; := DeW(w,z/e,0 + Dyu)| ;,- To generate a random constitutive relation, define vectors of
random parameters A, u and v, where each element of these vectors is the corresponding constant value on the
interval I;, i.e. A; = A|r,. With these definitions, we find that, on each interval I;, we have

Li(t) = Ai - [€(t) + Si(t)] (2.7)

and
0 it [o(t) = Zit)| < p,

10+ 50 = B0 =20 =1 ooy _s0) i () - 5] =

1)

(2.8)

2.2.1. Numerical method

We now describe the numerical scheme we use to solve (2.7) and (2.8). Let At denote a timestep, S7 and %7
be the values of S and X, the vectors of strains and elastic stresses, computed at the jth timestep. Define the

Sitl _ gi 1 _ .
¢ R"". Let #/ = ((jAt), and set &’ be the total stress at the jth

forward finite difference AS? := A7

timestep.
We discretize (2.7) and (2.8) in the following way:

Sitli= 81 AtAST  and DI i= A (0 4+ ST

where AS7 and 37t are chosen to solve

' _Ap it et =2 < g,
I L e s BV R L P 29
subject to
0=%" ‘(EIZ-) 1o, 1]\ N (2.10)
=0

The equation (2.9) describes the rate given a stress 71, and (2.10) is a constraint which ensures that the
boundary conditions are satisfied. Using (2.5), the equation (2.9) is equivalent to solving the inclusion

| | {Vi(AS! + AP) + i} i AS] > AW,
It e A (0 + ST+ At AST) + [ — i, ] if  AS) = —AW,
{vi(AS! + A0) — i} if AS] < —AW.
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Stress-Strain curves for variable rates
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FIGURE 2. Loading and unloading at different rates for a given sample material with ¢ = 1/200
(blue: 6 = 1; green: 6 = 272; red: § = 27%; cyan: § = 27, magenta: § = 27%). We represent
G (t) (the stress in the system, which is independent of ) as a function of £5(t) (the total strain
of the system). The numerical evidence of convergence when 6 — 0 is clear. (color online).

Since the right-hand side of this inclusion is monotone in AS’g , it follows that there is a unique solution for any
711, which moreover increases as 371! increases.

Given a7+, we can solve for AS/ € R**! and progressively optimize 37! to find a value such that the
constraint (2.10) is approximately satisfied. Since the inverse function for the right-hand side is only Lipschitz
and not differentiable, we use the secant method to perform this optimization.

Remark 2.1. We have explained here how to solve the problem after time-discretization. The well-posedness
of the problem (for € > 0 fixed) before time-discretization is established in Section 4.

2.2.2. Numerical results

Our calculations are carried out in Julia 0.6.2 [4]. Random samples are generated via the sample command
from the Distributions package, which by default uses a Mersenne-Twister algorithm to generate pseudoran-
dom numbers. Plots are created using PyPlot, which provides an interface with the Python plotting library
matplotlib.
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Stress-Strain curve averaged over 50 samples
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FIGURE 3. Stress—strain curve (mean taken over 50 realizations) for € = 1/1600. Dotted lines
indicate the standard deviation in the calculated stress at each timestep. For all simulations,
the rate parameter is taken to be 6 = 0.1. (color online).

Figure 2 shows stress—strain curves for a fixed sample generated with ¢ = 1/200. Each curve corresponds to
the same loading £s(t) := sin®(27 § t) with different rates 6 € {1,272,274,276 278} over the time range [0,1/6],
which corresponds to 2 cyclic loading periods. The system exhibits persistent hysteresis as the loading rate o
decreases, and the stress—strain curve appears to converge to a fixed limit cycle, indicating a rate-independent
component in the model.

Next, for each e € {1/100,1/200,1,/400,1/800,1/1600}, 50 random environments are generated. For each
realization, the dynamics are simulated with 6 = 0.1, again over 2 periods. The results of these calculations are
shown on Figures 3 and 4. Figure 3 shows the mean (over the random environments) stress—strain curve for
€ = 1/1600, along with an envelope indicating an error bar of one standard deviation in the calculated stress at
each timestep. Figure 4 shows the decrease in the variance of the stress calculated at ¢t = 0.25 as e decreases. The
latter figure shows a typical linear relationship between € and the variance, indicating convergence. A similar
decrease is observed at every time.

Finally, we note that, for fixed rate § < 1, numerical experiments show that taking the magnitude of the
possible values of u to zero results in a collapse of the hysteresis loops, indicating that the internal dry friction
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Variance in computed stress over 50 samples at t=0.25
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1073 4

102 10-2
Epsilon

FIGURE 4. Log—log plot of the variance (calculated using 50 realizations) of the stress at
t = 0.25 as a function of € € {1/100, 1/200,1/400,1/800,1/1600}. The dashed line corresponds
to a linear rate in €. (color online).

included in the model is indeed the mechanism which results in hysteresis which persists at very low strain
rates.

2.3. General model

The numerical results of the previous section suggest that, as ¢ — 0, the random fluctuations tend to be
“averaged”, so that we may hope that there is ultimately convergence to an underlying deterministic model
which describes the limiting asymptotic behaviour. As we prove in this work, this is indeed the case. In this
section, we therefore detail the precise mathematical assumptions made in order to prove our subsequent results.

We comment on both the applicability of these assumptions and the possibility of extending our study to
other cases in Section 2.3.6.

2.83.1. Assumptions on randomness

We assume that the random constitutive laws may be described in terms of random variables defined on
a probability space (2, X,P). This probability space is assumed to satisfy the key assumption that the usual
Hilbert space of square-integrable random variables, L2(£2;P), is separable, i.e. contains a countable dense subset.

We denote d the ambient physical dimension (which was taken to be d = 1 in Sects. 2.1 and 2.2). We
suppose that the space () is endowed with a d-dimensional ergodic dynamical system, i.e. there exists a family
of P-measurable invertible maps {T'(x) : 2 — Q | x € R%} such that

(1) T is a group action on € for the addition in R?, i.e. T(z)oT(y) = T'(x +y) for any x and y € R%, and T(0)
is the identity map;
(2) P is an invariant measure with respect to T, i.e. P[T(x)~'E] = P[E] for any x € R? and any F € ¥;
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(3) for any E € %, the set {(w,z) € Q@ x R? | T(z)w € E} is an element of the sigma-algebra generated by
¥ x M?, where M¢? is the d-dimensional Lebesgue sigma-algebra;
(4) T is ergodic, i.e. any set E € ¥ such that

P[(T(z)EUE)\ (T(z)ENE)] =0 for any x € R
satisfies either P[E] = 0 or P[E] = 1.
A function F defined on © x R is called stationary if there exists another function Fyy defined on Q such that
F(w,z) = Fy(T(z)w) for any 2 € R and P-a.e. in Q. (2.11)

Informally, F' being stationary means that the distribution of F'(-, z) does not depend upon z. As an example,
when such quantities are defined, we have

E[F (-, z)] = E[F}] and  Var[F(-,z)] = Var[Fp| for any z € R

Stationarity and ergodicity are the main constitutive assumptions made on the “randomness” of the material
parameters.

2.8.2. FElastic constitutive law

We suppose that the material under consideration obeys a linear elastic constitutive law with coefficients
that are random and vary on a small length scale (denoted henceforth ¢) relative to the size of the body D. In
particular we assume that the elastic stored energy W : Q x R4 x R? — R takes the form

W(w,2,6) = 56 Alw, ),

where A is assumed to satisfy the following properties.

Assumptions on A.

(A1) A:Q x R? — R¥9 is measurable with respect to the sigma-algebra generated by ¥ x M¢?, and
is stationary in the sense of (2.11), i.e. there exists a measurable function Ag :  — R¥*? such
that

A(z,w) = Ag(T(z)w) for any z € R and almost any w € Q.

(A2) A is symmetric, i.e. A(w,r) = A(w, )T almost everywhere in Q x R%.
(A3) There exist constants 0 < A < A < 400 such that, for any ¢ € R?,

AP <€-Aw,z)€ < AIE]? a.e. in Q x RY, (2.12)

We note that assumptions (A2) and (A3) are equivalent to similar hypotheses on the function A introduced
in assumption (A1). To complement assumption (A1), for convenience we define Wy(w, ) := $& - Ag(w)&.
The total elastic potential energy of the body associated with a displacement y is assumed to be

1
OF [y] = /D w (w, g,Dmy) dzr = 3 /Dny CA (w, g) D,ydz for any y € H (D).

We note that the bounds (2.12) ensure that ®¢ [y] is well-defined. We also note that ®¢, is Gateaux-differentiable
on H(D), with derivative V&S, : H(D) — (H (D)) given by

Vu € HY(D), (VO [y, ui (p) = / A (w, g) D,y - Dyudz. (2.13)
D

We note that V@£ [y] may be thought of as the elastic force arising due to the displacement y, and
A (w7 ;> D,y € L*(D)? as the stress field due to the elastic deformation.
€
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Remark 2.2. Throughout this article, we adopt the terminology of elasticity (refering to displacement, strain,
stress, ...), even though our unknown function is scalar-valued. This terminology indeed provides a clearer
intuition about our approach. In Section 2.3.6 we discuss the extension of our work to a true elastic problem.

2.8.8. Dissipative constitutive law

We suppose that energy is locally dissipated via a dissipation potential which induces forces which act to
oppose local changes in strain only, and not the absolute position of the body: this is expressed as a function

P QxRYx R - R,

where v is assumed to satisfy the following assumptions.

Assumptions on .

(x1) For any ¢ € RY, the function (w,z) € Q x R? s ¥(w, z,£) is measurable with respect to the
sigma-algebra generated by ¥ x £%, and is stationary in the sense of (2.11), i.e. there exists
g : Q x R* — R such that
for any £ € RY,  (w, z, &) = 1o (T(x)w,&) for any x € R? and almost every w € Q.

(¥2) P(w,x,€) > 0 for any (w,z,&) € Q x R x RY, and ) (w, z,0) = 0 for any (w,z) € Q x R%
(13) 4 is uniformly strongly convex in its final variable, i.e. there exists ¢ > 0 such that

£ eRY = (w,z,€) — c|é* is convex for almost every (w,z) € Q x R%.

(14) There exists C' > 0 such that, for any ¢ € R,

Y(w,z,&) <C(1+ €% for almost every (w,z) € Q x R,

As in the case of the elastic potential energy, we note that assumptions (¢2)—(¢4) correspond to similar
hypotheses on the function v introduced in assumption (i1).
We note that, as an immediate consequence of the strong convexity assumption (¥3),

(€—¢&) (v—2")>2c|v—2'|* where ¢ € Oeth(w,x,v) and & € Ietp(w, z,v'),
for almost every (w,z) €  x R? and any v,v’ € R%. The positivity assumption (¥2) entails that
0 € 9¢p(w,2,0) for any (w,z) € Q x RY,
and hence, using (3), we get that, for any (w,z,v) € Q x R? x R,
Y(w, ) — c|v]* > PY(w,z,0) — [0 +0-v =0, thus (w,z,v)>clv* (2.14)

We also note that (14) entails an important bound on elements of the subdifferential of . Suppose that
0 € Ogtp(w, x,€). Then, for any n € RY, we have

Y(w,z,8) + 01 < Y(w,z,§+1n).
Setting n = to, and using the fact that ¥ (w, z,£) > 0 (see (12)) and the upper bound assumed in (1/4), we have
lo]* < Y(w,z,& +to) < (1+ ¢+ to]?) < C(1+2[¢]* + 2t%|o ).
Rearranging, and adding C' to the right-hand side, we obtain
(t—2Ct%) |o> <2C(1 + [¢]?).
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Choosing t = 1/4C' and rearranging, we have that
Vo € 0¢¢(w, x, ), lo]? <16C* (1 + [¢?) (2.15)

where C' is independent of w, x and £ (C is actually the constant appearing in (¢4)).
The dissipation potential evaluated at a velocity field v € H!(D) is assumed to be

U ] = /Dw (w, g,D$v> dz.

Using (2.14) and assumptions (¢)2) and (13), it follows that W¢ is a positive strictly convex functional on H! (D)
for almost every w € Q. Moreover, the subdifferential of ¢, on H'(D) may be identified as being

0V¢ [v] == {f € (HI(D))/ ‘ (f,u)mr(py = /Dcr - Dyudz for any u € HY(D),

with o € L*(D)? and o(z) € 99 (w, E,va(x)) for almost every = € D}.
5

In the above definition, we may think of o as being a candidate for the dissipative stress which acts to oppose
motion when the strain rate is D v.

2.8.4. Fvolution problem

We are now in a position to formulate the evolution problem we study. We suppose that the material we
consider is driven by displacement boundary conditions on I'p C 9D and undergoes a loading which is slow
enough such that inertial effects may be neglected. Elastic and dissipative body forces are hence equilibrated
at all times. This is equivalent to requiring that the displacement y satisfies the inclusion

0 € 9V [yt)] + VO, [y(t)] for almost every t € [0, 7. (2.16)
We suppose that initially
y(0) =5(0), (2.17)

and that the displacement boundary condition takes the form

y®|r, =70, (2.18)

for some function g(t) defined on D. On the remainder I'y of the boundary, the material is free to relax. To
enforce these conditions, we decompose y(t) = y(t) + u(t) where u vanishes on I'p, and consider the “lifted”
functionals ®; , and ¥ ,, defined by

®F [u] == [H(t) +u] and Wf[v] = WE[(t) + v].

The requirement that the force balance (2.16) along with the initial condition (2.17) and the boundary condi-
tions (2.18) are satisfied is then equivalent to seeking a function uf, : [0,7] x D — R which, for almost every
w € (), satisfies

o5 lug, (t)] + V&; ,[ug,(t)] 20 for ae. t €[0,T], ug,(0) =0, ug,(t) =0 on I'p. (2.19)

Our subsequent goals are to show that this evolution problem is well-posed for any fixed € > 0, and then to
identify a limiting problem when & — 0.
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2.8.5. A “checkerboard” example

We now describe a specific example falling within our assumptions, which may be thought of as a randomly-
coloured “checkerboard” of constitutive laws. We consider regularly-spaced sites, in which one of finitely-many
sets of constitutive relations are satisfied, selected independently according to a probability measure u defined
on the finite state space S. Sites are independent from each other, and in a given coordinate frame, these sites are
shifted by a random vector relative to the coordinate axes. Following the construction described in Section 7.3

of [11], let Q = { 11

d
3 2) be the unit cube, and set

Q.= {w ‘R S } 3¢ € Q such that, for any k € Z¢, w(z) is constant on g + k + Q}

Equivalently, we may identify w €  with a vector (¢, Z) € Q X SZd7 and define a sigma-algebra ¥ = M¢ ®

® P(S), i.e. the sigma-algebra generated by the product of the Lebesgue sigma-algebra M? on @ with

kezd
countably many copies of the power set P(S). We define the probability measure P as follows: given any V' C @

and any finite subset Z C Z<, let Uy, C S for any k € Z. Set Uy, = S for k ¢ Z. Then V x H U C@Q x S = Q,

kezZd
and we define

IP’(V X kgd Uk) = LYV) Igu(Uk).

Now, using the representation of ) as piecewise constant functions, we define the action T'(z) as follows:
Vz,s € R, [T(2)w](s) = w(s + z).

Tt is straightforward to check that T is well-defined as a bijection on 2, and that (2,3, P) and T satisfy all the
properties assumed in Section 2.3.1.
Now that we have defined the probabilistic setting, we build stationary functions. Given w € Q, we define

A((qaZ)vx) :AO,Z(k)(x+Q) for anyxEk+Qa keZdv

where Ag,; € L2 (Q)4*? for each i € S, A|£]? > €+ Ag(z)€ > Al€|? for any € € RY, x € Q and i € S, and

per

A i(z) is a symmetric matrix for any = € Q and ¢ € S. Similarly, we define ¢ by

1
7/1(((]72);5575) = §V0,Z(]€)(x+q) |§|2+#O,Z(k)(I+Q) |£‘ for aHyI6k+Q, k62d7

where v ; and po; belong to L33 (Q) for each i € S, with v i(x) > v > 0 and pgi(x) > 0 for any z € Q and
any i € S.

Both A and 1 are measurable and stationary in the sense of (2.11), so the above construction provides an
example of a model satisfying our assumptions. We note that the model described in Sections 2.1 and 2.2 is a
particular case of this construction.

We also remark that, if we take |S| = 1, then we have, for any = € R?,

1
A(((LZ)VT) :AO(‘T+Q) and w((qa Z)v'rag) = 51/0(:17+Q) |£‘2+/l0(13+q) |§|a
for fixed @-periodic functions Ay, vy and pug. In this case, our results correspond to the case of periodic homog-
enization, where we average uniformly over shifts of the underlying periodic lattice.
2.3.6. Discussion of assumptions

In this section, we briefly discuss the various assumptions made above.
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Linear elastic stress—strain relation. The model described above assumes that W(w,z,£) is quadratic with
respect to . With some adaptations, we believe that the proofs could be extended to the case where W remains
C? and strictly convex with respect to &, with a standard p-growth condition that reads as follows: there exist
A>0,A4>0and p > 2 such that

A(JEP —1) S W(w,z,8) < A(|EP+1) for any z and £ € R? and P-a.e. in Q.

More generally, we would expect the results to hold when the dissipation potential 1) is strictly convex and
satisfies g-growth conditions with ¢ > 1, and W satisfies p-growth conditions with p > q.

Scalar displacement variable. We assume throughout this article that w is scalar-valued. Physically, the multi-
dimensional formulation of the model therefore corresponds to a membrane or anti-plane model where only the
out-of-plane displacement is taken into account, rather than to a true bulk viscoelastic problem.

Similar techniques to those used below should cover the case where u is a vector-valued function, W remains
quadratic (i.e. W(w,z,§) = %f : C(w, ) : € for any & € R¥?) as in linear elasticity, and where the dissipation
potential ¥ (w, z, ) is again convex. The main additional steps required in such a case would be applications of
Korn’s inequality. Some results regarding two-scale convergence and the characterisation of the dual dissipation
potential would also need to be reproved.

To correctly treat a more general nonlinear elastic problem where the stored energy density W is a function
of the deformation gradient and satisfies physical frame-indifference conditions, would require the assumption
that W(w,z,€) is polyconvex, i.e. is a convex function of the minors of ¢ € R¥?. In that case, our analysis
would become significantly more complex, and it is not completely obvious what sort of convexity condition on
a corresponding dissipation potential ¥ would be sufficient to guarantee existence.

Moreover, there are examples in the literature (see e.g. [6]) in which polyconvexity does not persist after a
homogenization procedure in a static setting, so existence results for any limiting evolution are not clear. For
these reasons, we have chosen to avoid these significant technical complications, and to restrict ourselves to the
case of a scalar-valued function wu.

2.4. Main results

We are now in a position to informally state and discuss our two main results (rigorous statements of these
theorems are provided at the beginning of Sects. 4 and 5, respectively).

2.4.1. General statement

Our first result demonstrates the existence of a solution for fixed e.

Theorem 2.3. Under appropriate regularity hypotheses on g, there exists a unique solution uf, to (2.19) for
almost every w € Q.

It follows that the model described above is well-posed for any € > 0. Our main theorem is then the following
homogenization result.

Theorem 2.4. As ¢ — 0, the sequence of functions ug, solution to (2.19) converges in an appropriate sense
(which is made precise in Sect. 3.6) to u*, and D,us, converges to D,u* + 0, where u* is independent of w € €,

and 0 is a time-dependent vector field which depends on both x and w, and additionally satisfies E[f] = 0.
Moreover, for almost every t € [0,T], the pair (u*,0) is the unique solution to the system of inclusions

—dlvz[/ agwo Dyij + Dy +9)+D§WO( D,y + Dyu* + 6) dP(w )} 0, (2.20)

~div,, [agwo ( D, + Dyit* + 9) + DeWo(w, Do + Dou* + 9)} (2.21)
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with boundary and initial conditions
wpp, =0, u*(0)=0 and 6(0) =0,
in an appropriate functional space, detailed in Section 5.

Equations (2.20) and (2.21) should be understood as follows: there exists some vector valued function G*,
which depends on (t,w,z) and satisfies G*(t,w, z) € detho (w,Dx§+ D u* + 0) for almost any (¢,w,x), such
that

—divy [/ G*(t,w,x) + DeWy (w, Dy + Dyu* + 0) d]P’(w)} =0, (2.22)
Q
—div,, [G*(t,w, ) + DeWy(w, Dy + Dyu* +0)] = 0. (2.23)

Equation (2.20) may be interpreted as a macroscopic force balance, where the total stress is computed as an
expectation over random variations. Equation (2.21) may be interpreted as a corrector problem, corresponding
to a microscopic force balance. In general, (2.20) and (2.21) are coupled since D, g, D, u* and 0 all depend upon
z € D and the time t¢.

At this stage, we have yet to define the operator —div,, appearing in (2.21). Since we have not assumed any
topology on the probability space €2, the definition is not obvious. On the other hand, this operator (along with
other stochastic differentiation operators) has a familiar interpretation as a derivative with respect to a periodic
variable when considering the form of periodic homogenization covered by our result. To help elucidate our
main result, in Section 2.4.2 we provide an example of the result in the periodic setting previously described
in Section 2.3.5, and we consider the one-dimensional case in Section 2.4.3. We postpone a precise definition of
—div,, (and of other differentiation operators) in the fully stochastic case until Section 3.2.

2.4.2. A periodic “checkerboard” example

To provide some intuition about the result stated in Theorem 2.4, we return to the checkerboard example
considered in Section 2.3.5. As noted at the end of that section, if #S = 1, then we claim that our result in
this case corresponds to periodic homogenization with a random shift of the coordinate frame. To see this, we
note that the mapping w = (¢, Z) — ¢ is a bijective measure-preserving map from (Q, %, P) to (Q, M2, L%), so
we may identify w € Q with ¢ € Q. In this case, we may write, for any z € R?, that

w(q,x,f)=%Vo(x+Q)|£|2+uo(fc+q)|€\ and W(q7x7€)=%§-Ao(w+q)£,

where we recall that in this case g, pg and Ag are all @Q-periodic functions. Note in passing that, in this case,
the function D,1*, which is useful below, has a simple expression:

0 when o] < po(z + q),
Daw*(Q7x7O’) = |J| B /J‘O(x + q) o

- = when |o| > po(z + q).
l/()(l‘—‘rq) ‘0_| | ‘ /~L0( q)

We now write Theorem 2.4 in this case. We set y* =y + u*, where u* is the homogenized solution introduced
in Theorem 2.4. We note that, in the periodic setting, the corrector vector field takes the form of the gradient
of a periodic function, § = un1 (for an explanation, refer to the discussion at the end of Sect. 3.3). We fix u!

by further imposing that / u'(t,q,2)dq = 0 for any ¢ and . We may then write the corrector equation (2.21)

Q
as

~div, [Oetio(a, Dai” + Dyi) + Ao(a) [Day” + Dyu']] 50,
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which should be interpreted as asserting that there exists a stress field X(¢, ¢, z) which is weakly divergence-free
in g such that

Deto (q, D.y*(t,x) + Dy (t,q, 33)) > X(t,q,2) — Ao(q) [ny*(t, x) + Dyu'(t,q, x)] (2.24)

This equation should be viewed as a balance of stresses, and ¥ is an unknown of the problem.
Applying the properties (2.5) of the Legendre—Fenchel transform, we recast the above equation as the equiv-
alent rate equation

Dyt (t,4,2) = Dot (4, S(t4,2) = Ao(q) [Day” (. 2) + Dyul (t.,2)] ) = Dai*(t, )

subject to the conditions

/ W(tg,2)dg=0 and  u'(0,q,7) =0,
Q

the second condition stemming from the fact that D,u'(0,q,z) = 6(0,¢,z) = 0. We may also integrate (2.24)
over g € ) to obtain

{ /Q E(t.q,) dg ] £(t,4,2) € Detbo (4, Da* (t,2) + Dyt (t,0,7))  ace. (tq,2) € [0.7)  Q x D}
E) / Y(t,q,x)dg — / Ao(q) [Day* (t, ) + Dgut(t, q,7)] dq, (2.25)
Q Q

an equation which is useful below.
We now turn to the macroscopic equation (2.20). To interpret it in this case, we define the homogenized
potential

a(ta x, f) = ,/Q 1[}0 <Q1 5 + unl(tv q, .’E)) dq (226)

Setting Apean = / Ap(q) dg, the homogenized force balance (2.20) should then be read as requiring that there
exists a weakly divergence-free stress field o*(¢, z) such that
e (t, 2, Dpiy* (t,2)) 3 0*(t, &) — Amean Day* (¢, ) */ Ao(q)Dgu' (t,q, ) dg. (2.27)
Q

Noting the definition (2.26) of ¢ and the relation (2.25), it may be inferred that the field o* can be chosen to
satisfy

o*(t,x) = / X(t,q,x)dg,
Q

so that in this case ¢* can be interpreted as the average stress at point x and at time t.
Invoking (2.5), we recast (2.27) as the rate equation

Dmy*(t, QC) = DU (E)* <t7 z, U*(ta I) - Amcan Dmy*(tv 1’) - AO(q)unl (tv q, QL') dg) )
Q

subject to y*(t)|FD =75(t) and y*(0) =5(0).

We note that, in the first equality above, we know that the subdifferential of (@)* is single-valued thanks to
Theorem 26.3 in [21]. In summary, we have obtained the following corollary of Theorem 2.4 in this periodic
setting.
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Corollary 2.5. In the case of the model described in Section 2.3.5 with #S = 1, the sequence of solutions
u® to (2.19) converges in an appropriate sense to u*, and D,u® converges to D,u* + D,u', where u*(t,z) and
ul(t, q,x) solve the equations

Dgi' = Dot (4,2 — Ao(q)[DoY + Dyu* + Dgu']) — Dy — Dy,
Dzﬂ* = Do— (@)* (t7-'1570'* — Amean(Dwy‘f' Dzu*) - / AO(Q)unl dq> - Da:y’
Q

with
/ ut(t,q,2)dq =0, u'(0,q,2) =0, u*(t)|FD =0 and u*(0) =0,
Q

where the stress fields o* and ¥ are divergence-free (respectively in « and q), satisfy o*(t,z) = / 3(t,q,z)dq,
Q

1

and are chosen in order to ensure that the boundary and initial conditions for u* and u" are satisfied.

One of the key observations which arises from this example is that, even in this simple case (which can even
be simplified further by choosing ¥(q,z,&) = |£]?/2), the dissipation potential in the limit typically depends
on the entire history of loading: 1 is indeed defined using a time-dependent corrector. This demonstrates that,
while the solutions converge to a well-defined limit when € — 0, computing approximations to the limit problem
is very challenging.

2.4.3. The one-dimensional case

We consider here the one-dimensional case, and further assume, for the sake of simplicity, that 1/)(w, T, §) =

1
~v(w,2) |¢]? for some random stationary coefficient v satisfying 0 < v < v(w,z) < 7 for any (w,z) € Q x R.

We recall from the definition of stationarity given in (2.11) that there exists v : @ — R such that v(w,x) =
Vo (T(:z:)w) We are going to explicitly compute the solution u® to the evolution equation (2.19), pass to the
limit € — 0 on that explicit formula, and check that the so-obtained function u* is the unique solution to the
homogenized problem (2.20) and (2.21).

The evolution equation (2.19) reads

Yv € H%D, /Du(w, g) D,if Dyv + /DA(w, g) D,y* Dyv =0,

where y© = 7 + u®. This implies that there exists some function ¢, depending on ¢t and w but independent of
x, such that

V(w, E) D,y + A(w, E) D,y® =o°, (2.28)
€ 3

which is exactly (2.4). Dividing by v(w,x/e), we obtain, for any « € D, an ordinary differential equation that
we can integrate. Using that the initial condition is independent from € and w, we find that

Doy (t,w,x) = Dyy(0, ) exp (—A(“’x/a)t) + /0 Fo(sw) exp (A(“’x/a) (s — t)) ds. (2.29)

v(w,x/€) v(w,x/¢) v(w,x/€)
Using the boundary condition / D,y (t,w,z)dx = £(t) for some ¢ independent of ¢ and w, we get, by inte-
D
grating (2.29) on D, that
t
0t) = fo(t,w) + / o°(s,w)g°(s —t,w)ds (2.30)
0

with

£t w) :/DDzy(U,x) exp (—’Wt) dz, ¢ (s,w) = /D% exp (’Ws> dz.

v(w,x/e) w,z/€) v(w,x/€)
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We prove in Section 4.4 below (in the general case) that y*(¢,w,-) and (¢, w,-) are bounded in H*(D) by
constants independent of ¢ € [0,T] and w € 2. They thus weakly converge (up to a subsequence extraction) to
y*(t,w,-) and §*(t,w, ) respectively, for almost every (¢,w) € [0,T] x . The relation (2.28) and the bounds on
y© and ¢° mentioned above show that, again for almost every w, the sequence (-, w) is bounded in L2(0,7):
it thus weakly converges (up to a subsequence extraction) to o*(-,w).

We now pass to the limit € — 0 in (2.29). Using the ergodic theorem, we obtain that

t
D,y*(t,w,x) = Dyy(0,z) h*(t) —|—/ o*(s,w) g (s —t)ds (2.31)
0
for almost every (¢,w, ), with

sl (2] o2l (525)]

Passing to the limit ¢ — 0 in (2.30), we also obtain

£t) = /D D,y(0,z) h*(t) dz + | D] /Ot o (s,w) g* (s —t)ds. (2.32)
Collecting (2.31) and (2.32), we deduce that
Dy (t,w,) = (Day(0,2) — [D|~16(0) )" () + DI~ (8), (2.33)
which shows that D,y* is indeed deterministic.
We now consider the homogenized problem (2.20) and (2.21). It turns out that, in the one-dimensional case,

the vanishing of the stochastic divergence in (2.21) is analogous with the vanishing of a usual derivative, allowing
us to deduce that there exists a function ¥, independent of w, such that

Vo(w) (ny* T 9’) + Ag(w) (Day* +0) = S(t, ).

Equation (2.20) reads 0 = div,E[X(¢,z)] = div,X(¢, ), hence ¥ only depends on time. Integrating the above
ordinary differential equation and using that 6(t = 0,w, x) = 0, we obtain that

Dyy*(t,2) + 0(t,w,z) = Dyy* (0, z) exp <_ Ao(w) t) + /O RGP (AO(“’) (s — t)) ds.

vo(w) vo(w) vo(w)

Taking the expectation and using that E[f] = 0, we deduce that
t
Day*(t,2) = Doy (0,2) h*(1) + / (s) g* (5 — £) ds. (2.34)
0
Integrating (2.34) over D and using the boundary conditions, we deduce that
¢
£(t) = £(0) h*(t) + |D| / X(s) g*(s —t)ds. (2.35)
0

Collecting (2.34) and (2.35), we recover (2.33).
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2.5. Hysteretic behaviour

We conclude this introductory section by showing that, in a particular instance of our model, the system
exhibits hysteretic behaviour which persists at asymptotically low strain rates, as observed numerically on
Figure 2.

As in Section 2.3.5, we suppose here that

9 (0 2,6) = 3w (w0 2) 16l + (. D) 1el
where g, v : Q x R? — R are random stationary coefficients which additionally satisfy

0<v<v(waz)<? and 0<pu<p(wz)<E forany (w,z)€ QxR

As a reference domain, we choose D = H?:1(ai ,b;). We prescribe the boundary data by defining g (¢, z) :=
((6t) x1, where £ is a 1-periodic C' function and § is a parameter that scales the time (the smaller § is,

the slower the loading is). We impose a Dirichlet boundary condition on I'p = ({al} X H;i:z(ai,bi)> U

({bl} X Hl o(aq, bz)>, and let the material free to relax on the remainder of the boundary.

For fixed € and w, the energy dissipated over one time period by the system driven by the boundary condition
Yslr, = Uslrp may be expressed as

1/6
&S = Energy Dissipated = / / 8@# 2 ny(;) D, ysdxdt

1/8 T T
:/ / l/(w7—) |ny5|2—|—,u<w,f> | Dy ys| da dt
0 D € €
1/6 T T
> / / v (w, f) |Dyys - e1]® + (w, 7> |D.,ys - e1| de dt.
0 D g g

Using the lower bounds on p and v and applying Jensen’s inequality, the boundary conditions and a change of
time variable, we find that

1/6 ' , 1/5
/O /D”'D“"S'el' dxdtz/o )
s,

/ )
1/5/ ‘E dt,

where £¢(D) denotes the volume of the domain D, and likewise

1/6 1/6 _ 1,
/ /M\Dwyg-el|dmdtz/ M’/ [50(51) + Dty -1 da dt:Ld(D)u/ é)] a
0 D 0 - D —Jo

Noting that the second lower bound is independent of the rate &, we obtain that

2
dt

IR

+Ys - e1 dx

&

2

{5é(5t)+D¢,ﬂl5-el} dz| dt

£ = Energy dissipated in one period > £4(D / ‘[ (2.36)

showing that no matter how slowly the material is loaded and unloaded, the material always dissipates energy
(note also that since p has units of energy per unit volume, this lower bound has units of energy, as expected).
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We note that this lower bound is independent of € and w. For the homogenized model we identify, similar results
can be indeed obtained showing that the above property is preserved in the limit ¢ — 0.

We now discuss the link between that dissipated energy and the fact that the system shows hysteresis, namely
that the area within the loops shown on Figure 2 is positive. We consider here the one-dimensional setting of
Section 2.1, and write the mechanical energy at time ¢ as

Ei(t) = /DW (w, %,Dmy(t,z)) dx.

Then, over one period, we compute

1/6 dEZ 1/6 )
E;(1/6) — E;(0) = / dt = / / — ) D,y - Dy dzdt.
0

Using the equilibrium equation (2.4), we deduce that

EE(1/6) — /1/6/ o(t,w) — O ( Iy) )Dly dx dt,

hence, using the specific expression of 1,

Ef,(l/é)—Ef)(O):/ol/éo(uw) (/DDmydx> dt — &2

An application of Stokes Theorem demonstrates that the first term in the above right-hand side is the area
within the loop, whereas the last term is the dissipated energy. If the system reaches a limit cycle, we expect the
energy difference on the left-hand side to tend to zero over successive periods (indeed, this is what we observe
numerically). Under the assumption that we have found such a periodic solution, and that the above left-hand
side is therefore 0, we find that

Area within the loop = Energy dissipated in one period.

Since the energy dissipated in one period satisfies (2.36), we obtain that the area within the loop remains
bounded away from 0 for any loading rate . This demonstrates that the model exhibits stress—strain hysteresis
which persists at arbitrarily slow rates of loading.

3. FUNCTIONAL ANALYTIC SETTING

To mathematically cast the model we study in a correct manner, we first introduce spaces of admissible
displacements. Since we consider an evolution problem, we first define the “spatial” function spaces and next
describe their evolutionary counterparts.

3.1. Space of displacements

We consider a Lipschitz domain D C R¢ which corresponds to the reference configuration of a d-dimensional
viscoelastic body. The boundary 0D of the domain is partitioned into relatively open sets

OD=IpUI'y with I'pNI'xy=0 and FD7A®

The set I'p is the portion of the boundary subject to Dirichlet conditions and I'y is the portion left free, and
is therefore stress-free under natural boundary conditions. We consider scalar-valued functions y : D — R
which correspond to displacements experienced by this body. The weak gradient of a function y is denoted
D,y : D — R?% We assume that I'p has non-zero capacity and set

- HY(D
Hf = C§(DUTIx) ( ),
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where C}(DUT'y) is the space of real-valued continuously differentiable functions which are compactly supported
in DUTI'y. We write Hf._ in place of Hf, (D), since D is fixed throughout.

Our assumption that I'p has non-zero capacity entails that the Poincaré inequality holds: there exists a
constant C' > 0 depending only on D and I'p such that

||UHL2(D) S C”Dx’u”]}(p) fOI‘ any u S HllﬂD. (31)

It follows that the mapping u — [ullm: = ||Dzul[L2(p) is a norm on Hf equivalent to the restriction of the
D

H!(D) norm to H%D. Furthermore
(u, v)1 = / Dyu-Dyvdr  for any u,v € Hf
I'p D D

defines an inner product which induces the norm || - || .
D

We write (H}D)/ to denote the space of bounded linear functionals acting on H}D, and denote by (-, ->H;
D

(H%D)I X H%D — R the corresponding duality product. Whenever there exists o € L?(D)? such that f € (H%D)/
may be represented as

(f,u)H%D :/Da-Dxudx for anquH%D,

we write f = —div,o. Upon applying the Riesz Representation Theorem, we note that any f € (HILD)/ has such
a representation, although without further conditions this is non-unique.

3.2. Stochastic displacement space

Our aim is to study the evolution problem (2.19) and to identify its homogenized limit when € — 0. To that
end, we use a variant of the theory of stochastic two-scale convergence in the mean introduced in [5]. We recall
here the notion of stochastic weak derivatives, following the exposition in Section 2 of [5].

We consider the family of unitary operators {U(x)},cgre acting on f € L2(Q) via

[U(2)fl(w) = f(T(z)w),

where T'(x) is the ergodic dynamical system defined in Section 2.3.1. Since L?(Q) is assumed to be separable,
it is possible to define stochastic partial derivatives d1,...,04 as the infinitesimal generators ¢; of the strongly
continuous unitary group representations, where x; varies around 0 while the other coordinates remain fixed at
0 (see [5], Eq. (2.1)). More precisely, for any f € L?() such that the limit makes sense, we set
Ulhe)f — f

0;f =1 e

if s h ’
where e; € R? is the jth Euclidean basis vector, and the limit is taken in L?(Q2). The operators i6; are self-
adjoint and commute on their joint domain of definition, denoted #(f2). For a multi-index a € N%, we define
the operator

0% =071 052 ... 65

We define the space 2°°(2) of “test functions” as
2(Q) == {¢p € L™(Q) | ¢ € L™(Q) N 2(Q) for all a € N*}.

The fact that this space is non-empty is proven in Lemma 2.1 of [5], using an explicit construction via “convo-
lution” of an L>°() function with the Fourier transform of a function in C5°(R%).
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For any f € L?(Q), the stochastic weak derivative §*f of f is the distribution in 2°°(Q)’ defined via
6°F.0)i= (-1 [ 5% dP tfor any 6 € 7(@),
Q
where |a| = E?:1 ;. The space H' () is defined to be the subspace of L?(2) for which there exists f; € L?(Q2)

(for any 1 < j < d) such that
/ij ¢ dP = (6;f,¢) forany ¢ € 2°°(Q).

As usual, we abuse notation by writing §; f € L%(Q) to denote f; in the above definition whenever f € H'(Q).
Let u € HY(Q). It is convenient to define the stochastic gradient D,u € L2(Q)? of u by

D, u= (61u,...,0qu).

We note that H*(2) is a Hilbert space for the usual inner product
d
(u, v)m1 () = (u,v)r2(0) + (Do, Dyv)rz) = (4, 0)L2(0) + Z 9, 650)12(0)-
Jj=1

Furthermore, 2°°(f2) contains a countable subset which is dense in this space (see [5], Lem. 2.1).

Remark 3.1. For any u € H(Q), we have / D, udP = 0. In other words, stochastic gradients are always
Q
mean zero fields. This is a direct consequence of the definition of D, and of the fact that P is an invariant

measure with respect to 7', which implies that / u(T(z)w) dP is independent of x.
Q

3.3. Stress and strain spaces

In addition to the displacement spaces defined above, we also distinguish appropriate spaces in which to
consider the corresponding stresses and strains.
First, we note that L2(D)¢ is a Hilbert space when endowed with the inner product

(&, Q)r2(pye ZZ/Df-Cdx.

Following the notation used in Chapter 1 of [11], we define a space of strains which are compatible with a
displacement in H}. b
L2

pot

D) = {¢ | £ = Dyu for some u € Hy } € L*(D)%.

This is a closed subspace of L?(D)?, since HILD is a Hilbert space where the Poincaré inequality (3.1) holds.
Moreover, it has orthogonal complement

L2, (D)" = {5 € L?(D)*

Df-Dwudxzofor anquH%D}.

Stated differently, this is the space of all ¢ € L%(D)? which satisfy —div, & = 0 in (H%D),, in the notation
introduced at the end of Section 3.1. This is an appropriate space for certain stresses we consider in the sequel.
In a similar way (again, see Chap. 7 of [11]), we define the stochastic version of these spaces,

2 d
)= {6 | 0 = D,,u for some u € H'(Q)} L ,

/§~DwudP: 0 for any u € Hl(Q)}.
Q

L2

pot

L2, (@) = {& e L2()f
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We note that both of these spaces are separable, a property which they inherit from L2(£2). Again, the former
space corresponds to “stochastic strains”, and the latter to certain “stochastic stresses”. Unlike in the case of
L2,:.(D), we note that we cannot in general assert that 6 € L2, (Q) implies that 6§ = D,u for some u € H'(£2),
since we cannot guarantee that a Poincaré inequality of the form

lullrz) < C || Dyullrz(q)

holds for any u € H'(2). This is the reason why we have defined L2, () as the L2(2)¢ closure of this set. We

remark that, in the example given in Section 2.4.2, a Poincaré inequality does hold on Hj, (Q), and therefore
in this case we are able to conclude that any 6 € L2 (Q) satisfies 6 = D, u for some u € H'(Q).

pot

Remark 3.2. As a direct consequence of Remark 3.1, we see that any 6 € L2, (Q2) satisfies / 0dP = 0.
Q

3.4. Evolution and corrector spaces

Finally, we introduce Bochner spaces corresponding to trajectories of the evolution problems we study. These
spaces are LQ([O,T];X) and H! ([O,T];X) where X is a Banach space, being respectively the space of square
Bochner-integrable functions w : [0,7] — X and the space of square Bochner-integrable functions with square
Bochner-integrable weak derivative in time. We write u(¢) to mean the value of uw in X at ¢t € [0,7]. These
spaces are Banach spaces when endowed with the norms

1/2

T 1/2 T
uan([o,T];X)::( / |u<t>|%(dt) and ||u||H1<[o,T};X>:=( / ()% + [u(®)]%) dt) ,

where here and throughout the remainder of our analysis, % denotes the time derivative of u. Moreover, in the
case where X is a separable space, we have the isometric isomorphism

(L2([0,T];X)), ~L*([0, T]; X),

and we identify these spaces throughout our analysis. We also note that L?([0,7]; X) and H'([0,7]; X) are
reflexive whenever X is reflexive, and separable whenever X is separable.

We also consider the space C([O7 T); X ), which is the space of continuous maps from [0, 7] into the Banach
space X. We note that any v € H! ([0, TY; X) has a representative in C([O, T); X), which satisfies

ty
u(ty) —u(to) = / u(s)ds for any t1,t9 € [0,7].

to

Similarly to functions which are Bochner-integrable and have weak derivatives in time, at various points
we consider Bochner-integrable corrector functions with values in L?(D; L2 (Q)), and stresses with values in
L2(D; 12, (Q)%). Both of the latter spaces have norm

pot
) 1/2
||0HL2(D;L2(Q)) = (/D/Q|9(w,x)| dP(w) dx) )

3.5. Measurability considerations and representations

In the sequel, we manipulate functions which depend on time t € [0,7], random realisation w € Q and
spatial position € D. We assume that such functions are measurable on the product space [0,7] x Q x D,
and one example of natural function spaces in which to consider these function under our assumptions is
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L2([0,T] x Q x D)", with n = 1 (for scalar-valued functions) or n = d (for vector-valued functions). The inner
product on these spaces is

T
(97§)L2([O,T]><Q><'D)" ::/ // 9(t,w,x) -é(t,w,x) d.’Ed]P)(CU) dta
0o JQJD

where we use Fubini’s theorem to write the integral over the product space. We note that, as a consequence of
the results contained in Chapter III, Sections 11.16-11.17 of [8], we may equivalently require that such functions
are represented in L*([0,7] x Q;L?(D)) or L2([0,T];L?(€;L?(D))) (or indeed any other permutation of this
ordering) and vice versa. Throughout this article, we will identify such representations notationally without
comment.

As particular examples of this convention, we will freely switch between thinking of:

— we HY([0,T]; L2(Q; HE ), as being identified with u € L2([0, 7] x Q2 x D) and such that @ € L2([0, 7] x Q2 x D)
with D,u, D, € L2([0,T] x 2 x D)% '
— 6 € H'([0,T]; L*(D; L2, ())), as being identified with 6 € L?([0, T]xQx D)% such that 6 € L*([0, T]xQx D)4

pot

with 0(t,-,x),0(t, -, x) € L, () for almost every (¢,x) € [0,T] x D; and
~ ¢ e L2([0,T); L*(D; L2, () 1)), as being identified with ¢ € L*([0, T]x Q2x D)% such that {(t,-,z) € L2, (2)*+

for almost every (t,z) € [0,T] x D.

Since we never require a pointwise identification of the functions we consider (we seek only weak solutions to the
problem we consider), we mainly opt to refer to functions as being represented in the most restrictive setting
they can be considered for notational brevity.

3.6. Stochastic two-scale convergence

In this section, we recall and slightly extend the definition of stochastic two-scale convergence given in [5].
Throughout, we write LQ([O,T] X £ % D) to mean the space of measurable square-integrable functions with
respect to the product measure £' @ P ® £, with the usual sigma-algebra generated by M! @ ¥ @ M.

The compactness results herein are very close to those given in [5], which in turn share much in common
with those in [1]: the generalization we make for the subsequent analysis is that we need to obtain a form
of compactness such that, loosely, we may select subsequences of a bounded sequence uf(t) which two-scale
converge in space for almost every time ¢ and realization w.

An important class required for the definition of two-scale convergence is that of admissible functions. These
are functions which satisfy the correct measurability properties to allow us to define two-scale convergence.

Definition 3.3. A function ¢ € L2([0,T] x Q x D) is admissible if 7 : (t,w,z) — (¢, T(z)w, ) satisfies
Yr € L2([0,T] x Q x D).

Note that, for some v € L2([0,7] x  x D), the function ¥r may not be measurable. This motivates the
above definition. As particular examples of admissible functions, it is straightforward to use the ideas of [5] to
check that functions in C([0,T]; C(D, 2°°(Q2)) are admissible, as is any function of the form

(t,w,x) — f(t) g(x) h(w) where f € C5°([0,T]), g € Co(DUTN) and h € 2°(Q).

Series of functions of this form are dense in L2([0,T] x © x D). This is an important observation which we use
repeatedly in the analysis which follows. With the class of admissible functions prescribed, we define two-scale
convergence as follows.

Definition 3.4. A sequence u® € L*([0,7] x € x D) is said to two-scale converge to u* € L*([0,T] x € x D)
if, for any admissible v, we have

;%/OTA/DUE(t’w’m)w(t’T(j) w,x) dxd]P’(w)dt:/OT/Q/Du*(t,w,x)w(t7w7m)dxdﬁ”(w)dt.
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This definition is a generalisation of the one given in Definition 3.3 in [5] to incorporate time dependence. Indeed,
if we consider a sequence u® and limit u* which are both independent of ¢, then the two definitions coincide.

The following lemma extends the fundamental compactness result concerning two-scale convergence to the
case of two-scale convergence in the sense of the above definition. For comparison, similar results are given in
Theorem 3.4 of [5] and in Theorem 1.2 of [1].

Lemma 3.5. Let u® be a bounded sequence in LQ([O,T] x ) X D). Then there ezists a subsequence of u® and
some u* € LQ([O, T] x £ x D) such that, along this subsequence, u® two-scale converges to u*.

Before providing a proof of this result, we make some remarks about the relationship between two-scale
convergence and weak convergence.

Remark 3.6. If we choose an admissible test function v in Definition 3.4 Which is deterministic, then as a
consequence of the definition, any measurable representative of the map (¢, z) fQ (t,w,z) dP(w) weakly-
converges to (t,z) — [, u*(t,w,z) dP(w) in L2([0, T] x D). Two-scale convergence thus entalls weak convergence
of expectatlonb but does not necessarily imply weak convergence in L2([0,T] x D x Q). Viewing these functions
as expectations conditioned on the space and time variables explains the use of the terminology “two-scale
convergence in the mean” used in [5].

Proof. We follow the proof of Theorem 3.4 of [5]. Since L2(f2) is separable, there exists a countable and dense
set S of admissible functions in L?([0,7] x Q x D). For each ¢ € S C L?([0,7] x © x D) (which is admissible),
we have, employing the Cauchy—Schwarz inequality and the invariance of P with respect to T, that

T
xr
‘/ //ua(nw,m)w(aT(f) w,x) d:cd]P’(w)dt’ < Ol (o1 x2x)
0 JQJD e

where C' = sup, [|u®||L2(jo,7xaxp)- We can thus find a subsequence {us"} (which depends on v) such that

elfiglo /OT/Q /D uE (t,w, z) 1 (t,T (g) w, 1:) dz dP(w) dt (3.2)

exists. Since §' is countable, we can infer from a diagonalization argument that there exists a subsequence {usl}
(independent of the elements in 1) such that, for any ¢ € S, the limit (3.2) exists. Let X be the subspace
of admissible functions 1) € L?([0,7] x © x D) such that the limit (3.2) (along the subsequence we have just
defined) exists. Then X is a vector subspace of L2([0,7] x 2 x D) and the limit (3.2) defines a bounded linear
functional (denoted g) on X. Recalling that S C X and that S is dense in L?([0, 7] x 2 x D), we can extend g to
a bounded linear functional on L? ( [0,T] x Q x D). Using the Riesz theorem, this functional g may be identified
with some u* € L?([0,7] x © x D). This concludes the proof of Lemma 3.5. g

We also have the following result, which is the one we use below. Again, this is a slight generalization of
Proposition 1.14i of [1] and of Theorem 3.7b of [5].

Lemma 3.7. Let u® be a bounded sequence of functions in H'([0,T); L*(Q; HL.)). Then there exist a scalar-
valued function u* € HY([0, T);H{ ), a vector-valued function § € H* ([0, T]; L? (D L2

20t(Q))) and a subsequence
along which:

(1) u® and 4° respectively two-scale converge to u* and u*,

(2) Dyu® and D4 two-scale converge to Dyu* + 0 and D,a* + 0,
where each of these two-scale limits is identified with a representative in L2([0,T] x Q x D) (or L2([0,T] x
Q) x D)4 respectively);

(3) u®(0,-,-) and u®(T,-,-) respectively two-scale converge to u*(0,-) and u*(T,-),
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(4) Dyuf(0,-,-) and Dyus(T,-,-) respectively two-scale converge to Dyu*(0,-) + 6(0,-,-) and Dyu*(T,-) +
9(T7 Ty )7

where each of these two-scale limits is identified with a representative in L2(Q x D) (or L2(2 x D)? respectively),
and two-scale convergence holds in the sense of Definition 3.3 of [5].

Moreover, if u*(0,w,x) = ug(x) for any € and for almost every (w,xz) € Q x D with ug € Hf_, then
u*(0,7) = ug(x) in HY(D) and 0(0,w,z) = 0 in L2(D x Q)%.

Before proceeding to the proof of this lemma, we recall that, as mentioned above, Definition 3.3 of [5] is
identical to Definition 3.4 given above when applied to ¢-independent functions.

Proof. The proof is organised into 5 steps. The proof of the assertions (1) and (2) is an adaptation of the proof
of Theorem 3.7b of [5].

Step 1. Two-scale convergence of u® and u¢. We first note that applying the lemma proved in IT1.11.17 of [8]
allows us to represent u¢ and all of its weak derivatives in space and time in L2([0,7] x Q x D)™ with n = 1 or
n = d. In an abuse of notation, we will refer to both representations in the same way. Lemma 3.5 then entails
that we may extract a subsequence such that u® and u® two-scale converge to some u* and v* respectively,
which both belong to L2([0, 7] x 2 x D). For any f € C([0,1]), g € C§(D) and h € (), by integrating by

parts, we have
/OT/Q/Due(t,w,x)f(t)g(x) n(7(%)w) dedplw)at

——/OT/Q/Das(t,w,x)f(t)g(m)h(T (2) ) drap) s

Passing to the two-scale limit, we obtain

/OT/Q [ ) 0 9(0) hw) de Py at =~ [ / [ 04002 10 g(0) o) da dP)

Since the tensor product 2°°(Q2) ® C3(D) is dense in L2(Q x D) (because the component spaces endowed with
appropriate L? norms are respectively dense in L2(Q2) and L?(D)), we find that

///f "t w,z) dt k(w, z) dz dP(w ///f *(t,w, 2) dt k(w, ) dz dP(w)

for any f € C([0,T]) and any k € L2(Q2 x D). It follows that v*(-,w,z) = @*(-,w,z) for almost every
(w,x) € Qx D, and identifying the dual of L?(Q x D) with the space itself, we deduce u* € H*([0, 7]; L?(Q2 x D)).

Step 2. u* is deterministic. Recalling Lemma 2.1 of [5], there exists Sy C 2°°({2) which is dense in L?(£2) such
that
(Dh)(T(z)w) = D, (h(T(:z:)w)) for any h € Sp.

Taking f and g as above and h € Sy, by “integrating by parts”, we find

E/OT/Q /D D uf(t,w,x) f(t) g(x) h (T (g) w) dz dP(w) dt
= —¢ /OT/Q /Dug(t,w,x) f(&) Dyg(x)h (T (g) w) dz dP(w) dt
_ /OT/Q /Due(t,w7x) £(t) g(x) (D) (T (g) w) dzdP(w)dt.
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Passing to the two-scale limit, and noting that the first and second integrals remain bounded by assumption,

we see that
0 :/0 /Q/Du*(t,w,x)f(t)g(x) D h(w) dz dP(w) dt.

It follows that, for any h € Sy,
0= / w*(t,w,x) Dyh(w) dP(w) for almost every (¢,xz) € [0,T] x D.
Q

Since Sy is dense in Z2°°(€2), we obtain that D,u*(t,w,z) = 0 for almost every (¢,w,z) € [0,T] x Q x D. Since T'
is ergodic, the discussion in Section 2 of [5] demonstrates that any u € L2(Q) such that D,u = 0 is constant. We
may thus choose a representative such that u* = u*(t, z), and we have demonstrated that u* € H([0, T]; L?(D)).

Step 3. Two-scale convergence of Dyu® and D,uf. Since D,u® is bounded in L2([0, 7] x Q x D)%, there exists
a further subsequence along which D, u® two-scale converges to some ¢ € L2([0, 7] x 2 x D)4. Since D,uf is also
bounded in L2([0,T] x  x D)4, we can require that it also two-scale converges. Using the same arguments as in
Step 1, we can show that D,u¢ two-scale converges to & and therefore that & can be identified with a function
in H1([0,T]; L2(Q x D)9).

Taking f € C3°([0,T]) and g € C§(DUTp) N L2,
applying the definition of two-scale convergence, that

:_3%/// (t,0, 2) F(t) divag(z) de dP(w) dt
:iii%/o /Q/DDIuE(t,w,w)~g(x)f(t)ddeP’(w)dt

:/OT/Q/Dg(t,w,x)-g(x)f(t)dxdp(w)dt.

(D)*, we have that / £(t,w, ) dP(w) € L2
Q

pot

(D)L, i.e. g such that —div,g = 0 in (H%D)/, we obtain,

By the density of such g in L2 (D) for almost every t € [0,T], and

pot
therefore there exists w € L*([0,T]; Ht. ) such that

D,w(t,x) = / E(t,w, z) dP(w) for almost every (t,z) € [0,T] x D.
Q
Since ¢ € HY([0,T};L3(Q x D)), we further obtain that D,w € H([0,7];L*(D)?), and hence w €

H'([0,T]; Hy,)).
Taking now a more general space test function, we have, for any ¢ € C5°(D), that

/OT/Dme(t,x) f(t) o(x dxdt_ah_r%/ //D u(t,w, z) f(t) p(z) de dP(w) dt
- —lin /O /Q /D W (8,0, 7) (£) Dap(x) dz dP(w) dt
/OT/Du*(t,x)f(t) Dyo(z)dz dt.

This shows that D,w = D,u*, and hence that we may take v* € H' ([0, T]; H!(D)).
We now show that u*(t,-) € H{._ for almost any ¢. Let f € C§°([0,7]) and g € C§(D UTx). The function
(t,z,w) — f(t) g(x) is admissible. Since u® two-scale converges to u* which is deterministic, we have

/OT/DE[uE(t,-,x)] f(t)g(x)dxdt:/OT/D/Que(t,w,x) £(1) 9(a) da dB(w) dt - // (t,2) F(1) g(x) dz dt.
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By density of such functions f(¢) g(x) in L2([0, T] x D), we hence get that E[u®] weakly converges in L?([0, 7] x D)
to u*. In addition, since E[uf] is bounded in H([0, T7; HllﬂD)7 we know that, up to a subsequence extraction, it
converges (weakly in H' ([0, 7]; Hy, ) and strongly in L?([0, T] x D)) to some uy € H'([0,7T]; Hy ). By uniqueness
of the limit in L?([0,T] x D), we get that u; = u*, and hence u* € H'([0,T]; Hf, ).

We know that D, u® two-scale converges to &, that we write in the form & = D u* + 6 for some 6 €
HY([0, T]; L2(2 x D)?). We claim that 0(t,-,z) € L2, (Q) for almost every (t,z) € [0,T] x D. Following the
construction made in the proof of Lemma 2.3b in [5], there exists a set S; C 2°°(2)¢ which is dense in the
closure of the kernel of div,, (or equivalently, in L2 ,(€2)*) such that

ediv, (¢ (T(z/e)w)) = (divyC) (T(z/e)w) = 0.
Let f € C([0,T]), g € C{(D) and ¢ € S;. We have that

/ /Q/ £(t) 2 (t,w, 7) — Dy (t, 7)) ((T(g) w) dzdP(w) dt
_ _/O /Q/D[ue(t,w,x) — ' (t,@)] f(t) Dag(a) - ¢ (T (g) w) dzdP(w)dt.

Passing to the two-scale limit, we get

///f 0(t,w,z) - ((w) dzdPdt = 0.

Now, by the previously asserted density of Sy in L2 (Q2)+, we deduce that 6(t,-,z) € L2, (€2) for almost every
(t,x) € [0,T] x D. Applying the result of I11.11.17 in [8], we may require that 9 € H' ([0, T); L*(D; L2, (2)))

which concludes the proof of assertions (1) and (2) of the lemma.

Step 4. Two-scale convergence of u®(0), D,u®(0), u*(T) and D uf(T). Since H!([0,T]; L2(Q; H'(D))) is embed-
ded in C([0,7T];L2(2; H}(D))), we may select continuous representatives of u¢ which have well-defined values
at t = 0 and ¢t = T In addition, u°(0) and u®(T) are bounded in L?(Q; H}(D)). Using Theorem 3.7b of [5], we
deduce that (up to extracting a further subsequence) u(0) two-scale converges to some Uy € H!(D) and D, u¢(0)
two-scale converges to D, Uy + Oy for some O € L*(D;L2(€2)), in the sense that, for any ¢ € L?( x D) and
U € L2(Q x D)¢ which are admissible in the sense of [5],

g@)[)éuf(o,w,m)qp(z“(g) ddeP’ //UO ¥(w, z) de dP(w),

lim//DIuE(O,w,x)JII(T(g) ddeP’ // (DU () + Op(w, )] - ¥(w, z) dz dP(w).

e—0 Jo Jp

Likewise, u(T") two-scale converges to some Ur € H' (D) and D,uf(T) two-scale converges to D,Ur + Ot for
some Op € L2(D; L2, (Q)).

Next, we wish to check that the operations of taking the two-scale limit and selecting the initial or final values
commute, in order to identify Uy, Og, Ur and O with respect to u* and 6. To do so, consider ps(t) = ¢(t/5)/d
for some ¢ € C5°(R) which is even, non-negative and satisfies

/Oooga(t)dtl.

Let X be a Banach space. For any u € H([0,77]; X) and any 0 <t < T, we have

t
[u(t) — w(0)]|x < /0 lia(s)llx ds < vV [lllzo.mx)-
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We hence deduce that, when 0 is sufficiently small,

T T
/ 5(t) u(t) dt — u(0) / 5(t) [u(t) — u(0)] dt
0 0

X |
T
§/ Va2 o,r):x) @s(t) dt
0
< V3 |l o) / Vig(t)dt
0

= CV5 ||itl|L2((o, 77 x) - (3.3)

X

Taking g € L?(Q x D) which is admissible as above, and applying the definition of two-scale convergence in
L2([0,T] x Q x D), we find that

’/// (t, ) s(t) g(w, z) dz dP(w dt—//Uo g(w,z) dz dP(w)
/// “(tw.)ps() g (T (2) w.z) dodP(w)dt - // (0,w,2) g T())dxdl?’()‘

= lim
e—0

< CVs,

where the final estimate follows by using the estimate (3.3) in combination with the fact that the sequence u° is
uniformly bounded in H!([0, T']; L2(€; HY(D))). Letting 6 — 0, and recalling that u* belongs to H!([0, T]; HY(D))
and thus has a representative which is continuous in time, we obtain that u*(0,2) = Up(z) for almost every
zeD.

A similar argument applies to show that D,u*(0,z) + 6(0,w,2) = D,Uy(x) + O¢(w, ) a.e. in Q x D, and
likewise at the final time T'. This concludes the proof of assertions (3) and (4) of the lemma.
Step 5. Deterministic two-scale limit at initial time. We now assume that u°(0,w, ) = ug in H%D for almost
every w € ). In view of assertion (3), we see that u*(0,-) = ug. Taking now g € C(D) and h € 2*°(Q), we
have, in view of assertion (4) and of the fact that D,u*(0,-) = Dyug, that

O:/Q/D[Dqu(O,w,x)—Dwuo(x)]g(x)h(T(i) w) dzdP(w) /Q/ 0(0, 2, w) g(z) h(w) dz dP(w).

By density, we find that 6(0,w,z) = 0 for almost every (w,z) € € x D. This completes the proof of
Lemma 3.7. ]

We note that a key consequence of the previous lemma is that gradient fields D,u® which are uniformly
bounded in L?(£2 x D)? have two-scale convergent subsequences with limits in L2 (D) + L?(D; L2,:(Q)). In the
following result, we show that divergence-free fields satisfy a similar property.

Lemma 3.8. Suppose that o € L2 ([O,T] x Liot( ) ) is a uniformly bounded sequence. Then there exist
two functions o* € L? ([0,T];L2,(D)*) and ¢ € L? ([0,T] x D; L3

ot 2t ()1) and a subsequence along which o*

two-scale converges to o* + (. Furthermore, the expectation of ( vanishes: / C(t,w,z)dP(w) = 0 for almost
Q

every (t,z) € [0,T] x D.

Proof. As in the proof of Lemma 3.7, we first note that applying the result of I11.11.17 in [8] allows us to
represent o¢ in L2([0,T] x Q x D), for which we use the same notation. Applying Lemma 3.5, we may extract
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a subsequence such that o two-scale converges to some ¥ € L2([0,7] x Q x D). Taking f € C>([0,T]) and
g € C}(DUTy), we have that

ozgii%///f “(t,w,z) - Dypg(x) dP(w) da dt = ///f S(t,w,z) - Dyg(x) dz dP(w) dt.

Defining o* (¢, z) = / 3(t, w, ) dP(w), it follows that o* (¢, ")
)

€ L2

2 t(D)* for almost every t € [0, T]. Using the

integrability in time of ¥, we have o* € L? ([0, T]; L2, (D)
As in the proof of Lemma 3.7, we recall from Sectlon 2 of [5] that there exists Sy € 2°°(€2) which is dense
in L2(Q) such that

D, (h(T(x)w)) — (Duh)(T(z)w)  for any h € So.
Taking f as before, g € C3(D) and h € Sy, we get

— E/OT/D /Q f@)h (T (g) w) [0°(t,w,x) — 0*(t,x)] - Dypg(x) da dP(w) dt
- /OT/D B g() [0°(t,w,2) — o*(,)] - (Duh) (T (g) w) dz dP(w) dt.

Defining { = ¥ — ¢*, and passing to the two-scale limit in the above expression, we obtain

0_/ //f ((t,w, z) - Dyh(w) dz dP(w) dt.

Since Sy is dense in L?(€), this implies that ((t,-,x) € L2, (Q)* for almost every (t,z) € [0,T] x D. We have
thus shown that ¢ € L? ([0,7] x D; L2, (2)*). Furthermore, in view of the definition of o*, we observe that the

expectation of ¢ vanishes. This concludes the proof of Lemma 3.8. O

3.7. Characterising (¥} )*

In this section, we provide a preliminary result (namely Lem. 3.10 below) which characterises various proper-
ties of a uniformly convex functional (precisely defined by (3.17) below) defined on H%D and which only depends
on D,u. In order to do so, we make use of an approximation result, Lemma 3.9 below, which provides a smooth,
measurable approximation of the dissipation potential density . This approximation result is also needed for
the proof of our main result. Since both lemmas rely crucially on the various structural assumptions made on
1), we recall here these assumptions (made in Sect. 2.3.3) for the reader’s convenience.

Assumptions on )

(¥1) For any & € R?, the function (w,z) € Q x R? + t(w, z,£) is measurable with respect to the
sigma-algebra generated by ¥ x £%, and is stationary in the sense of (2.11), i.e. there exists
o : Q x R* — R such that

for any € € RY, (w,z, &) = 1o (T(m)w,g) for any z € R? and almost every w € Q.

(¥2) Y(w,x,&) >0 for any (w,x,€) € Q x R4 x R, and 9 (w, x,0) = 0 for any (w,z) € Q x R?,
(¥3) 1 is uniformly strongly convex in its final variable, i.e. there exists ¢ > 0 such that

£ e Ry = h(w,x, &) —c|¢)® is convex for almost every (w,z) € Q x R%.
(14) There exists C' > 0 such that, for any & € R%,

Y(w,z,€) < C(14|€)%) for almost every (w,z) € Q x R%
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Under these assumptions, we prove the following result.
Lemma 3.9. For any n > 0, there exists a function 1, : £ X R? x RY — R, defined to be the Moreau envelope
1
ol €)= inf {wlon.0)+ 3ol -}, (3.4
pER 2n
which satisfies the following properties:

(1) For almost every (w,z) € Q x R, the function & — 1, (w,z,£) is C! and convez, with & — Dethy,(w, z, &)
being uniformly Lipschitz on compact sets.

(2) For any £ € RY, the function (w,x) — ¥y, (w,z,£) is measurable. It is stationary in the sense of (2.11).

(3) For all £ € RY and for almost every (w,x) € Q x R, we have

0 < YW, 2,8) < (W, z,€) < thy(w, z,€) + 87 C2(1 + [¢]?) (3.5)

where C' is the constant appearing in assumption (4).
(4) There exists a constant C, which only depends on the constants ¢ and C appearing in assumptions (1)3)
and (4), such that, for almost every (w,z,&) €  x R? x R,

[ Detpy(w, z, §)] < C(1+ [¢])- (3.6)

(5) Let (1y)* be the Legendre—Fenchel transform of 1, with respect to its third variable. For n sufficiently small
(e.g. whenever n < c¢/(16C?)), we have

Y(w,x, &) < W + 778—02 for any (w,z,£) € Q x R x R? (3.7)
n n
and
() @,0) 2 7 (w,2,¢) > @O B s eaxRIXRE (38)
my my
with 2 1
mn'f1—8n?>§>0. (3.9)

Furthermore, for almost any (w,z) € Q x RY, the function ¢ — ()" (w,x,() is convex.
(6) The function ¥, (w,z,&) is (uniformly in (w,x)) strongly convex in its final variable, in the sense that the

function & — Py (w,,&) — 1+ 2en

(7) For almost any (w,z) € Q x RY, the function ¢ — (¢y,)*(w,z,¢) is CL. Furthermore, there exists a constant
C*, which only depends on the constants ¢ and C appearing in assumptions (¥3) and (yY4), such that, for
almost every (w,z,¢) € Q x R x RY and any n < 1,

1D ()" (w, 2, Q) < € (1 +[C])- (3.10)

Proof. The definition (3.4) of 1, follows that of the Moreau envelope defined in Section 12.4 of [3], and prop-
erty (1) follows from Propositions 12.15 and 12.29 in the same reference.

We note that the function (w,z) — ¥y (w,z,§) is measurable for each ¢, since the infimum in (3.4) can be
taken over p € Q7 without changing the definition, thereby making the function an infimum over a countable
collection of measurable functions, and hence itself measurable. The stationarity of ¢ assumed in (¢1) directly
implies that of v, since

€)% is conve.

_ 1 B2\ — x)w
Yl 2,€) = inf {wo( (#)w.p) + 5 1€ =Pl }_d’o’”(T( ), (3.11)

where 9o, (w,§) == lnf {1/10(w,p) + %K —p|2} for all (w,&) € Q x RY.
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This proves property (2).

We now turn to proving property (3). Since this property is expected to hold uniformly for almost every
(w,z) € Q2 x RY, for convenience we set f(&) := (w,z,&) and f,,(§) = ¢, (w,,&). Applying assumption (¢2),
it is clear that 0 = gieand F(&) < fru(&) < f(§), with the upper inequality being a consequence of the fact that

p = & is a competitor in the minimisation problem (3.4) defining 1. It thus remains to show the upper bound
in (3.5). To that aim, we consider

1 2
) = fol6) = sup {f(f) - 1) - 5le - } |

The convexity of f and the bound (2.15), which itself is a consequence of assumption (1)4), together entail that,

for any ¢ and p,
F(&) = f(p) <4CVT+IEP € - pl.

Using this estimate and explicitly solving to obtain an upper bound, it follows that
1
1) = 1€ < sup {4CVTTTER I6 =l = ole = b < 80021+ I,
pE

which implies the upper bound in (3.5). This proves property (3).
We now establish property (4). Let pg € R be the unique minimiser of the problem (3.4) defining P, We
have that

F6) = 16D + 5ol€ ~ P

Applying Proposition 12.29 of [3] and using the fact that pg is a minimiser, we deduce that

Dfy(€) = — (£ —p{) € 0f(0)).

_1
n
Applying the bound (2.15), we therefore have

1
[Df(6)] = ;|§ —pil <4C 1+ p (3.12)

Now, using (2.14), property (14) along with the definition (3.4) of the Moreau envelope, we find that

cdpg? < f(pd) < fo(&) < f() < C(1+[¢)?).

Combining this observation with (3.12), we obtain property (4).
We next establish property (5). Due to the ordering property of the Legendre-Fenchel transform, we deduce
from (3.5) the following upper bound:

(n)* (w,2,¢) > V" (w,x,() for any (w,z,() € Q x RY x R, (3.13)

We now establish a lower bound on ¢*. In view of (3.5) and (2.14), we write that

02
'(/J(UJ7$C,E) S wn(w?w75) + 87702(1 + |€|2) S wﬂ(wﬂmag) + 87702 + 877 7¢(W>$7§)

Whenever 1 < ¢/(16C?), we see that m,, =1 —8yC?/c>1/2 > 0, and thus

S ﬁ’n(a’,x,f) + 7’8760
my my

ql)(w, z, 5)

i
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which is (3.7). We deduce from the above inequality that

(1/}n)*(w,x, My C) _ 77@

My My

Y (w,x,() > for any (w,z,¢) € Q x R? x R, (3.14)
Collecting (3.13) and (3.14), we obtain (3.8). In addition, the function (¢,)*(w,z, () is convex in ¢ because
it is the Legendre—Fenchel transform, and so a supremum of convex functions (see (2.5) and the discussion in
Sect. 2.1).

We now turn to establishing property (6). In view of property (1), we know that 1, is convex. Following
the proof of Proposition 8.26 of [3], we now establish a more precise statement. For convenience, we again set
(&) = ¥(w,z,8) and f,(€) = ¢y (w,z,€). Consider &; and & in R? and some « € (0,1). For i = 1,2, we choose
some A; > f,(&), so that there exists some p; € R? such that f(p;) + |& — pi|?/(2n) < A;. By definition of
fan (a& +(1- a)fg) and using the strong convexity of f and -+ | - |?, we have

fola& + (1 - a)&)
< flapr + (1 — a)p2) + %’a(& —p1)+ (1 —a)(& —pz)‘Q

< afp) + (1= a)f(p) = ca(l = a) I = paf’ + 5ol6s =P+ =5 =l — ol
- M|§1 —p1—& +P2’2
<ad 4+ (1—a)dy — MR (3.15)

with
2, 1 2
R = 2c|p1 — p2|” + E|(§1 —p1) — (&2 —p2)|
1 1 2
_ (m ) D1~ Dol + 1 — o — 26— &) (01 — )
n n "
1 1 1 o7
> <2c+ ) Ip1 — pa> + =[&1 — &I* — =— & — &P — = |p1 — p2|?,
n n 27 n

where we have used Young’s inequality in the last line for some 7 > 0. Choosing 7 such that 27/n = 2c+ 1/n,

we deduce that
1 2
21 (1- 0 )l -al = Zola - el

Introducing this lower bound in (3.15) and passing to the limit A; — f,(&;) for ¢ = 1,2, we deduce that

folagi + (1 =)&) < afy(&) + (1 —a)fy(é) —a(l —a) 15 20 61— &%
The function ¥, (w, z, §) is thus strongly convex with respect to &, in the sense that the function & — ¢, (w, z, &) —
¢ |€|? is convex.
1+ 2cen

Finally, we establish property (7). Since & — v, (w, z,€) is C! (see property (1)), we deduce from the strong
convexity of ¢, that, for any & and & in R?, we have

g |6 &l < IDevyw.2.61) = Dethy (w2, (3.16)
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Now consider ¢ € R?. The Legendre-Fenchel transform of Py is

(wn)*(wvmv C) = sup {p : C - 1/’77(% x,p)}v

pER?

and we denote p¢ € R? the unique supremizer of the above problem, which satisfies ¢ = D¢ty (w, x, p°). We note
that (1,)* is differentiable by Proposition 18.9 in [3], and we have D¢(¢,)*(w,,¢) = p°. Thus, using (3.16)
with & = p¢ and & = 0, we obtain

14 2¢n
2c

D¢ ()" (w, 2, Q)| < € = Detpy(w, 7, 0)]-

Using (3.6) and restricting ourselves to the case n < 1, we deduce (3.10).

We use a similar argument to show that D¢(1,)* is Lipschitz-continuous with respect to its third variable.
Consider ¢; € R? with i = 1,2. As above, we define p& € R? which satisfies ¢; = Detpy(w, x,p%). We then have
D¢ (thy)*(w,z,¢;) = p&, and thus, using (3.16) with & = pS* and & = p*2, we obtain

14 2¢n
2c

[ De ()" (w, 2, 1) = De(hg)* (w, @, o) < I¢1 = Gal-

We hence get that D¢ (1)y,)* (w, ,-) is indeed Lipschitz continuous (with a Lipschitz constant uniform in 7 and
(w,x)). This of course implies that (,)*(w,z,-) is C!. This completes the proof of Lemma 3.9. O

Lemma 3.10. Let n > 0, and suppose that \I/Zw : H%D — R takes the form

vy ] = /D by (s, Daj(t) + Dov) da, (3.17)

where § € HY[0,T);HY(D)) and 1, is defined in Lemma 5.9, assuming that 1) satisfies the assump-
tions of Section 2.3.3. For any uw € L2([0,T] x ;HL ), consider f = divy(A(w,2) (D.g(t) + Dyu(t))) €

L2 ([O,T] x £ (H%D)/), where A satisfies the assumptions of Section 2.3.2. Assume furthermore that n is suffi-

ciently small (e.g. n < ¢/(16C?)), so that m,, defined by (3.9) is positive and bounded away from 0.
Then there exists some o € L*([0,T] x Q x D) such that of(tw) € L2 (D)* for almost every (t,w) €
[0,T] x Q, which satisfies the bound

lo? Lo, 71x@x Dyt < K(l + 1Dl jo,)2())e + ||Dxu||L2([o,T]xQxD)d) (3.18)

for some constant K which depends only on D, T and on the bounds assumed on A and v, and for which we
can write

(\Ilg,w)*[f] = /D(U]??)*(w7$70? 7A(W,$)DIE7A(W,$)Dmu) - (O—? 7A(wﬂ x)Dzy*A(wvx)Dmu) Dmy dz (319)

for almost every (t,w) € [0,T] x Q.

Proof. We recall that, for any f € (H}D)/, we have

(\I}zw)*[.ﬂ = sup{(f,v>(H% )'7H1{ - Awn (w?vamé(t) +Dz’l}) d:L'7 (S H%‘D}

= —inf {/D Uy (w2, DY(t) + Dyv) do — <f’v>(H%D)'vH%D’ vE H%D} ) (3.20)
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A straightforward application of the Direct Method of the Calculus of Variations entails that a unique solution
to the latter minimisation problem exists for almost every (t,w) € [0,T] x §2, which we denote v? (t,w,-) € HE .
The Euler-Lagrange equations read as follows: for almost every (t,w) € [0,7] x Q, the function (}(t,w,z) =

Deiy, (w,a:,Da@(t, ) + Dyvf (L, w, a:)) satisfies

/ (H(t,w, ) - Dyw(w)de = (f,w>< for any w € Hf._.
D

’
H%“D) 7Hll"D

Using the regularity of v} and (3.6), we see that (}(t,w,-) € L?(D)¢ for almost every (t,w) € [0,T] x Q. Since
[ =div, (A(w,z) (Dg¥(t) + Dyu(t)) ) we infer that for almost every (¢,w) € [0,7] x Q2

0= /D [C;Z(t,w,x) + A(w, ) (Dyy(t) + Dyu(t)) ] - Dyw(z) da for any w € Hf._. (3.21)

We now establish uniform bounds on v? and C;Z. To get a bound on v}’, we use the test function v = 0 in (3.20),
the bounds (3.7) and (2.14) and the specific choice of f:

/ by (w, 2, D7) da z/ by (w7x7Dz§+D$U;) da — (f,0])
D D
> mn/ (4 (w,:an? + Dwv}) dz — (f,v}) — 8nC*LY(D)
D

> cmy, HDIy + Dwv;Z

2
Dyl A D7 + D,u) — 8nC*LY(D
iy L Dt A(w,3) (DG + Do) = 1C2L(D)

. 2
> cmy ”Dmer D_Tv}7 ’L2(

) HDT WH D+ D, — 8nC2Li (D),
) #VF || 2y 1P28 + Dotz o) — 8nCLAD)

where £4(D) denotes the volume of the domain D.
We hence deduce, using (14), (3.5) and Young’s inequality, that

O (@) + D))
> /Dw(w,mDaj(t)) dx
> /Dw,, (w,z, Dyy(t)) da

cm =12 — _
> 0 DR — ey [ Dy — ANDs oyl Dt + Do) — 8C2LY(D)
—2
0 D2 oy — e 1D ) = o DT+ Dty — SHC2LA(D)
1 zUrllL2(D) n |1F2Y]lLz(p) ey zY zUllL2(D) n :

v

Integrating over (¢,w) and using that m,, is both bounded above and away from 0, we find that

I D2vilLz o, xDxys < K(l + 1Dl (jo,y2())e + ||Dwu||L2([0,T]xQxD)d)

for some constant K which depends only on D, T' and on the bounds assumed on A and . Next, using (3.6)
and the above estimate, we find that

ICF T2 o, rxDxaye < 2C2 (Tﬁd(D) +1Day + D‘”U}’”iz([O,T]XQXD)d)

KR —2
<K (1 + 102922 o 71 xmye + DT 01 0, 1y51.2 )y + ||Dwu||iz([0,T]><Q><D)d) . (322)
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and hence ¢} € L?([0,T] x Q x D). We now introduce o := (} + A(w, ) (DzJ + Dyu), which lies in L*([0,T] x
Q x D) as a consequence of the fact that C}’ € L2([0,T] x Q x D) and the properties of A, ¥ and u. In view
of (3.21), we have that of(t,w) € L2 (D)* for almost every (t,w) € [0,7] x Q. In view of the bound (3.22) on
(}, we get that of satisfies (3.18).

Finally, we show (3.19). Since (}(t,w,z) = D¢ty (w,z,Dy(t) + Dwv}’) for almost every (t,w,x), we infer
from the property (2.5) of the Legendre-Fenchel transform that

Uy (w,x,Dwﬂ—i— Dwv}’) -¢7- (DY + Dwv;) = —(¢y)" (W, 2, (}) a.e. in (t,w, ). (3.23)

Recalling that v;’ achieves the infimum sought in (3.20), we find that, for almost every (¢,w),
_\Iln * = (7 7DI; Dw 77)_ ’77 !
L) = [ (0D Do) = £y
- / Uy (w, z, D,y + Dmv}') —|—/ Dzv; - A(w,z) (D7 + Dyu)
D D
= [ - (Dai+ Do) — ) @inn )+ [ D] =)

where, in the last line, we have used (3.23) and the relation between o} and ¢}. Using that o'} (t,w) € L2, (D)*,

we obtain (3.19). This concludes the proof of Lemma 3.10. O
Remark 3.11. We note that, when D = (a,b) C R and I'p = {a, b}, there is a particularly precise charac-
terisation of o. In this case, L2.:.(D) is the space of mean-zero functions, and L2, (D)* is simply the space
of constant functions. By definition, (}’ = D¢ty (w, 2, D,y + va?), hence D,7 + va? = Dg(wn)*(w,:v,C}’)
(see (2.5)). We thus obtain that Dy (vy)*(w,",(}) € Ly (D) a.e. in (t,w). Using the relation between (7 and
o}, it follows that, for almost every (t,w) € [0,T] x Q, 0}(t,w) € R is the constant such that

/ D, ()" (w, x, O’?(t, w)—AD,y— ADru) dz = 0.
D
This characterisation of U? (in the regime n — 0) was exploited in the numerical scheme presented in Section 2.2.

4. EXISTENCE OF SOLUTIONS FOR FIXED &

With the preliminaries of Section 3 now in place, we restate Theorem 2.3 in a precise form, which asserts
that problem (2.19) (namely, the evolution problem at fixed & > 0) is well-posed.

Theorem 4.1 (Rigorous statement of Theorem 2.3). For any e > 0 and any y € H' ([0, T]; H (D)), there exists
a unique solution u® € H'([0,T];L3(Q; HL)) such that (2.19) holds for almost every (t,w) € [0,T] x €.

The proof of this result is given over the course of the present section. The strategy of the proof is to apply
the Banach fixed point theorem in a similar manner to its use in the proof of the Cauchy-Lipschitz existence
theorem for ODEs.

4.1. The velocity operator

We first observe that the functionals u +— ®F [u] = ®F [7(t)+u] and v — Ui ,[v] = We [(t) +v] are uniformly
strongly convex on H%‘w since ®¢, and W€ are. In order to assess their convexity constants, we proceed as follows.
We note that, for any (w,z,£), the function

G W0, 64 Q) = 5 AIP = Ww,, 64 Q) — 2 Ale+CP +AE-C+ 5 Alel?
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is convex, since it is the sum of two convex functions by assumption (A3). The same property holds for the
function ¢ — ¥ (w,z,& +¢) — ¢[¢]?, in view of assumption (¥3). It therefore follows that ®f ,[u] and W§ [v] are
uniformly strongly convex on HILD, since

1 . 1
we @G ful = S Al = [ W (02D, + Do) — 5 ADsuP s
’ 2 I'p D IS 2
v Wil = elolfyy, = [ 0 (.2 D230 + Dov) — Dol s
’ I'p D g

are both convex functions on H%D.
Our first step towards proving existence of solutions is to consider the problem of finding v € HILD such that,
for any fixed u € Hf._,
0 € 9V ,[v] + Vi ,[u]. (4.1)

We note first that (4.1) may be viewed as a necessary condition for v being a minimizer of the functional
I, H%D — R defined by

Tiwlv] = Wi [o] + (VO [ul, 0)uy -
This functional is well-defined, and is uniformly strongly convex on H}D, a property which it inherits from Wg .

Thus it has a unique minimizer, denoted Vi ,[u], which satisfies (4.1).
We now show that Vi, : Hy — Hy_ is a Lipschitz map. Let uy,up € Hy: then

=V u;] € 0V; ,[Vi,[wi]] for both i =1 and i=2.

Since W§ , is strongly convex, it follows that 0¥ , is a strongly monotone set-valued mapping (see [22],
Chap. 11), and hence

2

(= V0 o] + V7 fual. V] = Viufual) gy 2 2| Vis o] = Vifual| 0 (4.2)
Using the explicit form (2.13) of V®¢,, we obtain that
V@5 fur] — V&7 [us]]| (i1, < [[ Al (@xra) [ Daur = Dotiz|lLzpy < Allur = ua g - (4.3)
Collecting (4.2) and (4.3), we obtain
[veotual = Veoul] < 2 o — vl (4.4
: @l =20 F

which demonstrates that V§ , is Lipschitz continuous, uniformly for almost every (¢,w) € [0,T] x €2.

4.2. A priori bound

We now establish an a priori bound on Vi , [u(t)]. Note first that, if u € L*([0, T]x; HE ), then Vi [u(t,w)] €
Hf,  for almost every (t,w) € [0,T] x Q. The fact that —V®§ [u(t,w)] € OVF , [V, [u(t,w)]] entails that

(Vo uttw)w) <O [Viulutw) +w] - v, Vit w))] forany we H}, .
'p
By taking w = —V; ,[u(t,w)] and rearranging, we obtain

Wi, Vilult )| < 95,00 - (905 ut, )], Viufu(t,w)])

Hl
T'p
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Using the growth condition (2.14) to estimate the left-hand side from below, and assumptions (A3) and (4)
to estimate the right-hand side from above, we find that

2
= £
ﬂDw@HJ%WAMt@Hmw)
- 2 - _ e
< O (1+ DOy ) + A [ D) + Dot [DVElutt ),
2 a _ 2 c - 2
<O (1+ DALy ) + o [P0 + Dautt )|, o+ F [PVt W), -
Using Young’s inequality, we write that
%pvwwmw
4 ||TETEe R L2(D)
2 2
< c||Dy3(t) + Dy Ve [ul(t, H HDI* t ‘
< e||Dait) + DVt 3| D),
2 222 c 2
- — 2 2
< C[HHny(t)HLz(DJ +— [IIny(t)HLa(D)ﬂLHDxu(t,w)HLa(p)] +7 vaf,w[u(t,w)]‘ (o)
) 2
3 HD;t ’ .
+ 3¢|| Doy (t) L2(D)

Upon rearranging, we obtain
2 - 2 — 2
Vialutt iy < Co(1+ D] + 1Oy + lult. )y )
for some deterministic constant Cy independent of € and t. We hence get that, for almost every (¢,w) € [0, T] x 2,
[Vttt < Co(1+ DO o) + IDTW sy + ults)liy, )- (45)
Since Cy is deterministic and independent of ¢, we can integrate the above bound in ¢ € [0, 7] and over w € :
T 2 _
/0 /Q ||Vt€,w[u(t)]||H%‘D dP(w)dt < Cy (T+ D701 (0,112 () + Hu”i2([0,'r}><ﬂ;H11-D)) for any 7 € [0,T]. (4.6)

It follows that, if u € L2([0,T] x Q;Hf._ ), then the mapping (t,w) — Vi [u(t,w)] is well-defined, and also lies
in LQ([O,T] X Q;H%D).
4.3. Existence of solutions for € > 0

Define now the operator 7¢ : L2([0, 7] x Q;H{._) — L2([0,7] x Q;H{._) for some 0 < 7 < T (which will be
fixed later) by
t
vt € [0, 7], T u](t, w) = ug(w) +/ Vs wlu(s,w)] ds,
0

where ug € LQ(Q;H%D) is given. This operator is well-defined in view of the arguments leading up to (4.6).
Moreover, we infer from (4.4) that, for any v and v in L*([0, 7] x Q; Hy_ ),

2 T
L2([0.7]xQHE ) /O/Q
T t
<L e
0JQ 0
2

2

|75 — 771 A%@M@m—mmwwpm

dP(w) dt
H%D

Vi lus,w)] = Vi o lo(s,w))|

2
dsdP(w) dt
H%D

Ar

2
< g e U”L?([Ox]xﬂ;H%D)'
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The map 7€ is thus a contraction mapping on L2([0, 7] x €; H%D) whenever 7 < 2¢/A, and so has a unique fixed
point by the Banach Fixed Point Theorem, which we denote u® € L2([0, 7] x €; H%D) Moreover, applying the
lemma proved in III1.11.16 of [8], it is straightforward to check that this fixed point has a weak time derivative
4 in L2([0,7] x Q;H{ ) by applying (4.6). Choosing ug = 0, we see that this fixed point satisfies the time-
evolution equation in (2.19) for almost every ¢ € [0, 7]. Moreover, applying Tonelli’s theorem to deduce that
u® 1 [0,T] — L2(Q; H%D) is a measurable map when we choose a representative such that

w (t) :/0 i (s) ds € L2(Q; HL ),

we deduce that we may take u® € H*([0,T]; L?(Q;Hf)). Recalling that functions in H* ([0, T]; L*(Q; Hf,))
have unique representatives in C([O7 T); L2(Q; H%D)), we note that this representative satisfies u(0) = ug = 0.
We thus have built a solution to (2.19) on [0,7] x Q for any 7 < 2c¢/A. Since the argument given above is
independent of the initial condition ug, we may apply the same argument iteratively to show that a solution
to (2.19) exists on [0, 7] x 2. The uniqueness of that solution is a consequence of (4.4). This therefore completes
the proof of Theorem 2.3.

4.4. Boundedness in H!([0, T]; L2(Q; H%\D))

We now check that the mapping u® has properties sufficient for us to pursue our subsequent analysis. As noted
above, since u® € H'([0,T];L?(Q; Hf,)), there is a well-defined representative of u¢ in C([0,T]; L*(;Hf.)),
T

which satisfies u®(7,w) = ﬁs(t w)dt since uf(0,w) = 0. Since u°(t,w) = Vi [u®(t,w)] for almost every

0
(t,w) € [0,T] x Q, we infer from (4.5) that

|luf (7, w ||H1 H/ “(t,w)dt

< [l a

0

1
F

§00/0 (1+ ||Dz§(t)|}L2(D)+||Dm§(t)||L2(D)+||u5(t,w)|\H%D>dt.

Upon applying Gronwall’s inequality, we get, for any 7 € [0, T], that
||us(7vw)||H1£D < COTQCOT + COGCOT/O ( HDJE?(t)HLZ(D) + HDwy(t)”L?(D) ) dt < Ci(T1), (4.7)

where C is independent of 7, ¢ and w (but depends on T'). Squaring the bound (4.5) and integrating in w and
t, we obtain

T
//||a5(t,w)||f{1 dP(w) dt < Cy, (4.8)
0 Ja I'p

where Cj is independent of €. Collecting (4.7) and (4.8), we have thus established that the family of solutions
u® is uniformly bounded in H' ([0, T]; L?(€%; H{.)): there exists C' independent of & such that

e a2 o1yt ) < C- (4.9)
5. OBTAINING A HOMOGENIZED LIMIT

The following theorem now gives a precise statement of our main result, Theorem 2.4, namely the identification
of the homogenized limit of (2.19) as € — 0. We use the notion of stochastic two-scale convergence introduced
in Section 3.6.
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Theorem 5.1 (Rigorous statement of Thm. 2.4). Assume that § belongs to H' ([0, T]; H (D)), and let u* €
H ([0, T); L2(Q; HE ) be the sequence of solutions to the evolution problem (2.19) with the initial condition
u(0) = 0. Then, as € — 0, u two-scale converges to u*, and Dyu® two-scale converges to Dyu* + 0, where
u* € H'([0,T];Hi ) and 6 € H* ([0, T]; L?(D;L2,,(Q))) are the unique solutions to the system of inclusions

pot
—dlvm{/agwo D,y + Dyti* + 0) + DeWo (w, D7 + Dyu* + 0) dP(w)| 30, (2.20)
—divy, [8¢tho(w, DoY + Dyit* + 6) + DeWo(w, DG + Dyu* +6)] 20, (2.21)

with the initial conditions u*(0) = 0 and 0(0) =
The inclusions (2.20) and (2.21) respectively hold in (H%D)/ and L?(D; (L2

25t (€0)') for almost every t € [0,T].
Note that u* is deterministic and that E[f] = 0.

As pointed out below Theorem 2.4, equations (2.20) and (2.21) should be understood as follows: there exists
some vector valued function G* € L2([0,7] x Q x D)d, satisfying G*(t,w, ) € O¢1bo (w,DmﬂJr D i* + 9) for
almost any (t,w,z) € [0,T] x £ x D, such that (2.22) and (2.23) hold.

We have stated in Theorem 2.3 the well-posedness of (2.19) with the initial condition u®(0) = ug = 0, but the
proof shows that the same result holds for any ug € L?(Q;Hy ). Similarly, the proof we give for Theorem 2.4
can be adapted to show that the result holds also when u®(0) = ug € L*(Q;Hyp ) for any e (note that the
initial condition is independent from &), with the initial conditions for the homogenized problem becoming
u*(0) = E[up] and 0(0) = 0. The details of this adaptation are left to the reader.

The proof of Theorem 2.4 is given over the remainder of this section, and proceeds by compactness. The
main idea is relatively standard: in view of the uniform a priori bounds (4.9) on u¢, we can extract a two-scale
convergent subsequence using Lemma 3.7. We next identify an equation satisfied by the limit. We eventu-
ally demonstrate that that homogenized equation has a unique solution. The whole sequence hence two-scale
converges to the derived limit.

Remark 5.2. Theorem 2.4 implies that

T
lim/ / lu* —E(uf)|* = 0. (5.1)
e—0 0 D

Indeed, we know that u® two-scale converges to w*, which is independent of w. Taking test functions in Defini-
tion 3.4 that are independent of w, we obtain that, for any ) € L? ([0, TY; C(D)), we have

hII(l)/ / Y (t,x) dedt = / / (t,z) Y(t,x) dz dt. (5.2)
e—

In addition, we have shown in Section 4.4 that, almost surely, u¢(w) is bounded in H*([0, T]; H%D) by a constant
C independent of ¢ and w (see (4.7) and (4.8)). We thus have

/OT/D (E(ue))2</0T/D]E(|u€|2) <C

and likewise for E(D,u*). We hence have that u° = E(u®) is bounded in H' ([0, T; Hf.,) ). There hence exists u* €
H'([0,T]; HE ) such that, up to the extraction of a subsequence, u° converges to u*, weakly in H*([0,T]; H{.)
and strongly in L?([0,T]; L?(D)). Collecting this result with (5.2), we get (5.1). We furthermore obtain that
E(uf) weakly converges to u* in H' ([0, T]; Hf. ).
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5.1. Convergence of subsequences

The a priori bound (4.9) on u® allows us to apply Lemma 3.7. There hence exist some u* € H' ([0, T]; Hy, ),
some 0 € H'([0,T]; L?(D; L2 ,,(€2))) and a subsequence such that, along that subsequence, uf and @€ respectively
two-scale converge to u* and u*, and D u® and D,u° respectively two-scale converge to D,u*+ 60 and D, u* + 6.
Using these properties, we now demonstrate that u* and 6 satisfy a system of nonlinear evolutionary inclusions,

namely (2.21) and (2.20). The proof falls in 5 steps.

Step 1. Reformulation of (2.19). We claim that the statement that (2.19) holds up to a set of £!-negligible
times ¢ € [0, 7] for P-almost every w is equivalent to the statement that

0= /0 /Q (W5l (1) + (U5)° [ = VO (1 )]] = (= VB (L)) i (1.0)) ) dP()dr, (5.3)

where (‘Ilf )* denotes the Legendre—Fenchel transform of ¥§  with respect to the duality product (-, ->H%
. D

LU
This equivalence is discussed in greater detail in [19,22]. We briefly recall here the main idea, which was also
discussed in Section 2.1 (see (2.5)). For any proper, convex and lower semicontinuous function F' : X — R

defined on a Banach space X, define the Legendre-Fenchel transform F* : X’ — R U {+o0} by

F*(0) = sup {{0,&)x — F(&)}.
feX

Using the fact that F' is convex, it may be deduced that F™* is also convex, and additionally F'(§)+F* (o) > (0,&) x
for any £ € X and o € X’'. Moreover, the statements

(1) F)+F (o) =(0:8)x, (2) 0€dF() and (3) £€IpF(0) (5-4)

are equivalent.

If (2.19) holds for almost every (t,w) € [0,T] x €, then, using (5.4) and integrating with respect to ¢ and
w, we obtain (5.3). Conversely, the integrand in (5.3) is always non-negative. The equation (5.3) thus implies
that the integrand vanishes for almost every (t,w) € [0,7] x Q. The equivalence (5.4) then implies that (2.19)
is satisfied for almost every (t,w) € [0,T] x §2. We have thus proved our claim.

In the sequel of the proof, we use the integral formulation (5.3) to pass to the limit £ — 0.

Step 2. Passing to the limit in the first term of (5.3). For any & € Cg°([0,T]; C4{(D U FN;Q‘X’(Q)))d, set
E(tw,x) =€ (t, T (g) w, ac) In view of the discussion below Definition 3.3, the function ¢ is admissible (i.e.

the function £° is measurable and square-integrable). We use Lemma 3.9 to introduce a measurable and C!
approximation v, of ¥. Using property (3) of Lemma 3.9 and the fact that 1, is convex and differentiable, we
write
w(w, Dmy+Du)Z (w, wy‘i’DU)
€
(w, wy+£ ) +D£1/Jn (LU?é,Dx?—FgE) ’ [Dxug _56]' (5'5)

Consider the function a(t,w,x) = Detho,, (w, Do¥(t) + £(t,w, x)), where 1, is defined in (3.11), and set

of (t,w, ) =« (t,T (;) w,x) = D¢y, (w, %, D,y + SE) )

Noting that 1, is C! in its third argument, that 7 € H'([0,7]; H}(D)) and that £ and &° are measurable, we
have that o and a® are measurable.
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Furthermore, using (3.6) and the regularity of £, £&° and g, we see that o and o belong to L2( ,T] x Q2 x D).

[0
The function « is hence an admissible test function. Likewise, introduce (t,w, z) = 1o, (w ( LY(t) + E(t, w, x)),
where we again recall that 1, is defined in (3.11), and

x
Fltwa) =0 (LT (T)wi) = v, (0. 5,05 +€).
Using the same arguments as above, we have that 3 and 3¢ are measurable. We next infer from property (3) of

Lemma 3.9, assumption (104) and the regularity of £, £ and 7 that 3 and 3° belong to L([0,7] x  x D).
Integrating (5.5) and taking the liminf, we have that

1i£rlié1f/OT/52\I'§,w[uZ(t) P(w dt>hm1nf/ //5 (t,w,2) da dP(w) dt
+1igljgf/ // Dy — €. (5.6)

We are now in position to pass to the limit ¢ — 0 in the right-hand side of (5.6). Since the ergodic dynamical
system T preserves the measure, we have

/OT/Q /Dﬂe (t,w,z) dzdP(w)dt = /OT/D [/QB (t,T (g) w,m) d]P(w)] da dt
/OT/D [/Qﬂ(t’w,x)dﬂ”(w)} dz dt

and likewise for a® - £°. Using that « is admissible and passing to the two-scale limit in the remainder term of
the right-hand side of (5.6), we get

T
gt [ [ w5 i 0] ap) de
T .
= /0 /Q /D (%,n (w, DoY + €) + Detoy (w, Dy + &) - [Dyit* + 6 — g]) dz dP(w) dt. (5.7)

Next, by density of Cg°([0, T]; C3(DUT'y; 2%°(Q))) in L2([0, T|x Qx D), we let £ — D,a*+6 in L2([0, T]x Q2 x D).
Using the bound (3.6) on D¢ty ,, we deduce that

hmlnf// i ()] dP(w dt>/ //woﬂ7 Dyij+ Dyt +9) da dP dt.

Now, using property (3) of v, proved in Lemma 3.9, we deduce that

limiglf// 2 ()] dP(w dt>///wo D,ij+ Dyit* +9) dz dPdt

—87702/// 1+|Dz§+Dxu*+9'|2) dz dPdt.
0o JQJD

Taking the limit n — 0, the latter term on the right-hand side vanishes, and we obtain

limi(r)lf// 15, ()] dP(w dt>/ //wo w, D,y + Dy —|—9) dz dPdt. (5.8)
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Step 3. Passing to the limit in the second term of (5.3). Consider the regularisation 1, of ¢ introduced in
Lemma 3.9. In view of (3.7), we have, for any v € Hy_, that

Vi) = [ 0 (0. 20,50 + Dov) do > my [ 6 (. 2040(0)+ Dov) do = SnC2L(D)
— W5 [o] - 8nC2L4(D),

where £4(D) denotes the volume of the domain D. We thus deduce that, for any f € (H%D),, we have

1 8C?L4(D)

e ) — (w5 _ g =R .

(V50" ] 2 e (W5 f] = 1o (59)
For any u € Hy_, we have

/D ) - ASDL(G(1) + ) da,
where we have denoted A®* = A (w, g) For any v € HILD, we hence write
(VPF [ug, (D), v} () =/ A*Dq(y(t) + ug,(t) - Dyvdz (5.10)
D

and thus —V&; [u®(t)] = div, (A" D, (¥(t) + u,(t))). Combining (5.9) and Lemma 3.10 therefore yield that
8C2TLYD e .
n——— / / —Vo; [us,(t)]] dP(w)dt

L /D ()" (1, 5.5 = my A° Dy 4 )

- (a; — myA°D, (y+ug)) - D,7 da dP(w) dt (5.11)
for some of € L2([0,T] x € x D)? satisfying o5 (t,w) € L2, (D)* for almost every (t,w). By combining the
bound (3.18) on oy, with the a priori bounds on u® obtained in Section 4.4, we note that oy s uniformly bounded
in L2([0, T] x Q x D)4. Considering 7 of the form n = 1/n for n € N*, applying Lemma 3.8 for any fixed 7 of that
form and using a diagonalization argument, we infer that there exists a subsequence {0} } (with ¢’ independent

of n = 1/n) along which af]/ two-scale converges to o7 + ¢, when & — 0, where o} € L? ([0, T]; L2 (D)*) and
¢, € L2 ([O, T); L?(D; Lgot(Q)J-)). For simplicity of notation, we again index this subsequence by e.
Using the convexity of (¢,,)* (note property (5) of Lem. 3.9), we deduce from (5.11) that
802T£d
/ / ) ®F ,[ug, (1)]] dP(w) dt
Q
/ / / ()" (w, =, &5 —m, A® Dmy> (aﬁ —mnA*Dy (§ + ul,) ) - D,y dz dP(w) dt

+F/ / / Dewn)” ”’*’ge‘vaEDw?)-[af—sa—mnAspwuz] d dP(w) dt
nJo JQJD g

for any & € C°([0,T]; C§(D UT'x; @O"(Q)))d and where £°(t,w,x) =& (t,T (g) w,a:). We are now in position

to pass to the two-scale limit, in the same manner as used to arrive to (5.7). We first note that Ag(w) D, is
an admissible test function (see e.g. the remarks before Prop. 3.1 of [5]). Using the fact that both Dg¢ (1o ,)*
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<w,§ - mnAo(w)Dg:y) and Ag(w) De(vo,n)* (w,§ - mnAo(w)ny) are also admissible test functions (recall
indeed that (¢g,,)* is C! in its third argument and satisfies (3.10)), we obtain that

3 TLND +hm1nf / / ) [-Vs s, (1)]] dP(w) dt

///m w,€ — iy Ao(w) Dy

)
,(JnJrCnfmnAO(w)(nyJng:u +9) da dP(w) dt

*mi/OT/QADAM*W—mnAo@)ny)

x [0+ Gy — € = myAg(w) (Do + 0)] dadP(w) dt.

Letting § — oy + ¢ — myAo(w) (Dgu* + ) and using the bound (3.10) on Dg(t,,)*, we infer that

pSCTED) | lim in / / e [V s (1)]] dP(w) dt
/ / / (o) “’ 0T Gn = my Ao(w) [Def + Dou* + 0]) dz dP(w) dt
- mn/o /D/Q a3y 4 Cp = My Ao () (DaF + Dyu* + 9)) - Dyy da dP(w) dt
= n; /OT/D /Q i (w07 + Gy = my Ag(w) [D2 + Dow* + 6] ) dudP(w) dt

N T; /OT/D /Q (07*7 + ¢y — myAo(w) (Do + Dyu* + 0)) - D,y da dP(w) dt, (5.12)

where we have used the bound (3.8) in the last inequality. We are now in position to pass to the limit n =
1/n — 0. To that aim, we first establish some bounds on o and ;. Using Proposition 3.5¢ of [5], we see that

”0:] + CnHLQ([O,T]xQxD) < lign_j(I)lf ||O—;HL2([O,T]XQ><'D) <C (5'13)
for some C' independent of 7. Since o} is deterministic and the expectation of ¢, vanishes, we can write that
I3 leo:71x2) = [BL73 + Gl ey < 175 + Gl oo (5.14)

Collecting (5.13) and (5.14), we see that the sequence {0y} (respectively {(,}) is bounded, and thus weakly
converges (up to the extraction of a subsequence) to some o* € L2 ([0,T7; Lﬁot(D)L) (respectively ¢ €
L2 ([0,T] x D; L2, (2)*)) in L*([0,T] x D)? (respectively L2([0,T] x Q x D)?).

Using these weak limits, we deduce, by letting n — 0 in (5.12), that

lilan_}élf/ / — VP [u,(1)]] dﬂm(w)dtz/OT/D/Qq/;g(w,g*jLCAo(w)[DzerDzu*JrG])

- (U* + ¢ — Ao(w) (DT + Dpu* + 0)) - D,y dz dP(w) dt.
(5.15)
To pass to the limit in the first term of the right-hand side of (5.12), we have used the fact that ¢ is convex

and lower semicontinuous in its third variable (see [7], Thm. 2.43i), the fact that ¢ is bounded from below by
—C (a direct consequence of assumption (¢4)) and Theorem 3.20 of [7].
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Step 4. Passing to the limit in the third term of (5.3). We note that, using (5.10) and the chain rule, we have

// (F7 S ()85 (0)) gy
:/0 /Q/DA (.2) (Da7 + Do) - (Do + Dut) dardP(w) dt
- /T/ / A (0. 2) (D7 + Dar) - Di () dt
//dt e1dP(w dx—/// D7+ Dyul) - Dy da dP(w) dt

— [ (5ol @) - %502 0)) dPe) - [ / / A4 (0. ) (D7 + Do) D dwdbw)dt. (5.16)
Q 0o JaJp
Since ®F, , is convex, we can again use the arguments of Steps 2 and 3 (recalling that the sequence selected at

the beginning of the proof by applying Lem. 3.7 also two-scale converges at initial and final times, in the sense
described in [5]). Since the function Ao (D, 7(T)+¢) (for any & € C{(DUI'x; 2°° (Q))d) is admissible, we obtain

e—0

> 1 / / A0()(DF(T) + Do (1) + 0(T)) - (DH(T) + Dy (T) + 0(T)) dP () da
/Q / Wo (w0, D(T) + Dy (T) + 0(T)) dP() v (5.17)

nmmf/qﬁm[ £ ()] dP(w)

Furthermore, since Ay D,7 is admissible, we see that

T
lim/ //A(wﬁ) (DyT + Daptif,) - Doy da dP(w) dt
e=0Jo JaJp €
T
- / / / Ao() (Daff + Dot + ) - Dy dar dP(w) dit. (5.18)
0 QJD

Noting that u,(0) = 0 and next using that 6(0) = Dyu*(0) = 0 (see Lem. 3.7), we get that

/ / D3(0)- A (w, %) Dg(0) dr dB(w)

: / / D,5(0) - Aolw) D,(0) da dP(w)
// Wi (1, D3(0) + Dyt (0) + 6(0) ) dB(w) . (5.19)

/Q &5, [ (0)] dP(w)

Inserting (5.17)—(5.19) in (5.16), we obtain that

hmmf/ / (Va5 ()>H1

// W0 (T) + Dyu*(T )+0(T)) fWo(w,Dmﬂ(O)+Dmu*(0)+9(0))) dP(w) dz

- / / /D A0(w) (Do + Dy +6) - Dy dar dP(w) dit
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T
- / / / A0(w) (D7 + Dy +6) - (Dyi* +0) dadP(w) dr. (5.20)
0 QJD

Step 5. Conclusion. Collecting (5.3) with the estimates (5.8), (5.15) and (5.20), we deduce that

0 = lim inf / / ( (1) + (U5, )*[_V@f,w[ui,(t)]]+<V<I>§7w[uf)(t)],uf)(t)>H%D> dP(w) dt
/// % Dy + Dy +9)+%(WU +¢— Ap(w)[D my+Dzu*+9]>
- (U +C7Ao(w)( U + Dyu* +9)> - D7

+Ao(w) (Do + Dyt +6) - (Dwu* + 9') } dP(w) da dt. (5.21)

Since o* € L? ([0, T]; L2,,(D)*), we have / 0" - Dyu* dz = 0. Since 6 € H* ([0, T]; L*(D;L2,,(€2))) and ¢ €
D

L2 ([0, T]; L(D; 1.2

2ot () ), we also see that / -6 dP(w) = 0. Moreover, it is a consequence of Lemma 3.8, and
Q

respectively, Lemma 3.7 and Remark 3.2 together, that the expectation of ¢ and the expectation of @ vanishes.

It hence follows that .
/ / / (0" +¢) - (D0 + 0) dz dP(w) dt =
o JaJp

We can therefore subtract this quantity from the right-hand side of (5.21) to obtain

0>/// ¢0 D, + Dyi* +a)+¢o(wa ¢~ Ap(w)[D nyrD:cu*wLG])
0% + ¢ — Ag(w) (D Ly—i—Dl.u*+0))-(Dw§+Dxu*+9>}dxd]P>(w)dt.

Since g (w, &) + Yg(w,0) > o - & for any two vectors € and o € R?, we see that the integrand is non-negative
for almost every (t,w,z) € [0,T] x Q x D, which therefore implies that

0= o (w0, Daff+ Dot” +0) + 5 (10, 0" + ¢ = Ag(w) (D7 + D™ +6])
- (a* +¢ = Ag(w)(DaB + Dou* + 9)) : (ij + D" + é) . (5.22)
Using (5.4), we deduce from the above relation that
0% + ¢ — Ap(w) (D + Dyu* +6) € ety (w7 Dy + Dyi* + 9') ,
which we can also write as

o +gea§w0( D, + Dyi* +9)+D£WO( Dy + Dyu* +6). (5.23)
Recall now (see Step 3) that o* € L? ([0, T]; L2, (D)*) and ¢ € L2 ([0, T]; L*(D; L2, (22)*)) and (see beginning of
Step 5) that the expectation of ¢ vanishes. Taking the expectation and next the divergence in z in equation (5.23),
we obtain (2.20). Taking the divergence in w in (5.23), we obtain (2.21).
We hence have proved our claim stated at the beginning of Section 5.1 that u* and 6 satisfy the system
of nonlinear evolutionary inclusions (2.21) and (2.20), along with the initial and boundary conditions. Setting
G*(t,w,z) = 0* + ( — DeWy (w, Dy + Dyu* + 0), we deduce from (5.23) that (2.23) and (2.22) hold.
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5.2. Existence and uniqueness for the limiting evolution

We now define an additional function space and the notation necessary to study (2.21) and (2.20). Consider

the product space H := H{._ x L*(D;L2 (). When endowed with the inner product

V(u*,0) € H, V(v &) €H, ((u*ﬁ),(v*,ﬁ))H::/Q/Dpxu*(x)~Dmv*(x)+9(w,x).g(w,x)dxdp(w),

it is straightforward to check that H is a Hilbert space (recall that the two “component” inner products were
defined in Sects. 3.1 and 3.5). We note the following fact which we frequently use below:

Yt 0) € H, V(&) eH, /Q /D (Dys” +6) - (D" +6) dP(w) dz = ((u*,0), (0,€)),.  (5.24)

This follows from the fact that the expectation of any function in L2 (€2) vanishes (see Rem. 3.2).
Consider the functionals U9 : H — R and ®Y : H — R defined by

WP (0%, €) : //1/)0 t) + Dyv* +E)dgcd]P’( ),
B0 (u*, ) = / / W w,DJ(t)—&-Dw*—i—@) dz dP(w).
QJD

These functionals are well-defined since assumption (A1) made in Section 2.3.2, assumption (¢1) made in
Section 2.3.3 and the fact that ¥ € H*([0,T]; H}(D)) ensure measurability, while assumptions (A3) and (z4)
ensure integrability. The functionals ®Y and W9 are strongly convex on H, a property which they inherit from
the strong convexity of ¢» and W (see e.g. assumption (13)) and an application of (5.24).

We may characterise f € VP (v*, &) C H' as

W) €M, (f (") = /Q /D (0" +¢) - (Dyw* + v) dz dP(w) (5.25)
where 0* € L2(D)? and ¢ € L2(D x Q)? satisfy, for almost every (w,z) € Q x D,
o*(2) + ((w, x) € Detho(w, DyY(t) + Dyv* +§)  and /wa dP(w) = 0. (5.26)
Applying (2.15), we see that there exists K > 0 such that
1l < K (£4D) + | Da(®) | gy + 107 E)lae)  for amy f € D", ).
Moreover, for any (u*,6) € H, we have
V' v) e H,  (VEY(u*,0), (w /Q / Ao(w) (DsF(t) + Dott* +6) - (Dyw* +v) dzdP(w), (5.27)
and therefore it is straightforward to show that
V02w, 0)[|,,, < A (IDFO oy + 10", ¢
We understand the equations (2.21) and (2.20) as the inclusion

ow! (a*(t), 9(75)) + VY (u*(t),0(t)) 20 in H' for almost every t € [0, 7). (5.28)



926 T. HUDSON ET AL.

Indeed, using (5.25) and (5.27), the inclusion (5.28) can be recast as: for any (w*,v) € H,

/ / (o + C+ Aofw) (Da(t) + D +) ) - (Daw” +) da dP(w) = 0 (5.29)
where, in view of (5.26), 0* € L2(D)? and ¢ € L2(D x Q)¢ satisfy, for almost every (w,z) € Q x D,

o*(2) + ((w, ) € Berho(w, D,H(t) + Dyi* +6)  and /Cw:z:d[?( ) =0.
Taking v = 0 in (5.29), we obtain (2.20). Taking w* = 0 and v(z,w) = vi(x)Dyra(w) in (5.29) (for any
v € L%(D) and vo € HY(Q)), we obtain (2.21). Conversely, it is clear that (2.20) and (2.21) (in the sense

of (2.22) and (2.23)) imply (5.29).
The following lemma demonstrates the existence and uniqueness of solutions to the problem (5.28).

Lemma 5.3. For any initial condition (u},0y) € H, there ewists a unique solution (u*,0) € H([0,T]; H)
o (5.28) with u*(0,-) = u§ and 6(0,-,-) = 0. Moreover, (u*,0) satisfies

T ) .
0= [0 (i 0.00)) + w8 (- 8 @),600) + (VL (w160, (470,600 ) a.
0
The proof proceeds along similar lines as that of Theorem 2.3.
Proof. For any (u*,0) € H, consider the functional Z{ : H — R defined by
) (0", ) = WP (v*, &) + (V& (u*, 6), (v, €)),,
Using (2.14) and (5.24), and applying Young’s inequality, we obtain

I0(*,€) > /Q /D D7) + Dyv* + €2 da dP(w) — |V(u*,0)]| ., | (", )]l

Hl (v*

_ C/Q /D ID,3(t) + Dyv* | + €)% da dP(w) — V&L (u*, 6)| ol

Y

. . 1
el )13 + €[ DB (t) |12 pye — 2¢ /D D) - Dy’ | de — [V, B)|[5, = S[I0". O]

. 1
> S Ol =3¢ [ D) apye — < [VEI W, 0)]3,

It follows that Zy is coercive on H. We have noted above that ¥ is strongly convex on M, and so is Z7. The
functional Z} hence admits a unique minimizer in H, denoted V? (u*, #). Moreover, this minimizer satisfies

0 € 00 (VP (u*,0)) + VO (u*,0).

Using the fact that V®? is a bounded affine map from H to H’, we may use the strong convexity of ¥9 to argue
as in Section 4.1, and deduce (see (4.4)) that

A
V) e, Ve er, Vo) =V o] < o[ 0) = (0" )l

which demonstrates that V? : H — H is a uniformly Lipschitz operator.
Next, for any (u*,0) € L2([0,7]; H), a similar argument to that given in Section 4.2 (see (4.5)) entails that,
for almost every t € [0, 7],

Ve @.00)|, < Co(1+IDGO N2y + 1D | 2ppa + [ (0, 6@)],)
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for some Cp independent of t. Since ¥ € H([0,T]; H}(D)), we have that t — VP(u*(t),0(t)) belongs to
L2([0, T]; H).

Finally, an argument identical to that given in Section 4.3 entails the existence and uniqueness of a solution
to (5.28) in H'([0,T]; H) with the initial condition (u§,6) € H.

Moreover, (5.28) is satisfied for almost every ¢ € [0, 7] if and only if

0= /OT w) (i (1), 0(0)) + (99)° (— VRV (1), 000))) + {9 (w* (1, 00)) . (i (1).6(1)) ) .

The proof of this statement follows the same lines as those used in Step 1 of Section 5.1, where we recast the
evolution problem (2.19) in the integral form (5.3). This concludes the proof of Lemma 5.3. O

5.3. Conclusion of the proof of Theorem 2.4

We have shown in Section 5.1 that any subsequence of u® contains a further subsequence which satisfies
the conclusions of Lemma 3.7, where the corresponding limits u* and 6 satisfy (5.23), and hence (2.20) and
(2.21). We have next shown in Section 5.2 that (2.20) and (2.21) can be understood as the inclusion (5.28). In
view of Lemma 5.3, we observe that the solution to (5.28) exists and is unique. Since the initial subsequence is
arbitrary, and since ®9 and ¥? in (5.28) do not depend on that subsequence, it follows that the entire sequence
u® satisfies two-scale convergence in the sense stated in Lemma 3.7 to the unique solution to (5.28). The proof
of Theorem 2.4 is therefore complete.

Acknowledgements. The authors would like to thank Felix Otto and Patrick Le Tallec for informative discussions while
carrying out this work. They also thank the anonymous referees whose detailed comments helped to significantly improve
this article. The work of TH was partly funded by a post-doctoral fellowship awarded by the Fondation Sciences
Mathématiques de Paris, which is funded by a public grant overseen by the French National Research Agency (ANR)
as part of the “Investissements d’Avenir” program (reference: ANR-10-LABX-0098). TH was also partly funded by an
Early Career Fellowship awarded by the Leverhulme Trust (ECF-2016-526). The work of FL and TL was supported
by the European Research Council under the European Union’s Seventh Framework Programme (FP/2007-2013)/ERC
Grant Agreement number 614492.

Conflict of interest. The authors declare that there is no conflict of interest regarding this work.

REFERENCES

[1] G. Allaire, Homogenization and two-scale convergence. SIAM J. Math. Anal. 23 (1992) 1482-1518.

[2] J.M. Ball, C. Chu and R.D. James, Hysteresis during stress-induced variant rearrangement. J. Phys. IV 5 (1995) C8-245-C8-
251.

[3] H.H. Bauschke and P.L. Combettes, Convex analysis and monotone operator theory in Hilbert spaces, 1st edition. In: CMS
Books in Mathematics/Ouvrages de Mathématiques de la SMC. Springer, Cham (2011).

[4] J. Bezanson, A. Edelman, S. Karpinski and V. Shah, Julia: a fresh approach to numerical computing. SIAM Rev. 59 (2017)
65-98.

[5] A. Bourgeat, A. Mikeli¢ and S. Wright, Stochastic two-scale convergence in the mean and applications. J. Reine Angew. Math.
456 (1994) 19-51.

[6] A. Braides, Loss of polyconvexity by homogenization. Arch. Rational Mech. Anal. 127 (1994) 183-190.

[7] B. Dacorogna, Direct methods in the calculus of variations, 2nd edition. In: Vol. 78 of Applied Mathematical Sciences. Springer

(2008).

N. Dunford and J.T. Schwartz, Linear operators. I. general theory. With the assistance of W.G. Bade and R.G. Bartle. In

Vol. 7 of Pure and Applied Mathematics. Interscience Publishers, Inc., New York; Interscience Publishers, Ltd., London (1958).

M. Heida, Stochastic homogenization of rate-independent systems and applications. Continuum Mech. Thermodyn. 29 (2017)

853-894.

[10] M. Heida and B. Schweizer, Non-periodic homogenization of infinitesimal strain plasticity equations. ZAMM — J. Appl. Math.

Mech. 96 (2016) 5-23.
[11] V.V. Jikov, S.M. Kozlov and O.A. Oleinik, Homogenization of Differential Operators and Integral Functionals. Springer-Verlag,
Berlin (1994).

8

9



928 T. HUDSON ET AL.

[12] M. Kaliske and H. Rothert, Constitutive approach to rate-independent properties of filled elastomers. Int. J. Solids Struct. 35
(1998) 2057-2071.
[13] M. Kliippel, The role of disorder in filler reinforcement of elastomers on various length scales, Filler-Reinforced Elastomers/

Scanning Force Microscopy, edited by B. Capella, M. Geuss, M. Kliippel, M. Munz, E. Schulz and H. Sturm. Springer, Berlin,
Heidelberg (2003) 1-86.

[14] A.A. Likhachev and K. Ullakko, Magnetic-field-controlled twin boundaries motion and giant magneto-mechanical effects in
Ni-Mn—Ga shape memory alloy. Phys. Lett. A 275 (2000) 142-151.

[15] A. Lion, A constitutive model for carbon black filled rubber: experimental investigations and mathematical representation.
Continuum Mech. Thermodyn. 8 (1996) 153-169.

[16] W.V. Mars and A. Fatemi, Factors that affect the fatigue life of rubber: a literature survey. Rubber Chem. Technol. 77 (2004)
391-412.

[17] B. Marvalova, Viscoelastic properties of filled rubber. Experimental observations and material modelling. Eng. Mech. 14 (2007)
81-89.

[18] C. Miehe and J. Keck, Superimposed finite elastic—viscoelastic—plastoelastic stress response with damage in filled rubbery
polymers. Experiments, modelling and algorithmic implementation. J. Mech. Phys. Solids 48 (2000) 323-365.

[19] A. Mielke, On evolutionary I'-convergence for gradient systems, Macroscopic and Large Scale Phenomena: Coarse Grain-
ing, Mean Field Limits and Ergodicity, edited by A. Muntean, J. Rademacher and A. Zagaris. In Lecture Notes in Applied
Mathematics and Mechanics. Springer (2015) 187-249.

[20] G. Nguetseng, A general convergence result for a functional related to the theory of homogenization. STAM J. Math. Anal. 20
(1989) 608-623.

[21] R.T. Rockafellar, Convex analysis. In Vol. 28 of Princeton Mathematical Series. Princeton University Press (1970).

[22] T. Roubicek, Nonlinear partial differential equations with applications, 2nd edition. In Vol. 153 of International Series of
Numerical Mathematics. Birkhauser (2013).

[23] L. Tartar, Memory effects and homogenization. Arch. Ration. Mech. Anal. 111 (1990) 121-133.

[24] L.R.G. Treloar, The Physics of Rubber Elasticity. Oxford University Press, USA (1975).

[25] C. Truesdell and W. Noll, The Non-linear Field Theories of Mechanics, 3rd edition. Springer-Verlag, Berlin (2004).

[26] A. Visintin, Differential models of hysteresis. In Vol. 111 of Applied Mathematical Sciences. Springer-Verlag, Berlin (1994).

[27] V.V. Zhikov and A.L. Pyatnitskii, Homogenization of random singular structures and random measures. Izvestiya: Math. 70
(2006) 19.



	Introduction
	Constitutive assumptions and main results
	A simple illustrative example
	Numerical simulation
	Numerical method
	Numerical results

	General model
	Assumptions on randomness
	Elastic constitutive law
	Dissipative constitutive law
	Evolution problem
	A ``checkerboard'' example
	Discussion of assumptions
	Linear elastic stress–strain relation. 
	Scalar displacement variable. 


	Main results
	General statement
	A periodic ``checkerboard'' example
	The one-dimensional case

	Hysteretic behaviour

	Functional analytic setting
	Space of displacements
	Stochastic displacement space
	Stress and strain spaces
	Evolution and corrector spaces
	Measurability considerations and representations
	Stochastic two-scale convergence
	Characterising (t,)*

	Existence of solutions for fixed 
	The velocity operator
	bold0mu mumu A prioriA prioriA prioriA prioriA prioriA priori bound
	Existence of solutions for >0
	Boundedness in H1([0,T];L2(;H1D))

	Obtaining a homogenized limit
	Convergence of subsequences
	Existence and uniqueness for the limiting evolution
	Conclusion of the proof of Theorem 2.4

	References

