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PRODUCT MEASURABILITY WITH APPLICATIONS TO A
STOCHASTIC CONTACT PROBLEM WITH FRICTION

KENNETH L. KUTTLER, MEIR SHILLOR

ABSTRACT. A new product measurability result for evolution equations with
random inputs, when there is no uniqueness of the w-wise problem, is estab-
lished using results on measurable selection theorems for measurable multi-
functions. The abstract result is applied to a general stochastic system of
ODEs with delays and to a frictional contact problem in which the gap be-
tween a viscoelastic body and the foundation and the motion of the foundation
are random processes. The existence and uniqueness of a measurable solution
for the problem with Lipschitz friction coefficient, and just existence for a
discontinuous one, is obtained by using a sequence of approximate problems
and then passing to the limit. The new result shows that the limit exists and
is measurable. This new result opens the way to establish the existence of
measurable solutions for various problems with random inputs in which the
uniqueness of the solution is not known, which is the case in many problems
involving frictional contact.

1. INTRODUCTION

This article establishes the product measurability of solutions to evolution equa-
tions having random coefficients, that is, the various operators occurring in the
equations are assumed to be stochastic processes depending on the random vari-
able w that belongs to a probability space (©, F, P). In many problems described by
nonlinear partial differential equations and inclusions, this is an important gener-
alization. We apply our theory to a system of ordinary delay-differential equations
involving inputs that are stochastic processes and to a problem of frictional contact
between a viscoelastic body and a reactive foundation. In the latter problem the
gap between the body and the foundation in the reference configuration is assumed
to be a random process, and so is the speed of the foundation.

This abstract result, Theorem 1, opens the way to study a host of models set as
differential inclusions or equations that arise in many applications in which some
of the input parameters are naturally random or known with some uncertainty,
which is the case in most applied continuous systems. This general result on the
measurability of the solution is based on the use of theorems on measurable multi-
functions. This approach allows one to essentially consider the problem for one fixed
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value of the random variable w and then to conclude the existence of a measurable
solution. A related contact problem for the vibrations of a Gao beam when the gap
is random has been studied in [I3], however since the setting there was simpler, the
result was obtained directly. This abstract result applies directly to the stochastic
Navier-Stokes equations studied in [4].

From the applied point of view, it is natural to allow various parameters in the
problem to be random variables or stochastic processes. However, such generaliza-
tions lead to the difficulty of showing that the solutions are measurable, although
showing measurability is relatively straightforward when the w-wise problems ob-
tained by fixing w has a unique solution. Our approach is more general and it does
not require the uniqueness of the solution of the problem with fixed w. In addi-
tion, we do not make any special assumptions on the underlying probability space
(Q,F, P), in contrast to what was done in the important paper [4] in the case of the
Navier-Stokes equations. However, we use the same measurable selection theorem
for measurable multi-functions but in a very different context.

The main application of Theorem 1 in this work is to a stochastic version of a
model for the dynamic frictional contact between a viscoelastic body and a reactive
foundation when the coefficient of friction is slip-rate dependent, that was studied in
[15]. The problem without stochastic input but with reactive foundation and slip-
rate independent friction coefficient was first studied in [20] and then in [10, 01]
where the static case was considered, and since then in many papers with models of
various degrees of complexity, see, e.g., [2] [7} 12} [14] [16, [I7, 24] and the references
therein. General references about various versions of related contact problems with
friction are, e.g. [0 [6] 8, 21], 22, 25] and the references therein. In addition to adding
stochastic inputs, we also present an improved result for the case when the friction
coeflicient is a discontinuous function of the slip-rate or even a graph, than in our
earlier papers [14], [I7]. These methods open the way to study a variety of contact
problems in which the various parameters and inputs are random. We foresee that
it will be used in a number of publications.

Following the Introduction, the main theorem, Theorem 1, is formulated and
proved in Section 2. It provides a general approach that allows one to use standard
techniques for evolution equations and inclusions for fixed value of the random vari-
able w. The main constraints are that one must start with measurable functions
and that subsequences converge weakly to weakly continuous functions, which is
usually the case in evolution problems. An application of the theorem to the mea-
surability of the solutions of systems of ordinary differential equations or inclusions
with delays, when some of the inputs are random, is provided in Section 3. The
contact problem with random gap and sliding rate is studied in Section 4, where
the problem data is given, too. Subsection 4.1 provides an abstract form of the
problem, and contains some results from the literature on compact sets in function
spaces. To deal with the friction term, which is a set-inclusion, the problem is reg-
ularized in Subsection 4.2 and the Galerkin method is used to obtain approximate
measurable solutions. Then, by obtaining the necessary a priori estimates, we pass
to the limit and obtain the unique measurable solution of the problem in the case
when the coefficient of friction is a Lipschitz function of the slip-rate. Finally, in
Subsection 4.3 the case when the friction coeflicient is discontinuous, has a jump
from a static value to a dynamic value when relative motion commences, is studied.
In this case the uniqueness of the solution is not known, and seems to be unlikely.
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Using the new tools, we establish the existence of a measurable solution to the
problem. As noted above, this is an improvement of the result in [I5].

2. THE MEASURABLE SELECTION THEOREM

In this section we study the problem of obtaining product measurable solutions
to evolution equations in the context when either there is no uniqueness to the
non-stochastic problem obtained by fixing a given w in the probability space, or
uniqueness is not known. This is of considerable interest because there are many
important problems in which the existence of solutions is known but not their
uniqueness. This often occurs when weak limits are used to obtain existence but
there is insufficient monotonicity to show uniqueness. For example, the equations
describing a vibrating purely elastic Gao beam appear to fail to have uniqueness, see
[13]. Another well known example is the three-dimensional Navier-Stokes equations
for an incompressible viscous fluid with Dirichlet boundary conditions in a bounded
domain.

We make essential use of the ideas of measurable multi-functions having values
in a complete separable metric space, i.e., a Polish space, [9, Vol. 1, p.141].

Definition 2.1. Let X be a Polish space and let (2, F) be a measurable space and
let F: Q — 2% be a multi-function assumed to have values that are non-empty
and closed sets. Then, F is said to be measurable if for every open set U in 2%,

F~(U)=Aw: Fw)NU # 0} € F.
The multi-function is said to be strongly measurable if for every closed set C' in 2%,
F7(C)=A{w: Flw)NC # 0} € F.

One can show that strong measurability implies measurability and that mea-
surability is sufficient to obtain the existence of a measurable selection, which is
a function y(w) that is F measurable and vy(w) € F(w) for each w. In the case
when the values of F' are compact sets, it can be shown that the two versions of
measurability are equivalent (the proof can be found in [9, Vol. 1, p.143]).

We now introduce some notation. We describe randomness by a probability space
(Q,F, P), where Q is the sample space with elements w, F is a given c-algebra of
subsets of ), and P is the probability measure on F. The usual Borel o-algebra
of open sets in [0,7] is denoted by B([0,T]) and P = pj, is the usual Lebesgue
measure. Next, C' = C(a,...,[3) denotes a positive constant that depends only on
the problem data and on «,...,3 , whose value may change from place to place.
Also, C%1([0,T]) denotes the Holder space with v = 1, so that the norm is

£(t) — £(5)]
L

The following abstract theorem is the main result in this work.

[fllo, = sup [f()]+su s # L
te[0,T]

Theorem 2.2. Let V be a reflexive separable Banach space with dual V', and let
p,p’ be such that p > 1 and % + ﬁ =1, and w € Q. Let the functions t — u,(t,w),
forn €N, be in LP ([0,T]; V') and (t,w) — un(t,w) be B([0,T])x F = P measurable
into V'. Suppose there is a set of measure zero N C Q such that if w ¢ N, then

sup ||un(t,w)|lv < C(w), (2.1)
te[0,T]
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for all n. Also, suppose for each w ¢ N, each subsequence of {u,} has a further
subsequence that converges weakly in L ([0, T]; V') to v(-,w) € L? ([0,T}; V') such
that the function t — v(t,w) is weakly continuous into V.

Then, there exists a product measurable function u such that t — u(t,w)is weakly
continuous into V' for each w ¢ N. Moreover, there exists, for each w ¢ N, a
subsequence Up () such that uy)(-,w) — u(-,w) weakly in L ([0,7); V).

We prove the theorem in steps given below. We let X = [];2; C([0,T]) and
note that when it is equipped with the product topology, then one can consider X
as a metric space using the metric

d f’ = 27k ||fk - gk” ,
€8 = 2

where f = (f1, fo,...), 8 = (91,92,...) € X, and the norm is the maximum norm
in C([0,T]). With this metric, X is complete and separable.

The next lemma claims that if {f,} has each component bounded in C%1(]0, T7)
then it is pre-compact in X.

Lemma 2.3. Let {f,} be a sequence in X and suppose that each one of the compo-
nents fny is bounded in C%1([0,T]) by C = C(k). Then, there exists a subsequence
{fn,; } that converges to some f € X as n; — oo. Thus, {f,} is pre-compact in X.

Proof. By the Ascoli-Arzela theorem, there exists a subsequence {f,,} such that
the sequence of the first components f,,1 converges in C([0,7]). Then, taking a
subsequence, one can obtain {ns} a subsequence of {n;} such that both the first
and second components of f,,, converge. Continuing in this way one obtains a
sequence of subsequences, each a subsequence of the previous one such that f,,; has
the first j components converging to functions in C([0,T]). Therefore, the diagonal
subsequence has the property that it has every component converging to a function
in C([0,T]). The resulting function is £ € [[, C([0,T]). O

Now, for m € N and ¢ € V', define [,,,(t) = max(0,¢t — (1/m)) and ¢, ¢ :
L7 ([0,T}; V") = C((0, T]) by
¢

T
Ym,ou(t) = /0 (mgb)([lm(t),t](s), u(s))yds =m l m(d), u(s))vds.
Here, &}, (1), () is the characteristic function of the interval [I,,(t),t] and (-,-)y is
the duality pairing between V and V.
Let D = {¢,}52, denote a countable dense subset of V. Then, the pairs (m, ¢) €
N x D form a countable set, and let (my, ¢, ) denote an enumeration of these pairs.
To simplify the notation, we set

t

Fe()(£) = Vom0, (u)(2) =m0 / (e u(s)) v ds.

lmk (t)

For fixed w ¢ N and k, the functions {t — fi(u;(-,w))(t)}; are uniformly
bounded and equicontinuous because they are in C%1([0,T]). Indeed, we have

[ fr(u; (-, w)) (0)] = |mk/ t)<¢m7ug‘(s,w)>vd3| < CW)orllv,

mp,
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and for t < ¥,
| fie(ug (-, w)) () = o (- w))(2)]
t t
< ‘mk /lmk @ <¢Tk,uj(87w)>vd8 — Mg /lmk(t’)<¢rk7uj(8’w)>v ds
< 2myft" —t|C(W) || llv-

By Lemma the set of functions {f(u;(-,w))}32,, is pre-compact in the space
X =TI, C([0,T]). We now define a set valued map I'" : @ — X by

(W) = Ujzn{f(u;(,0))},
where the closure is taken in X. Then, I'"(w) is the closure of a pre-compact set in
X and so I'(w) is compact in X. From the definition, a function f is in "™ (w) if
and only if d(f, f(w;)) — 0 as | — oo, where each w; is one of the u;(-,w) for j > n.
In the topology on X, this happens if and only if for every k,

t

fe(t) = lim mk/ (Pr,, wi(s,w))vds,
l—o0 lmk (t)

where the limit is the uniform limit in ¢.

Lemma 2.4. The mapping w — I'"(w) is an F measurable set-valued map with

values in X. If o is a measurable selection, then for each t, w — o(t,w) is F
measurable and (t,w) — o(t,w) is B([0,T]) x F measurable.

We note that if o is a measurable selection then o(w) € I'"(w), so ¢ = o(-,w)
is a continuous function. To have o measurable means that agl(open) € F, where
the open set is in C([0,T7).

Proof of Lemma[2.4} Let O be a basic open set in X so that O = [[,-; O, where
Oy, is a proper open set of C([0,T]) only for k € {k1,--- ,k,}, while in the rest of
the components the open set is the whole space C([0,7T]). We need to show that

" (0)={w: I (w)NO #0} € F.
Now, I'"™(0) = NI_1{w : I"™(w)g, N Oy, # 0}, so we consider whether
{w : F"(w)ki N Ok, # (Z)} e F. (2.2)

From the definition of I'*(w), this is equivalent to the condition that f, (u;(-,w)) =
(f(u;(-,w)))k, € Ok, for some j > n, and so the set in (2.2)) is of the form

U;in{w : (f(uj(’w)))kz € O’fz}
Now w — (f(u;(-,w))), is F measurable into C([0,7]) and so the above set is in
F. To see this, let g € C([0,T]) and consider the inverse image of the ball with
radius r and center g,
B(g,r) = {w : [I(£(u;(-,w))k; = glleqoy <7}

By continuity considerations,

(€ (s (- )Dks = glleo.ry = oo | (£ (£, 0)ks = 9(B)],

which is the supremum over countably many F measurable functions and so it is
F measurable. Since every open set is the countable union of such balls, the F
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measurability follows. Hence, '~ (O) is F measurable whenever O is a basic open
set.

Now, X is a separable metric space and so every open set is a countable union
of these basic sets. Let U C X be open with U = Uj2,0; where O is such a basic
open set. Then,

"= (U) = U2, T (0y) € F.

The existence of a measurable selection follows from the standard theory of mea-
surable multi-functions [3] or [9, Vol. 1, Page 141]. If o is one of these measurable
selections, the evaluation at ¢ is F measurable. Thus, w — o(t,w) is F measurable
with values in R*. Also, t — o(t,w) is continuous, and so it follows that in fact o
is product measurable as claimed. ([

Definition 2.5. Let I'(w) = N2 ;I (w).

Lemma 2.6. T' is a nonempty F measurable set-valued function with values in
compact subsets of X. There exists a measurable selection v such that (t,w) —
y(t,w) is P measurable. Also, for each w, there exists a subsequence, Up(.)(:,w)
such that for each k,

t

Yi(t,w) = lim f(un(w)(t,w))k = lim mk/ <¢7.k,un(w)(s,w)>vds.
n(w)—oo n(w)—oo Ly (8)

Proof. From the definition of I'(w) = NI (w) it follows that w — T'(w) is a

compact set-valued map in X and is nonempty because each I'"(w) is nonempty and

compact, and the I'"(w) are nested. We next show that w — I'(w) is F measurable.

Indeed, each I'" is compact valued and F measurable so, if F is closed,

NwyNnF=n2I"(w)NF,
and the left-hand side is not empty iff each I'™(w) N F # (. Thus, for F closed,
{w:T(w)NF #0} =Np{w : T (w) N F # 0},

and so
I~(F)=n,I""(F) e F.

The last claim follows from the theory of multi-functions, see, e.g., [3,[@]. The fact
that ' (w) is compact implies that strong measurability and measurability coincide,
[9, Vol. 1, p.143]. Thus, I'™ is measurable and I'"~(U) € F , for U open, implies
I'"=(F) € F for F closed. Thus, w — I'(w) is nonempty compact valued in X and
strongly F measurable.

Standard theory, [0, Vol. 1, pp 141-2], also guarantees the existence of an F
measurable selection w — y(w) with y(w) € T'(w), for each w, and also that ¢t —
Yi(t,w) (the kth component of 7) is continuous. Next, we consider the product
measurability of 7. We know that w — ~,(w) is F measurable into C([0,T]) and
since pointwise evaluation is continuous, w — i (t,w) is F measurable. (Indeed,
a continuous function of a measurable function is measurable.) Then, since ¢t —
vk (t,w) is continuous, it follows that 7y is a P measurable real valued function and
that v is a P measurable R* valued function. Since vy(w) € T'(w), it follows that
for each n,vy(w) € I'"™(w). Hence, there exists j, > n such that for each w,

d(f(uj, (- w)),v(w)) <27
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Therefore, for a suitable subsequence {uy(,)(-,w)}, we have

Y(w) = lirg(><> £ (Un(w) (-, w)).

n(w)

for each w. In particular, for each k and for each t, we have

t
(tw) = lim f(ng (bw)e = lim  my / (Gr0s i (5,0) ) vds, (2.3)
l

n(w)—oo n(w)—o0 my, (t)
U

Note that it is not clear that (¢,w) — f(u,(w)(t,w)) is P measurable, although
(t,w) — v(t,w) is P measurable.
We have now all the ingredients needed to prove the theorem.

Proof of Theorem[2.4 By assumption, there exists a subsequence, still denoted by
n(w), such that, in addition to , the weak limit lim,, (4,)— o0 Un(w) (- w) = u(-,w)
exists in L?' ([0, T]; V') such that ¢ — u(t,w) is weakly continuous into V’. Then,
also holds for this further subsequence and in addition,

t t
mk/l (Pr,u(s,w))yds = lim mk/l t (Dres Un(w) (s, w))vds = i (t,w).

g () n(w)—o0 0)

Let ¢ € D be given, then there exists a subsequence, denoted by k, such that
my, — oo and ¢, = ¢. (Recall that (myg, ¢, ) denotes an enumeration of the pairs
(m,¢) € N x D.) Then, passing to the limit and using the assumed continuity of
s — u(s,w), the left-hand side of this equality converges to (¢, u(s,w))y and so the
right-hand side, 74 (¢,w), must also converge and for each w. Since the right-hand
side is a product measurable function of (¢,w), it follows that the pointwise limit
is also product measurable. Hence, (t,w) — (¢, u(t,w))y is product measurable
for each ¢ € D. Since D is a dense set, it follows that (¢,w) — (¢, u(t,w))y is P
measurable for all ¢ € V and so by the Pettis theorem, [27], ({,w) — u(t,w) is P
measurable into V’. This completes the proof. ([l

Actually, one can say more about the measurability of the approximating se-
quence and in fact, we can obtain one for which w — un(w)(t,w) is also F measur-
able.

Lemma 2.7. Suppose that uy(,) — u weakly in LPI([O, T); V'), where u is product
measurable, and {un ()} is a subsequence of {u,}, such that there evists a set of
measure zero N C Q and

sup ||un(t,w)||v: < C(w), forw ¢ N.
te[0,T

Then, there exists a subsequence of {u,}, denoted as {uj}, such that uye,) — u
weakly in L?”/([O7 T V"), w — k(w) is F measurable, and w — up)(t,w) is also F
measurable, for each w ¢ N.

We introduce the notation

V=Lr([0,T);V), V =L (0,T)V").
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Proof. Assume that f, g € V' and let {¢;} be a countable dense subset of V. Then,
a bounded set in V' with the weak topology can be considered a complete metric
space using the metric

oy ok, f =gyl
9= 2 TG T - gl

Now, let k(w) be the first index of {u, } that is at least as large as k and such that
d(uk(w), u) < 27k,

Such an index exists because there exists a convergent sequence u,,(,) that converges
weakly to u. In fact,

{w:kw) =1} ={w:du,u) <27%1n Oé_:ll{w sd(uj,u) > 278

Since u is product measurable and each wu; is also product measurable, these are
all measurable sets with respect to F and so w — k(w) is F measurable. Now, we
have that wu,) — u weakly in Lp,([O,T]; V'), for each w, and each function is F
measurable because

oo
Up(w) (L, w) = Z Kio(w) =515 (t, W),
j=1
and every term in the sum is F measurable. (]

Finally, when all the functions have values in a separable Hilbert space H, the
same arguments yield the following theorem noting that the norms in (2.1) and

(2.4) are different.

Theorem 2.8. Let H be a real separable Hilbert space. Let the functions t —
un(t,w), forn € N, be in L*([0,T); H) and (t,w) — u,(t,w) be B([0,T]) x F =P
measurable into H. Suppose there is a set of measure zero N C € such that if
w ¢ N, then for all n,

sup |un(t,w)|g < Cw). (2.4)

te[0,7)

Further, suppose that for each w ¢ N, each subsequence of {u,} has a subsequence
that converges weakly in L*([0,T]; H) to u(-,w) € L*([0,T]; H) such thatt — u(t,w)
is weakly continuous into H. Then, there exists a product measurable function u
such that t — u(t,w) is weakly continuous into H. Moreover, there exists, for each
w ¢ N, a subsequence Un(yy such that (-, w) — u(-,w) weakly in L2([0,T); H).

3. MEASURABILITY FOR DELAY-DIFFERENTIAL EQUATIONS

In this section we use our main theorem to establish a Peano-type existence
theorem that provides a solution of the differential equation that retains its product
measurability. In particular, this result applies to general second order ordinary
differential equations with one delay. It is an interesting example of the above
theory and will be used in the Section 4 to show the convergence of the Galerkin
method. Moreover, although the material on filtrations is not needed below, we
include it because it is of interest and will be used in the future. We note that
a filtration on [0,T) consists of a family of o-algebras with F; for each ¢ € [0,T]
such that for s < ¢, Fs < F;. In applications to stochastic integration, JF; is often
chosen as o(W(s) : s < t), the smallest o-algebra for which each one of the W (s)
is measurable, where ¢ — W (t) is a Wiener process.
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We recall that P = B([0,T]) x F, Q is the sample space, and M (w) and C(w)
represent constants that depend only on the problem data and w.

Our first result deals with the case when N and f are bounded functions. We
assume that for fixed u, v, w in R¢,

(t,w) = N(t,u, v, w,w) (3.1)

is product measurable and that (t,u,v,w) — N(¢,u,v,w,w) is continuous. We
make this assumption so that if u, v, w are each product measurable functions, then
So is
(t,w) — N(t,u(t,w), v(t,w), w(t,w),w).
This follows by using approximations with simple functions.
Our result is as follows.

Theorem 3.1. Suppose that the function N : [0,T] x R3? x Q — R? is such that
foru,v,w € RY ¢t € [0,T] and w € Q the mapping (t,w) — N(t,u,v,w,w) is
product measurable. Also, suppose that the mapping (t,u,v,w) — N(t,u, v, w,w)
is continuous and that
IN(t,u,v,w,w)| < M(w), (3.2)
uniformly in (t,u,v,w). Let f be P measurable and f(-,w) € L?([0,T];RY).
Then, for h > 0, there exists a P measurable solution u to the integral equation

u(t,w) —l—/o N(s,u(s,w),u(s — h,w), w(s,w),w)ds = up(w) —I—/O f(s,w)ds. (3.3)

Here, ug has values in R? and is F measurable, u(s — h,w) = up(w) if s —h < 0
and for wg a given F measurable function,

t
w(t,w) = wo(w) —|—/ u(s,w)ds.
0
Proof. The proof is based on the use of the delay operator 75 defined as follows.
For § > 0, we let
—0) if 1)
rsu(s) = {u(s ) if s>,

0 ifs—6<0.

Now, let u,, be the solution of the equation

t
un(t7w) +/ N(SaTl/nun(Saw)aun(S - haw)a Tl/an(&w),W)dS
0

= ug(w) —|—/0 f(s,w)ds.

It follows that (t,w) — u,(t,w) is P measurable. The assumptions on N guarantee
that for a fixed w the family of functions {u,(-,w)} is uniformly bounded, indeed,

T T
sup |u,(t,w)| < Jug(w)] —l—/ M(w)ds—I—/ If(s,w)|ds = C(w).
t€[0,7) 0 0

It is also equicontinuous since for s < t,

t
|u, (t,w) — u,(s,w)| < / IN(7, 71/ W (7, W), W (7 = By W), Ty Wiy (7, w), w) | dr

t
—|—/ |f(r,w)|dr
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< C(w, f)|t — s|Y/2.

Therefore, by the Ascoli-Arzela theorem, for each w there exist a subsequence 7(w),
which depends on w, and a function @(¢,w) such that

u&(w)(t,w) — (¢, w) uniformly in C([O,T];Rd),

This verifies that the assumptions of Theorem [2.§ hold. It follows that there exists
a function @ that is product measurable and a subsequence {u, (.}, for each w,
such that

lim ) (,w) = 8(-,w) weakly in L*([0, T); R%)

n(w)—oo

and that ¢t — G(¢,w) is continuous, since weak continuity is the same as continuity
in R?. The same argument given above applied to the U,(,), for a fixed w, yields
a further subsequence, denoted as {ug(,)(-,w)} which converges uniformly to a
function u(-,w) on [0, 7). So i(t,w) = u(t,w) in L2([0, T]; R?). Since both of these
functions are continuous in ¢, they must be equal for all ¢. Hence, (t,w) — u(t,w)
is product measurable. Passing to the limit in the equation solved by {uz (-, w)}
and using the dominated convergence theorem, we obtain

u(t,w) —up(w) + /0 N(s,u(s,w),u(s — h,w), w(s,w),w)ds = /0 f(s,w)ds.

Thus ¢ — u(t,w) is a product measurable solution of the integral equation. (]

The theorem provides the existence of the approximate solutions needed in the
next theorem in which the assumption that the integrand is bounded is replaced
with an appropriate estimate. However, first we mention the following elementary
lower-bound inequality that is used below.

Lemma 3.2. Assume that w(t) = wo(w) + fot u(s,w)ds, define v as

t—h) ift>h
o) {u( ) iftzh,
ug otherwise,
and that the following estimate holds true,
(N(t’ u,v,w,w), u) 2 _C(t7w) - M(lulz + |V|2 + |W|2)
Then,
t t
/ (N(t,u,v,w,w),u)ds > —C(C(w) —|—/ |u\2d8),
0 0
for some constant C depending on the initial data but not on u.

Proof. We have
¢ h t
/ lu(s — h)|%ds = / lug|2ds +/ lu(s — h)|*ds
0 0 h
t—h
= |u0|2h+/ lu(s)|?ds
0

t
< Juol?h + / u(s)Pds,
0
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when ¢t > h and when s < h, the integral is dominated by
t
ot < ol < [+ | u(s) .
0

Next, using the usual inequalities yields

t t s
/|w(5)|2d5§/ |w0+/ U(T)dT‘QdS
0 0 0
t s s 9
g/ (|w0|2+2|w0|’/ u(r)dr’—k‘/ u(r)dr| )ds
0 0 0
t s t s
§T|W0|2—|—T|W0|2+/ ’/ u(r)dr|2ds+/ |/ u(r)dr|2d5
o Jo o Jo

t s 2
< 2T |wo|* + 2/ (/ |u(r)|dr> ds
0 0
t s
< 2T |wo|? + 2/ s/ a(r) 2drds
o Jo
t
< 2T|wo|* + 2T2/ lu(r)dr.
0
These estimates lead directly to the claimed result. (|

We now state a more general result in which N is only bounded from below,
which is the main result in this section.

Theorem 3.3. Suppose that the function N : [0, T] x R3? x Q — R? is such that for
u,v,w € RY ¢t €[0,T] and w € Q the mapping (t,w) — N(t,u,v,w,w) is product
measurable. Also, suppose

(t,u,v,w) —» N(t,u,v,w,w)

is continuous, and there are a monnegative function C(-,w) € L([0,T]) and a
positive constant p such that

(N(t’ u,v,w,w), u) 2 _C(t7w) - M(|u|2 + |V|2 + |W|2) (3'4)

Moreover, let £ be product measurable and f(-,w) € L([0,T]; R?).
Then, for each h > 0, there exists a product measurable solution u to the integral
equation

u(t,w) +/0 N(s,u(s,w),u(s — h,w), w(s,w),w)ds = ugp(w) +/0 f(s,w)ds, (3.5)

where gy has values in R? and is F measurable. Here, u(s — h,w) = ug(w) for all
s —h <0 and for wg a given F measurable function,

w(t,w) = wo(w) +/0 u(s,w)ds

Proof. The idea of the proof is to bound the variables, so that IN is bounded, use
Theorem [3.1] to obtain product measure solutions, and pass to the limit when the
variables are allowed be be unbounded.



12 K. L. KUTTLER, M. SHILLOR EJDE-2014/258
Let P,, denote the projection onto the closed ball B(0,9™) C RY. Then, it

follows from Theorem that there exists a product measurable solution u,, of
the integral equation

t
U, (t,w) + / N(s, P (s,w), Pnum(s — hy,w), Prpwi(s,w),w)ds
0

t
= up(w) + S/ f(s,w)ds.
0
Next, we define a stopping time
Tm(w) = inf {t € [0, : [um(t,w)|* + [Wi(t,w)|> > 2™},

where we use the convention that inf {}} = T. Localizing with the stopping time,

Tty w) / Xo,r, )N (s, 0 (5, w), upr (s — h,w), wpr (s, w),w)ds

Note that the stopplng time allowed to eliminate the projection operator in the
equation. Then, we obtain

1 T
gy ()P
t
+/O (X[O,TW]N(s,u,T,T (s,w),u;m(s — h,w),w%"(s,w),w),u;;"’(s,w))ds

1 t
= 50 + [ X (F(s), 0 (5, s,

Therefore,
1 2 ! 2 2 2
sl )P < [ (i )+ (s = )P+ [wi (5.0 )
0

1 I 1
+ C(s,w) + f|f(s7w)|2)ds + f/ a7 (s,w)[2ds + =|ug(w)|*.
2 2/, 2
We note that

t t
fuolhot [ (o)Pds = [ (s~ hw) s,
0 0

t t s
[ s = [ wot [ g matriar|as
0 0 0
t s 9
:/ |W0+/ X[07T7l]u;"(r)dr’ ds
0 0

t
< Clwo(w)) + c:r/ T [2ds.
0

and

Using now the Gronwall inequality yields

[um (8, w)|? < Clug(w), wo(w), s [|C (- )l ro,mymays T I£(, w) | L2 (0, 75m4))
= C(w).
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Thus, it follows from the definition of the stoping time that for a.e. w,7,, =T for
all m large enough, say for m > M(w) where C(w) < 2M(), Next, we define the
functions

yo(t,w) = ulr (t,w),
which are product measurable and satisfy

t s
ya(t:) + [ Xor N(s.9(5:0) a5 = b wow) + [ yalriw)dr,o)ds
0 0

t
= up(w) +/ Xio,7,1f(s,w)ds.
0

So each function is also continuous in ¢. Since 7,, = T for large enough n, it follows
that

Vn(t,w) + /Ot N(s,yn(s,w),yn(s — h,w), wo(w) + /OS vy (r,w)dr, w)ds

t
=up(w) —|—/ f(s,w)ds.
0
Also, these functions satisfy the inequality

sup |yn(t,w)|? < C(w) < 2MW) < gM(@), (3.6)
te€[0,T

where the constants on the right-hand side do not depend on n. Thus, for fixed
w, we can regard N as bounded and the same reasoning used in Theorem
involving the Ascoli-Arzela theorem implies that every subsequence has a further
subsequence that converges to a solution of the integral equation for that w. Hence,
it is continuous into R?. It follows from the measurable selection theorem, Theorem
that there exists a product measurable function u that is continuous in t such
that u(-,w) = limy, ()0 Yn(w)(w) in L?([0,T];R%). By the reasoning above,
there is a further subsequence, denoted the same way, for which lim, o yn(w)
in C([0,T]; R%) solves the integral equation for a fixed w. Thus u is a product
measurable solution to the integral equation as claimed. (I

We made use of estimate (3.4)) in the proof of this theorem. However, all that is
really needed is the following simpler condition.

Corollary 3.4. Suppose that the function N : [0,T] x R3? x Q — R? is such
that for u,v,w € R% t € [0,T] and w € Q the mapping (t,w) — N(t,u,v,w,w) is
product measurable. Also, suppose that (t,u,v,w) — N(t,u, v, w,w) is continuous.
Moreover, for each w, for each solution u(-,w) of the integral equation

u(t,w) —l—/o N(s,u(s,w),u(s — h,w), w(s,w),w)ds = up(w) —|—/0 f(s,w)ds, (3.7)

there exists an estimate of the form

sup |u(t,w)| < C(w) < 0. (3.8)
t€[0,T]

Moreover, let £ be product measurable and f(-,w) € L'([0,T];RY); ug has values in
R? and is F measurable and u(s — h,w) = ug(w) whenever s —h < 0; and

w(t,w) = wo(w) —|—/0 u(s,w)ds,
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where wq is a given F measurable function.
Then, for h > 0, there exists a product measurable solution u of the integral

equation ([3.5)).

We note that the same conclusions apply when there is no dependence of the
integrand on u(s — h,w), that is, there are no delays, or on w(s,w).

4. A CONTACT PROBLEM WITH FRICTION

We apply our theoretical result, Theorem 1, to an important problem of dynamic
contact with friction between a viscoelastic body and a deformable foundation in
which the coefficient of friction depends on the relative slip speed. The problem
without randomness was studied in [15], and the novelty here is that the gap be-
tween the body and the foundation is assumed to be a random variable and so is
the foundation’s velocity. These two changes make the model much more realistic
since in engineering applications both can be determined only up to relatively large
tolerances.

The setting of the problem is depicted in Figure[l] A viscoelastic body occupies
the domain U C R? (where d = 2,3 in applications) that is a bounded open subset
with Lipschitz boundary I' = QU. The boundary I' consists of three parts: T'p
where a Dirichlet data is prescribed, I'y where a Neumann condition holds, and
the potential contact surface with the foundation I'c. We denote by n the outer
unit normal to U on I". Moreover, when the foundation is planar, we assume that
it moves with velocity v*. We also let d = 3 as the 2D case is somewhat simpler.
Finally, in this section p denotes the friction coefficient, and not the Lebesgue
measure.

|

T ™

U — Body I'n

N 7

g —gap

. *
Foundation vVi—

FiGURrE 1. T'¢ is the contact surface and g is the gap

We denote by u = u(x,t) the displacement vector for x € U and ¢ € [0,7T], by
€ = (&;) the linearized strain tensor, and by o = (0;;) the stress tensor; here and
below 4,7, k,1 = 1,2,3. A dot above a symbol denotes the partial time derivative,
while an index following a coma indicates partial derivative with respect to the
indicated spatial variable, i.e. u; ; = Ou;/dz;. Moreover, summation over an index
that appears twice is implied.
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We assume that the material is linearly viscoelastic with short-term memory,

with constitutive relation
o = Ae(u) + Ce(u),

where A = (a;;x1) is the elasticity tensor and C = (¢;jx;) the viscosity tensor, both
described in more detail below. The body is being acted upon by the force density
pf, and for the sake of simplicity we rescale the variables so that the material density
is p = 1. On I'p the body is clamped so that u = 0, and a prescribed traction t
acts on I'y.

The dynamic equations of motion and the initial and boundary conditions are
as follows.

i =Divo(u,a)+f, (t,x)e€(0,T)xU, (4.1)
u(0,x) =up(x), u(0,x)=vo(x), x€U,
u(t,x) =0, (t,x)€(0,T)xTp; o(t,x) - n=t, (t,x)e (0,T)xTy. (4.3)
Here, n is the outer unit normal to U on T'.

Next, we describe the contact conditions on I'c. To that end we need the normal
and tangential components and parts of the vectors on the surface, so we let

Up=u-n, u,=u-—(u-n)n,
On = 041Ny,  Ori = 04N — Oply,

written more simply, 0, =n-o-n and 0, = on — o,n.

We assume that contact is described by the normal compliance condition (see,
e.g., [20, 10, 111 12, 16, 24, 25] and the references therein) and the friction process
by an appropriately modified condition of the Coulomb-type, thus, for x € ', we
assume

On = _p(un —9)s (4.4)
where p(-) is the normal compliance function, assumed to be nonnegative and to
vanish when there is no contact, i.e., when the normal displacement is less than the
gap, u, < g. The friction process is in the tangential direction and there is relative
motion only when the tangential traction reaches the threshold of the friction bound
denoted by F'u, where p is the friction coefficient, described below. We refer the
reader to [I5] 25] for further details. The friction condition is

|o7| < Fun — g)p(lar — 7)), (4.5)
lor| = p(ja; — v*)F(u, —¢g) implies 0, —v* = —Ao,. (4.6)

where A > 0. Here, v* is the velocity of the foundation, which is known, and
the friction coefficient p depends on the relative slip-rate, and is assumed to be a
bounded positive function having a bounded continuous derivative. It is reasonable
to assume that p depends on x € I'¢, related to the pointwise roughness of the
contact surface, however, we do not make this dependence explicit for the sake of
simpler notation.

The function g represents the gap between the contact surface I'c and a foun-
dation along the direction n. One of the novel ingredients in this paper is that we
allow the gap to be random, which better describes real contact processes. More-
over, part of the novelty is that we do not need to make any assumption on the
sample space. It is often the case that it is assumed to be the unit interval or the
real line but no such assumption is needed here. Indeed, the exact form of the
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sample space does not enter the arguments. Therefore, in each application, one
may specify the appropriate sample space €2 freely. Therefore, we do not specify 2
below. Thus,

g = g(t’ X7 w)?
where w € Q and we assume that (¢, x,w) — g(x,w) is B([0,T]x'¢) x F measurable,
where B([0,T] x T'c) denotes the Borel sets of [0,T] x I'c. We assume that the gap
is nonnegative (we do not consider ‘shrink-fit’ cases) and bounded, so

0 <g(t,x,w) <l < o0,

for all (¢,x,w) and some [,. Additional novelty in this work is that the motion of
the foundation v* is assumed to be a stochastic process

v =vi(t,x,w),
and is B([0,T] x I'c) x F measurable. We also assume that v*(¢, x,w) is uniformly
bounded, and to simplify the notation, we suppress the dependence on ¢,x and w.

The normal compliance contact condition says that o, the normal compo-
nent of the traction density on I'¢ is dependent on the normal interpenetration of
the body’s surface asperities into those of the foundation surface. Conditions
and model friction. They say that no sliding takes place until |o,| reaches the
friction bound F'(u,, — ¢)u(0) and when this occurs, the tangential force density has
a direction opposite to the relative tangential velocity . The dependence of
the friction coefficient on the magnitude of the slip velocity, |4, — v*| is important
and well documented (see, e.g., [25] and the references therein) and so it has been
included.

The two new features in this model are that the gap and the foundation’s velocity
are random variables for each x € I'c. Our aim is to show the measurability of the
solutions. Thus, for a fixed w, we have a friction problem that has been studied in
the literature, and it is the measurability which is of interest here.

We assume the following on the functions p and F. Both p and F' are increasing
and

Pr—K<pr)<K1+r), r>0,p(r)=0,r<0, (4.7
Fr)<KQ1+r),r>0, F(r)=0,r<0, (4.8)
[u(re) — plr2)| < Lip(u)lre = r2|, [l < C,
and for ¢ = F,p, and 71,72 > 0,
|1p(r1) = P(r2)| < Klrq — ral. (4.10)

One could consider more general growth conditions than these (see [12]), but we
keep this part simple to emphasize the new stochastic features.
The stress tensor is given by

oij = Aijrur 1 + Cijritin,, (4.11)
where A and C are in L*>°(U) and for B = A or C, we have the following symmetries.
Bijki = Bijik, Bjii = Bijri,  Bijri = By (4.12)

and we also assume that
BijiHijHp > eHpsHrs (4.13)

for all symmetric H;;.
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In the rest of this section, V is a closed subspace of (H'(U))? containing the
space of test functions (C§°(U))3; — denotes weak convergence in the case of a
reflexive Banach space and weak* convergence for a few examples of dual spaces
that are not reflexive, while — means strong convergence; v denotes the trace map
from W2(U) into L?(T'); H denotes (L*(U))? and we always identify H and H’
to write

VCH=H CV,
so that (V, H,V’) is a Gelfand triple. The duality pairing of V' and V' is denoted
by (-,-)y. We also define
V=1L*0,T;V), H=L*0,T,H), V =L*0,T;V).

We refer to [I], 18] for standard notation and properties of Sobolev Spaces.

4.1. The Abstract Problem. In this subsection we derive an abstract formula-
tion of the problem that allows us to use various tools and results from the theory
of evolution equations. However, first, we recall two theorems about compact sets
of functions found in Lions [I9] and Simon [20], respectively, that we need below.
These theorems apply for a fixed w € Q.

Theorem 4.1. Assume that the sets W, U and Y are such that W CU CY, and
the inclusion map of W into U is compact and the inclusion map of U into Y is
continuous. Let p > 1, ¢ > 1, and define

S={ueLl(0,T;W):u" € L0,T:Y) and |[ullLso,;w) + 0| Lao,r;v) < R}
Then, S is pre-compact in LP(0,T;U).
Theorem 4.2. Let W,U and Y, and p,q, be as in Theorem[{.1] and let
S =A{u:ul®)llw + [l e,y < R fort €[0,T]}.
Then, S is pre-compact in C(0,T;U).
Now, we obtain an abstract formulation of the problem f. We begin
by defining the operators M, A:V — V' by

<M117V>V=/ Cijriug,vi jde, (4.14)
U

<A11,V>V:/ Aijkluk,lvw'dx. (415)
U

Also, let the operator v — P(u), mapping V into V', be given by

T
(P(u),w)y = / / p(un, — g)wy, dSdt, (4.16)
0o Jre
where dS is surface measure on I' and

u(t) = ug +/0 v(s)ds, (4.17)

for up € V. We note that P depends on ug but we suppress this in favor of simpler
notation. Let
Vi L2(0,T; L*(Te)?) — V/,
be defined as .
(g, wyy = / &-w,dSdt.
0

T
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Finally, we assume that f(-,w) € L2(0,7; V') and it includes the body force f in
U and the traction t on I'y.
The abstract form of problem (4.1))—(4.6)), is as follows.

Problem P,p,s. Find u,v € V and ¢ € L?(0,T; L?(T'¢)?) such that
v+ Mv+Au+ Pu++i6=f in), (4.18)
with v(0,w) = vo(w) € H, and

u(t,w) = up(w) —l—/o v(s,w)ds, up(w) €V, (4.19)

and for all w €V,

T
(e, why < / / F(ttn— @) (Ve —v*])-[Ve V" 4w [vo—v*[]dS dt. (4.20)

We note that if v solves the abstract problem P, then u is a weak solution
of f. As usual, other variational and stable boundary conditions can
be incorporated by the appropriate choice of V and f(-,w) € L?(0,T;V"’). The
following is the main result for the cases with continuous friction coefficient.

Theorem 4.3. Let ug(w) € V,vo(w) € H, for each w € Q, these functions being
F measurable. Assume that f(-,w) € V', and the gap (t,w) — g(t,w) and the
sliding velocity (t,w) — v*(t,w) are B([0,T]) x F measurable and bounded. Then,
there exists a solution (u,v) to the problem 7 for each w. This solution
(t,w) — (u(t,w),v(t,w)) is measurable into V,H and V'. If, in addition, the
friction coefficient v is Lipschitz continuous, then the solution is unique.

To carry out the proofs of existence and uniqueness, we note that both M and A
are coercive, nonnegative, and symmetric. That is, for two constants 6 > 0, A > 0
they satisfy the following conditions

(Bu,u) > &*[lullf, — Alulf, (Bu,u) >0, (Bu,v)=(Bv,u), (4.21)
for B = M or A. Indeed, (4.21) is a consequence of (4.11)—(4.13) and Korn’s

inequality [23].

4.2. An Approximate Problem. To establish the theorem, we use a sequence of
approximate problems that we solve using the Galerkin method. To that end, we
first regularize the friction condition, which has a subgradient form. We approxi-
mate the norm function +(r) = |r| with the function

U (r) =+/r|? +¢,

which is convex, Lipschitz continuous, and has bounded derivative, and it converges
uniformly to v(r) = |r| on R as e — 0, moreover,

0. (x) ~ Tely) < Jx —yl, L(E)] < 1.

Furthermore, W, is Lipschitz continuous with Lipschitz constant C'/\/e, where WL
denotes the gradient or Frechet derivative of the scalar valued function.

The approximate problem to which we apply the Galerkin method is obtained
by replacing the friction condition with its regularization, and is as follows.

Problem P.. Find u,v € V such that
v+ Mv + Au+ Pu+v:F(u, — g(w))u(|ve — v (Ww))PL(v, — v (w)) =f (4.22)
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in V', with v(0) = vo € H, where

u(t) =ug —|—/O v(s)ds, wugeV. (4.23)

Here, we indicate that the gap and the velocity of the foundation are random
variables depending on w € €2, which is fixed, and the approximate friction operator
is defined for w € V in the following manner,

(2 F(t, — g(@))a([vs = V@)L (v, = v* (@), W)
- / Fluy — g@)p(|vs — v @)LV, — v* (@) - w, dS.

Let R denote the Riesz map from V to V’ defined by (Ru, v)y = (u,v)y. Then,
R~!': H — V is a compact and self-adjoint operator and so there exists a complete
orthonormal basis {ey} for H, such that {ex} C V and

Rey, = M\pey,

where A\, — oco. Let V,, = span{ey,...,e,}. Then, U,V, is dense in H and is also
dense in V, and {ey} is an orthogonal set in V. Indeed, we have
1 1 1
0= (ex,e)n = ~—(Reg,e;)y = —(Rep,e;) = —(e,ex)v, k#L
Ak Ak Ak
Next, to show that U, V,, is dense in V, assume that this is not so, then there exists
feVv’, f#0,such that U,V, is in ker(f). But f = Ru, for some u, and so

0= (Ru, ek> = (Rek,u>v = /\k(ek,u)H,

for all e, and so u = 0 by the density of U, V,, in H, and hence Ru = 0 = f after
all, a contradiction.
Now, we apply the Galerkin method to Problem P.. Let

k t
vi(t,w) = Zajj(t,w)ej, u(t,w) =ug —l—/ vi(s,w)ds,
j=1 0

and let vi be the solution to the following integral equation, for each w and j < k.
We now suppress the dependence on w to simplify the notation, unless it is needed.

t
<Vk(t) — Vo +/ Mvy + Auy, + Puy
0

A F (i — 9)u([Vir = VUL (Vi = V7). € ) (4.24)

= /Ot<f,ej>ds.

Here, vor, — vo € H and the equation holds for each e; for each j < k. Then,
this integral equation reduces to a system of ordinary differential equations for the
vector x(t,w) whose j* component is x;(t,w) mentioned above. We will obtain
existence and measurability of x from Theorem [3.3]

We differentiate, multiply by x;, add and then integrate and after some manip-
ulations we obtain various terms that need to be estimated. For the friction term
we have,

¢
/ Fugn — g)u(|Vier = V)L (Ve —V*) - v dS ds
0 Jre
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t
— [ Pl = gulivic = v DV =¥ (v v dSds
0 T'e

¢
+/ / F(ugn — g)u(|ver — vV)UL(vir — v*) - v dS ds.
0 Jre

The first term on the right-hand side is nonnegative and the second term is bounded
below by an expression of the form

t t
—C/ / (1 + |ukn])|v*|dS ds > —C/ luil|lw[v* | 2 (reysds — C
0 Jre 0

t
z—c/ﬁmww—a
0

where C' is independent of €,w and k.

Here, the space W embeds compactly into V' and the trace map from W to
L?(T'¢)?3 is continuous. We note that the use of the space W is not essential here,
however, below we do need this intermediate space. To estimate the term with P,
one uses the linear growth condition of P in .

It follows from equivalence of norms in finite dimensional spaces, the assumed
estimates on M, A, and P, and standard manipulations depending on compact
embeddings, that there exists an estimate suitable to apply Theorem to obtain
the existence of a solution such that (t,w) — x(¢,w) is measurable into R* which
implies that (¢,w) — vi(t,w) is product measurable into V' and H. This yields the
measurable Galerkin approximation of a solution.

Also, the estimates and compact embedding results for Sobolev spaces lead to
the inequality

T
Vi) +/0 IVl ds + [ (@)} < C, (4.25)

where the constant C' does not depend on ¢ or k.
Next, we need to estimate the time derivative in V’'. The integral equation
implies that for all w € Vj,

(vi(t), w)v
+ (Mvy + Aug + Pug + Vi F (ugn — 9)p([Vier — V) OL(VEr — V), W)y (4.26)
= (f,w),

where the dependence on ¢t and w is suppressed. In terms of inner products in V'
this reduces to

(R~ (1), w)v
+ (Rfl(ka + Aug + Puy + Y2 F (un — 9)p(|Vier — V) UL(Ver — V*)),W)
= (R_lf,W)V.

\%

In terms of the orthogonal projection in V' onto Vi, denoted by P, this takes the
form

(Rflv;(t), Pow)y
+ (R_1 (ka + Auy + Puy +EF (uy — g)pu(|ver — V)V (Vver — v*)),PkW)V
= (Rilf,PkW)V,
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for all w € V. Now v} (t) € V}, and so the first term can be simplified and we can
write

(R™vi(1), w)v
+(R7! (ka + Aug, + Puy + 2 F (un — 9)p(|Vier — V) VL(VEr — v*)) , Pew)y
= (R™'f, Bow)v,
for all w € V. Then it follows that for all w € V|
(R™Ivi(t), w)y
+ (PR (ka + Auy + Puy + viF (up — g)pu(|ver — V)V (ver — v*)) S W)y
= (PR, w)y.
Thus, in V' we have
R (t) + Py R~ (Mvy, + Auy + Pug + 2 F(uy — 9)p(|Vier — V) UL(Vir — V7))
= P,R'f.
and R~! preserves norms while P, decreases them. Hence, the estimate

implies that ||v}|}y- is also bounded independently of € and k. Then, summarizing
the above estimates and restoring w, yields

Vit )l + Vi (@)l + Vi (@)l + ak(t w)llv < G (4.27)

where C is a constant that does not depend on € and k. Also, integrating (4.26]),
leads to

t t t
iy (vk (t) — vor + / Mvyds + / Augds + / Pu, ds
0 0 0

t
b [P = ulver = v DL (vi — v7)ds) (4.28)
0

t
= ZZ/ fds,
0

where i} is the dual map to the inclusion map i : V3, — V.
Let W be an intermediate space introduced above such that

VCWCH, V densein W,

where the embedding is compact and the trace map onto L?(U) is continuous.
Using Theorems and it follows that for each fixed w € €, the following
convergences hold true for suitable subsequences, still denoted as {v} , which may
depend on w. We note that the compactness of the embedding of V into W and
consequently into H implies the compactness of the embedding of H = H' into W'.
Then using the estimates and these theorems, as k — co, we obtain

Vi —=Vv inV, (
v, —=v in), (

vy — v strongly in C([0,T], W'), (4.31
vy — v strongly in L*([0, T]; W), (
vi(t) = v(t) in W for a.a. t, (
u; — u strongly in C([0,T]; W), (
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Auy — Au in V, (4.35)
Mv, — Mv inV. (4.36)

It follows from these convergences and the density of U,,V,, in V that by passing to
a limit and using the dominated convergence theorem and the strong convergences
above in the nonlinear terms, we obtain the following equation that holds in V”,

¢ ¢ ¢
v(t) —|—/ Mvds +/ Auds—|—/ Puds
0 0 0

b [P = gy, v @Dl v @)ds (437
0

t
:v0—|-/ fds.
0

Thus, ¢t — v(t,w) is continuous into V'. This fact together with estimate (4.27)
imply that the conditions of Theorem 2.2 are satisfied. It follows that there is a
function v which is product measurable into V' and weakly continuous in ¢ and
such that for each w there is a subsequence vy, such that v, (-, w) = (-, w)
in V. By repeating the above argument, for each w we obtain that there exists a
further subsequence, still denoted as vy, that converges in V' to v(-,w), which is
a solution that is continuous into V’. Hence, ¥(-,w) = v(-,w), and since these
functions are both weakly continuous into V' they must be identical. Therefore,
there is a product measurable solution v to each regularized problem.

It remains to pass to the regularization limit ¢ — 0. We let £ = 1/k and denote
the product measurable solution of by v and note that estimate holds
true for vi. Then, we obtain a subsequence, still denoted as vy, that has the same
convergences as in 7. Thus, we obtain these convergences along with
the fact that vy, is product measurable and for each w it is a solution of the problem

¢ ¢ ¢
vk(t)Jr/ My, ds+/ Aukds+/ Puy ds
0 0 0
t
+ [ v F(ukn — g(@)p([vir = v (W))W 5 (Vier — VT (w))ds (4.38)
0

t
:V0+/ de
0

Next, in addition to (4.29)-(4.36]), we have
Yr(Vir =v5) =€ in Lo([0,T]; L= (Pe)?),
and moreover,
U (Vier = V) W < W (Vir =V Wo) = W (Vi — V).

Therefore, passing to the limit as k — oo; using the strong convergence in the space
L2([0,T]; W), of v, to v,; the uniform convergence of Uy /i, to || - |5 the pointwise
convergence in W; and the dominated convergence theorem, we obtain that for
weY,

[ P = s, = v @D v = v (@) - w, dS s
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_>/ / Flun — g(@))u(|vs — v*(@)])€ - W dS ds,
0 I'ec

where

t t
/ §-wrdSds < / / (IVir = V" + W] — |V — Vv*]) dS ds. (4.39)
0 Fc 0 1—‘C

Then, passing to the limit in the integral equation (4.38), we obtain that for each
w, Vv is a solution of the integral equation

t t t
V(t)+/ Mvds+/ Auds+/ Puds
0 0 0

+ [ 92— g@nliv: ~ v @) ds (4.40)
0

t
:v0+/ fds,
0

where ¢ satisfies the inequality . In particular, v is continuous into V’ and
now, the conclusion of the measurable selection theorem applies and yields the
existence of a measurable solution to for each w. Taking a weak derivative, it
follows that we have obtained a product measurable solution to the system (4.18])—
(4.20). This completes the existence part of the proof of Theorem |4.3

We note that when the friction coefficient p(-) is Lipschitz continuous, one can
show that for each w the solution of the integral equation is unique, although
this it is not an obvious statement, see [I5]. This follows from standard procedures
involving Gronwall’s inequality and the various necessary estimates. Therefore, it
is possible to obtain the product measurability by using more elementary methods.

We also note that it allows one to include a stochastic integral of the form
fot ®dW . In this case one must consider a filtration and obtain solutions that are
adapted to the filtration.

In the next section we consider the case of discontinuous friction coefficient and in
this case it is not clear whether there is uniqueness, but we still obtain a measurable
solution.

4.3. Discontinuous coefficient of friction. In this section we consider the case
when the coefficient of friction is a discontinuous function of the slip speed, which
was studied by us in [I5]. This is the case described in elementary physics and
engineering courses, as well as in a host of engineering publications on friction, which
assumes, based on experimental data, that the coefficient of sliding or dynamic
friction is less than the coefficient of static friction. Additional information can be
found in [25] and the many references therein. Therefore, we assume the friction
coefficient function p has a jump discontinuity at 0, becoming smaller when the slip
speed is positive. The graph of the multi-function friction coefficient p is depicted
in Figure [2]in blue.

We assume the friction coefficient is a set-valued function p = p(r) that consists
of a Lipschitz continuous function us and the segment connecting the static friction
coefficient po and the value ps(0) on the vertical axis, Figure

To study the frictional contact problem with discontinuous friction coefficient,
we regularize the coefficient, obtain a measurable solution to each regularized prob-
lem as above, and then pass to the limit. To that end, we approximate by the
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Mo +

115(0)

s

v—v|
FIGURE 2. Graph of p and py, vs. the slip-rate |[v — v*|.

multi-function p with the sequence of functions py, Figure 2| which are Lipschitz
continuous and converge uniformly to p on every interval of the form [4,00) for
d > 0. Tt follows from Theorem [£:3]that for each k there exists a unique measurable
solution of the integral equation

t t t
vi(t) + / My, ds + / Auy, ds + / Puy ds
e 0 0 (4.41)

t
4 [ F i — galvir v @)Duds = v+ [ tds,
0 0
where
t t
/ & -wrdSds < / / [Vir — v+ w,| — [V — v dS ds. (4.42)
0 FC 0 FC’

Let v(r) = |r|, then it follows from (4.42)) that for w off a set of measure zero
&k € 0y(Ver —v™) a.e. t for each k. Thus,

t
/ F(ugn — 9) ik (|[Ver — V|)&k - wr dS ds
0 Jre

t
< / / F(ukn — ¢)p(|Vier = V(| Vier — V" + W, | — [ver — V¥]) dS ds.
0 Jre
Now, for each w, the estimate (4.25) holds true, thus,
T
weOf + [ s + ol < C.

where C does not depend on k. Since & is bounded, it follows from (4.41]) and this
estimate, that v}, is bounded in V. So,

T
Vi)l +/O IVill¥ds + l[ue (W1 + [[vilhr < C. (4.43)

As was noted above, the constant C' is independent of k. Now, for fixed w, there
exists a subsequence, still denoted as {v} such that the convergences obtained in
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(#.29)—((4.36) hold. Thus, as k — oo,

v — Vv inV, (

v, —=v' in), (

vy — v strongly in C([0,T], W'), (

v — v strongly in L*([0, T]; W), (

vi(t) = v(t) in W for a. a. t, (4.48

u, — u strongly in C([0,T]; W), (

Aug — Au in V', (

Mvy = Mv inV'. (

We note that more can be said if a further subsequence is taken. Indeed,

1 T
m(t: [vi(t) —v(t)[lw > A) < X/ Vi — v ds,
0
and so there exists a subsequence, still denoted by {v}, such that
m(t : |[vi(t) — v(t)||w > 27%) < 27*.

The Borel-Cantelli lemma implies that there exists a set of measure zero N such
that for ¢ not in this set,

Vi) = v(t)lw < 275,
for all k sufficiently large. Thus, for all k£ large enough,
C

”Vk‘r(t) - V‘r(t)HLQ(Fc) < ok
It now follows from the usual proof of the completeness of the space L? that for
tEN,

Vir(t,z) = v (t,z) ae. z. (4.52)
Passing to a further subsequence, if necessary, we may also assume that

(Ve = V) = i weak + in L([0, T); L=(I')),
(| Vier — V)& — B weak  in L>°([0,T], L=(T'¢)?).
Next, for a given w € V, we consider only those (¢,z) for which convergence takes
place in (4.52)), and denote the set as
So={(t,x) ¢ M :|v.(t,x) —v*| =0},

where M is the subset of ([0,7] x I'c where convergence does not take place.
Then, from the description of the pug, for k large enough, pp(|ve,(t,z) — v*|) €
[s(0) — €, o). Let B be the set of all those (t,z) € Sy for which fi(t,z) > po and

suppose it has positive measure. Then, since S is the surface measure on I'c and
(m x S)(B) > 0, it follows from the above weak convergence that

to(m x S)( / / oXp(t,x)dS dt
T'c
/ / hm pr(|Vier — V) Xp(t, x) dS dt
Ik

= 1im/ / pk(|Vier — v¥) Xp(t, ) dS dt
Tco

k—oo Jq
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= /OT/F f(t, x)Xp(t, x) dS dt > po(m x S)(B),

which is a contradiction. Similarly, if we assume that B consists of those (¢,z) € Sy
for which fi(t,z) < ps(0) — €, one obtains a contradiction unless (m x S)(B) = 0.
It follows that for a.e. (¢,z) € Sy,

filt, ) € [us(0) — &, po]-
Since ¢ is arbitrary, it follows that fi(t,z) € [us(0), po] for a.e. (¢, z). Now, let
Sy =A{(t,x) ¢ M :|v.(t,z) —v*[> 0}
Then, by the convergence ([4.52)), for a.e. (t,z),
pur([Vier (8, @) = v7|) = p(|v-(t, 2) = V7)),

and so similar arguments show that fi(t,z) = p(Jv,(¢,2) — v*|) for these (¢,z) as
well. Thus fi is in the graph of u(|v,(¢t,z) — v*|) off a set of measure zero. Now,
consider the friction term,

T
/ F(ugn — 0)pin([Vir — V)€ -, dS dt
0 T'e

T
< / / F(ukn — )k (|Vier = V) (|Vier — v + Wi | — [V, — V¥|) dS dt.
0 Jre

Then the weak convergence and the strong convergence above imply

T
/ / F(up, — g)X - w,dSdt
0o Jre

T
< / / F(up, — 9)p(|Vier — v +wWr| — |ver — V¥|) dS dt.
0o Jre

Here ji(t,x) € p(|v,(t, ) —v*|). Define £ = ¥//i, which is well defined since fi # 0.
Then, the above expression takes the form

r by
/ F(up, —g)p(=) - wrdS dt
0 JIc H
T
= / / Fu, — )i - w, dSdt
0o Jre

T
< / | Fwn = v = v 4w = v = v st
0 I'c

where fi(t,x) € p(|v.(¢t, z) — v*|).

We now return to the approximate integral equation . The strong conver-
gence is sufficient to pass to the limit in the term involving P. Therefore,
collecting the above results establishes the following Proposition.

Proposition 4.4. For fizred w, there exist four functions (v,u,fi, &) such thatv € V,
ueC(0,T,V), v eV

at) = uo + /0 v(s)ds, (4.53)

fep(lve(t,z) —v*|) ae (t,).
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For allw €V,

T
/ / F(u, — g)p€ - w,dSdt
0o Jre

T
< / / F(up, — 9)p(|Vier — v +wWq| — |ver — V*]) dS dt,
0o Jre
and

t t t t
v(t) +/ Mvds—|—/ Auds+/ Puds+/ YiF(uy, — g)&ds
0 0 0 0

t
:V0+/ fds.
0

Finally, the remaining issue is to show the existence of a measurable solution.
However, this follows in the same way as above from the measurable selection
theorem, Theorem [2.2] The reasoning as above shows that for a fixed w every
sequence has a subsequence that converges to a solution of the integral equation
f that is continuous into V’, this continuity follows directly from the
integral equation . Moreover, one can obtain the estimate ([#.43) for all of
the sequence vy, for w off a set of measure zero. Therefore, Theorem [2.2] asserts
that there is a function v(-,w) in V' that is product measurable into V' that is
also weakly continuous in ¢ into V', and there is a subsequence vy, (-,w) that
converges weakly to v(-,w) in V. We note that although v has values in V|, it is
only known to be continuous into V', which has a weaker norm. Then, it follows
from the above argument that a further subsequence converges to a solution of the
integral equation, and since both are weakly continuous into V’, this solution to the
integral equation equals this measurable function v for all ¢, and for each w off a
set of measure zero. Thus, there is a measurable solution to the stochastic friction
problem with discontinuous friction coefficient, too. This result is summarized in
the following theorem.

Theorem 4.5. For eachw € Q, let ug(w) € V, vo(w) € H, and f(-,w) € V'. Also,
assume the gap g and sliding velocity v* are B([0,T]) x F measurable, and p has
a jump discontinuity at the origin. Then, there exists a solution v of the problem

summarized in (4.53)—(4.54)) for each w € Q. This solution (t,w) — v(t,w) is

product measurable into V,H and V.

(4.54)

It only remains to check the last claim about measurability into the spaces V and
H. By the density of V into H, it follows that H’ is dense in V' and so a simple
argument using the Pettis theorem implies that w — v(t,w) is F measurable in
both V and H.

Finally, we note that if we assume more regularity on f, say that it is actually
in L2([0,T)] x ©; V'), then we could say that in fact, v € L2([0,7] x €; V). This is
obtained by simply integrating the estimate and being more careful about the
structure of the constant on the right-hand side in this inequality. The measurability
issue is obtained again from our major theorem. We have not done this because
we want to emphasize that this extra assumption is not needed in order to get
measurable solutions.
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