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Abstract

We consider quasilinear parabolic systems with a nonsmooth rate-independent
dissipation term in the limit of very slow loading rates, or equivalently with fixed
loading and vanishing viscosity € > 0. Because for nonconvex energies the solutions
will develop jumps, we consider the vanishing-viscosity limit for the graphs of the
solutions in the extended state space in arclength parametrization, where the norm
associated with the viscosity is used to keep the subdifferential structure of the
problem. A crucial point in the analysis are new a priori estimates that are rate
independent and that allows us to show that the total length of the graph remains
bounded in the vanishing-viscosity limit. To derive these estimates we combine
parabolic regularity estimates with ideas from rate-independent systems.

1 Introduction

In this paper we are interested in special solution classes for rate-independent systems
that arise as vanishing-viscosity limits. In abstract form, we consider doubly nonlinear
problems of the following type:

et 4 00 (1) + Bu + ., (t,u) 30, u(0) = up, (1.1)

where ¢ is a small positive parameter. Here u is considered to lie in a Hilbert space H
and B is a positive definite self-adjoint operator generating the scale H, = D(B%/?) of
Hilbert spaces. The dissipation potential U H — [0,00) is assumed to be positively
homogeneous of degree 1, such that (1.1) is rate-independent for e = 0 and ¢ > 0 plays
the role of a small regularizing viscosity.

For & > 0 the existence of solutions u. € H'([0,T], H) is rather standard, when suitable
assumptions on the nonlinear potential ® are imposed, see e.g. [CoV90, RMS08|. Under
weak hypotheses it is possible to show that these solutions satisfy the basic energy equality

E(t,uc(t)) +/0 \ff(ug(r)) 4 ellie(r)||? dr = £(0,up) +/0 ' (t,u(r))dr, (1.2)

where £(t,u) = 3(Bu,u) + ®(t,u) is the total energy. See also [MiZ07, SSS08, GM*07,
EfZ08] and references therein for investigating the long-time behavior of such problems
using the attractors theory.

Asin [EfM06, MRS09b, MRS09a] we are interested in the limiting behavior of the solutions
u. for € — 0. The problem is that in this vanishing-viscosity limit the solutions may
develop jumps, and we cannot guarantee that the limit functions or any other solutions
is absolutely continuous. Thus, it is not sufficient to impose (1.1) a.e. in [0, 77, since we
need additional information in jump points.

In [MTL02, MiT04, Mie05] there was developed a fairly general existence theory for so-
called energetic solutions to rate-independent systems (H, &, Cf’) that allows for solutions
having jumps. However these solutions have to satisfy the energy balance (1.2) with
e = 0, where fo (r)) dr has to be replaced by the total variation fo (dw). It turns



out that these solutions are in general not obtained as vanishing-viscosity limits, see the
discussion in [KMZ08, MRS09b, Mie09].

Here we follow the ideas in [EfM06, MRS09a] by taking the limit ¢ — 0 not for the
functions . : [0,7] — H but for the trajectories { (¢,u.(t)) : t € [0,T]} C [0,T] x H.
For this we introduce an arc-length parametrization via

t
s.(t) =t+ / |t (r)]| dr.
0
Using the inverse t. of s. we can define u.(s) = u-(t-(s)) and find the equivalent system
AU (i (s)) + T (s) + Bu(s) + @, (t(s), u(s)) 3 0,
t'(s) + @' (s)l = 1, (1.3)
u(0) = up, t(0)=0,

where ’ = 4. The general aim of this paper is to show that a limit (¢(s),@(s)) of solutions
(t-(s),u-(s)) of (1.3) satisfies the corresponding limit problem

OV (@' (s)) + OCo (W (s)) + Ba(s) + @', (t(s), a(s)) 2 0,
t'(s) + [[a'(s)|| = R(s) > 0, (1.4)
u(0) = up, t(0) =0,

where Cy(v) = 0 for ||v]| <1 and oo otherwise. This will in fact be established in various

cases, but we cannot guarantee that the parametrization function R in (1.4) is equal to
1. However, we will show certain lower bounds for R, see Sections 2.4, 2.5, and 4.3.

The analysis relies heavily on parabolic regularity theory, which implies that so-called
weak energetic solutions u. € L>([0,T], Hy) N H'([0,T], H) of (1.1) are in fact strong
solutions satisfying

w. € L®([t, T), Hy) 0 H\([t, T), Hy,) N H2([t, T), H) for all ¢ € (0, T).

However, the norms are not bounded independently of €. To find suitable uniform esti-
mates we derive the higher-order energy equality

__||ua||2 + (B'[Le’ ua) + (fz/L(ta u)ﬂ, u) + (fg(tau%u) =0. (15)

It is interesting to note that this balance holds independently of the specific choice of
the rate-independent dissipation potential ¥. Because of the nonsmoothness of ¥ the
derivation of this energy balance needs special care. From this we find the a priori estimate

t+1
lu(t)5 + €2[|a()|” +€/t a()|12 dr < Q(||u(0)]]2) e +C,,

where C, a and the monotone function are independent of €, u, and t > 0.

To do the vanishing-viscosity limit e — 0, it is necessary to control the integral | OT | ae(t)]| dt.
Again using (1.5) it is possible to derive the estimate

t2
/ li (Ol dt < C(1+ts — 1),

t1

3



where the constant C' depends on ||ugl|2, but is independent of ¢, ¢; and t5. For this we
use some special weighted energy estimates in Section 2.4 or some generalized Gronwall
estimate from [GM*07] in Section 3.4. Both arguments employ an interpolation result
that forms a basic assumption in our theory, namely

30 € (0,1) 3C >0 |ul| < CU(w)’||ul|}~? for all u € H;.

This estimate says that the rate-independent dissipation is not too small, such that the
trivial a priori estimate for fOT U(u.(t)) dt obtained from (1.2) can be employed.

The paper is organized as follows. In Section 2 we treat a concrete situation, where
H = L*(Q)™, B is a second-order elliptic operator, and ¥ and ® are classical integral
functionals. There we are able to make quite general assumptions and use classical argu-
ments from parabolic regularity. In Section 3 we give the details of the abstract situation
as discussed here. Finally, Section 4 treat the more difficult situation where B is a quasi-
linear monotone, elliptic operator. In Section 5 we give an application of the theory to
a material model involving a coupling between elastic and magnetic behavior, the latter
displaying rate-independent hysteresis.

The method of vanishing viscosity is well-known in many areas of mathematics. For
rate-independent systems this approach was studied in several applications, like in crack
propagation [ToZ09, KMZ08, KZMO09], for fracture [Cag09], for plasticity [DD*08, DDS0§].
However, only recently the limiting solutions are characterized sufficiently well along the
jumps. In particular, in [MRS09b, MRS09a| a notion of BV solutions was introduced that
avoids the arc-length parametrization employed here. Moreover, from the results there it
seems reasonably to expect that the unscaled solution w. : [0,7] — H converge directly
to limit which are BV solutions. Some first results are obtained in [MRS09b, MRS09a] in
the finite-dimensional setting. In Section 3.6 (see also [Mie09]) it is shown how the results
obtained here can be used to generalize these ideas to our setting in the semilinear case.

2 The semi-linear case.

This chapter is devoted to the study of the semi-linear case of equations (1.1) where the
leading part Bu is a linear second order differential operator. The rigorous formulation
of the problem, assumptions on ¥, B and F' and some preliminary facts are collected in
Section 2.1. The uniform with respect to ¢ — 0 estimates for (1.1) together with the
existence and uniqueness of a solution are proved in Section 2.2. In particular, the crucial
higher energy identity (1.5) is verified there. The passage to the rate-independent limit
¢ — 0 in equations (1.3) is justified in Section 2.4 and the strict positivity of the scaling
factor R(s) in the limit problem (1.4) is verified in Section 2.5.

The example of a problem in the form (1.1) for which R(s) is strictly positive is constructed
in Section 2.6. We have to mention that this example is not entirely satisfactory since the
nonlinearity in it has the additional small non-gradient part, however, all of the above
theory works for that case as well.

Finally, the abstract semilinear case is briefly discussed in Section 3. In particular, the
alternative approach to establishing the higher energy inequalities which does not require
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the approximation of the non-smooth functional ¥ by smooth ones is indicated here.

2.1 Assumptions and preliminaries

In this section we start to study the semi-linear version of our main equation which has
the following form:

{Eﬁtu + 0V (Qyu) + Bu + f(t,u) >0, (2.1)
Ulgq =0, ul_o = uo,
where u(t,r) = (u'(t,z), -+ ,u™(t,z)) is an unknown vector-valued function, Q € R" is

a bounded smooth domain in R™ and € > 0 is a small positive parameter.

We assume that B is a linear second order self-adjoint elliptic operator in [L?(2)]™ satis-
fying

B* =B, (Bu,u)>k|ul?}: forallue H}(Q)=W,*() (2.2)
for some positive constant k. Here and below, W'P(€2) is a Sobolev space of functions
whose distributional derivatives up to order [ belong to L”(Q2), (u,v) is a usual inner
product in L2(Q) and WEP() is the closure of C5°(Q) in the space W'(). Moreover,
the spaces H*(£2) denote the Hilbert spaces W*?(Q2). We will further use || -||z» and || - || g
to indicate the norms in LP(Q2) and H*((2), respectively.

The dissipation potential ¥ : R™ — [0, 00) is assumed to be coercive, convex, and posi-
tively homogeneous of degree 1, namely

361,02 > 0: filv] < ¥(v) < Balv] for all v € R™, (2.3a)
U(av) = a¥(v) for all @« > 0 and v € R™, (2.3b)
U(v+w) < ¥(v) + ¥(w) for all v,w € R™. (2.3¢)

By 0¥(v) we denote the multivalued subdifferential of W, i.e.,
IV(v) ={neR"|¥(w+wv)>¥Y(v) +nw for all w € R™ }.
Here and below u.v means the inner product in R™.

Finally the nonlinearity f : R x R™ — R™ is supposed to be potential, i.e.,

f(t,u) = F/(t,u) for some F' € C*(R x R™,R), (2.4)
and to satisfy the growth restrictions
Jul - | fo(t, )|+ | fi (8 w)| < O+ Ju]™™), (2.5)
where 0 < r < rpax = ﬁ for n > 3 and ry. = oo otherwise, and the dissipativity
assumption
flt,u)u > —K + ry|ul"2 (2.6)

Assumption of (2.6) is a standard (parabolic) dissipativity condition, see e.g. [BaV89].
In particular, the growth restrictions (2.5) and the dissipativity assumption (2.6) imply

flt,u)u > —C, (2.7a)
F(t,u) < raf(t,u).u+ C(1+ |ul?), (2.7b)
F/(t,u) < raf(t,u)u+ C(1+ |ul?), K3 >0. (2.7¢)



In order to simplify the passage to the abstract semilinear case, we collect all necessary
analytic properties of the nonlinearity f in the next lemma. It quantifies the fact that
f(t,-) is subordinated to the main elliptic part Bu.

Lemma 2.1. Let the function f satisfy growth restrictions (2.5). Then, there exists y > 0
and a monotone function @Q : [0,00) — [0,00) such that the following holds:

(1) The operators u — f(t,u) and u — f/(t,u) are continuous operators from H'™7 to
H=Y7 satisfying the estimate

1F & )l + L7 (G w200 < QCllull-0); (2.8)

2) The functionals u — P(t,u) := (F(t,u),1)2 and u — ®)(t,u) = (F/(t,u),1)2 are
( t t
continuous on H'™7 and satisfy the estimate

[Pt w)] + [ P4(E w)] < Q(llullm--); (2.9)

(3) The functional (u,v) — (f.(t,u)v,v)g is continuous on H'™ x H'™ with
|(fut,w)v, 0)m| < Qllullm—) vl (2.10)

(4) Let, in addition, n < 6, then for u € H?(Q) the following estimates hold:

1t w)llz2 < QUlulla)llull ", (2.11a)
1fu(t w)vllze < Qlulla) (1 + [Jullz2) vz, (2.11b)
1f{ (&, u)ll 2 < Qllullm2)- (2.11¢)

Proof. The assertions of this lemma are more or less standard, thus we leave the rigorous
proof to the reader, more details can be found in the proof of Lemma 4.1. We just indicate
how the additional restriction n < 6 appears for establishing (2.11b). Moreover, without
loss of generality, we consider the case n > 3 only (the case n < 2 is trivial since H' C L?
for every p) and assume even the weaker condition on r: r = %5 (which is sufficient for
proving that estimate).

Indeed, due to the growth restriction on f/ and Holder inequality with exponents n/2 and
n/(n — 2), we have

8 2
12t woll2e < O+ ull V2 ) 10l 2nsns) -

Using now the Sobolev’s embedding theorem H* C LP®) where 1/p(s) = 1/2 — s/n
(actually, we use it twice with s = 1, p = 2n/(n—2) and s = 1/2+n/4 and p = 4n/(n—2)),
we arrive at
8/(n—2)
1ot wpollie < CO+ ullim ) vl

We see that the condition n < 6 guarantees that the exponent 1/2 + n/4 will not exceed

2 and the interpolation
[l g /2nra < Clul] §™7 ]| 5572

gives the desired estimate (2.11b). Lemma 2.1 is proved. O
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Remark 2.2. [t worth to mention that the restriction n < 6 is necessary only if the
exponent r is close to Tyae; 1t can be relaxed otherwise. In particular, in the case r < ﬁ,
estimate (2.11b) holds for all n.

In order to study the dependence of solutions of problem (2.1) on €, it is however more
convenient to scale time 7 = et and rewrite the problem in the equivalent form with
respect to the function @(7) := wu(e7). In order to simplify the notations, we will write
below u(7) instead of @(7). We essentially use that W is positively homogeneous of order
1 and, consequently, OV is positively homogeneous of order 0. Equation (2.1) reads

{aTujLa\If(@TU) +Bu+ fo(7,u) 30, (2.12)

ulp =0, ul _y =1,
where, by f.(7,u) := f(eT, u).
We are now ready to recall the definition of weak energy solutions for problem (2.12).

Definition 2.3. Let the functions V and f and the operator B satisfy the above assump-
tions. A function u : [0, R] — L*() is an energy solution of problem (2.12), if

u € L®([0, R], Hy(Q)) and O,u € L*([0, R], L*(Q)) (2.13)

and if it satisfies equation (2.12) in the sense of distributions.

The next lemma gives some immediate additional regularity of energy solutions which is
necessary to establish the uniqueness.

Lemma 2.4. Let the above assumptions hold. Then, every energy solution u of problem
(2.12) satisfies

(a) we L*[0,R], H*(Q),  (b) [f.(,u) € L*([0, R], L*(%)) (2.14)

and, in particular, equation (2.12) can be understood as an equality in L*([0, R], L*(2)).

Proof. Indeed, since the term 0W(0,u) is uniformly bounded in L*°, condition (2.13) gives
0, == —Bu — f.(-,u) € L*([0, R], L*(Q)). (2.15)

Since B is elliptic and € is smooth, we have the H?-regularity result for B, namely
[ullr2() < Cl|Bul|re, (2.16)

see e.g., [Tri78]. The presence of the additional subordinated term f.(7,u) does not
destroy the maximal regularity estimate (2.16). Indeed, due to (2.11a) we obtain the
interpolation inequality || fo(7,u)|[r2 < Qa(||ullm) + Blul|m2(0), where 8 > 0 is arbitrary
and ()g is an appropriate monotone function. Applying the elliptic regularity estimate
(2.16) together with the last estimate to equation (2.15) and taking # > 0 being small
enough, we have

[u(T) [ 2@ < CllOWT)]IL2 + Q[ul(T) [ a)- (2.17)
Employing (2.13) the assertion (2.14)(a) follows. It only remains to note that (2.14)(b)
is an immediate consequence of (2.11a) and (2.14)(a). O
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Corollary 2.5. Every weak energy solution of problem (2.12) satisfies the so-called energy
equality, i.e., for all for all0 < 1 < 75 < R we have

1 1
§(BU(T2)aU(72))L2 - §(BU(71))aU(Tl))L2+

T2

+ /72 10-u(T)||22 + (U (0,u(T)), 1) 2 dT = —/ (fe(,u(T)), Oru(T)) L2 dT. (2.18)

T1 T1

Indeed, multiplying equation (2.12) by 0,u (which is possible to do since all of the terms
in (2.12) belongs to L?([0, R] x Q) and 0,u also belongs to that space), integrating over
(1,2) € [0, R] x Q and using the standard fact that

we end up with identity (2.18). Moreover, using the potential F' from (2.4) we may
introduce the stored energy functional & : [0,T] x H*(Q) — R via E(t,u) = 5(Bu,u) +
(F(t,u),1). By U :v — (U(v),1) = Jo ¥(v(z))dz we denote the dissipation potential
associated with W. With this the energy equation (2.18) can be rewritten as

e () + [ (W00 + 10,uls) dr = £ utr)) + [ 0.8 e

T1

where 0.&(7,u(7)) := (f.(7,u(7)),1). This is the form used in [Mie05, MRS09b].

It is well-known that, under the above assumptions, there exists at least one weak energy
solution of problem (2.12) (see e.g., [CoV90]). Moreover, as we will see in the next section,
this solution is unique. However, the regularity (2.13) and (2.14) seem insufficient to pass
to the rate independent limit ¢ — 0 and we need a stronger notion of solutions for problem
(2.12).

Definition 2.6. We say that a function uw = u(7, x) is a strong solution of (2.27) if, for
every R > 0,

(a) we L>™([0,R], H*(Q)), (b) Oyu<c L=([0,R], L*()) N L*([0, R], H*(Q)) (2.19)
and u satisfies equation (2.27) in the sense of distributions.

Let us now briefly explain how to obtain the additional regularity (2.19), this derivation
will be justified in the next section. Let us (formally) differentiate equation (2.12) by 7
and denote v = 0,u. Then, we have

Orv + PV (0)dv = Bu — fL (T,u)v— fL_(T,u). (2.20)
Furthermore, Euler’s identity for one-homogeneous functions gives (again formally)
O*V(v)0v.v = 0,[0V(v).v] — 0¥ (v).0;v = 0.[0¥(v).v — ¥(v)] = 0. (2.21)
Multiplying now equation (2.20) by v and integrating over x € €2, we have

5 g 0 ze + (Bu(r), o(7)) + (fu(r u(m)o(7) + [ (7 u(r), 0())2 = 0. (2.22)

8



The main observation is that the terms containing ¥ disappears in all the estimates. This
is due to the homogeneity of W leading to the identity (2.21). Thus, we obtain the same
equations as estimates as in the case ¥ = 0, which would be a smooth partial differential
equation.

Integrating this identity by 7 and using estimates (2.9) and (2.10) one can deduce the
desired estimate for the function v in L%([0, R], H'(Q2)) and L>([0, R], L*(2)). Finally,
the estimate for u in L>([0, R], H*(2)) follows using elliptic regularity estimate applied
to equation (2.15).

Of course, the above formal arguments are far from being a rigorous proof, since the pos-
sibility to differentiate equation (2.12) by 7 and identity (2.21) are not evident especially
due to the presence of the non-smooth term W (we recall that one-homogeneous functional
U (v) is even not C! at v = 0) and require an accurate justification. Nevertheless, as we
will see below, every weak energy solution is automatically a strong solution of (2.12) if
ug € H 2(9)

2.2 Classical a priori estimates, existence and uniqueness

The aim of this section is to study energy solutions and strong solutions for problem
(2.12) and to verify a number of uniform estimates with respect to e. They are necessary
for passing to the rate independent limit ¢ — 0. We start with the uniqueness of energy
solutions.

Proposition 2.7. Let the functions ¥ and f and the operator B satisfy the assumptions
of the previous section (in particular, assume (2.11b)) and let uy € HY(Q)). Then, the
energy solution of problem (2.12) is unique and, for every two energy solutions uy and us
(with different initial data belonging to Hg(S2)) the following Lipschitz continuity holds:

lur(7) = uz (7)1 < C'e"7 [Jur (0) = ua(0) ][ (2.23)

where the constants C' and K depends only on the energy norms of uy and us.

Proof. For two energy solutions u; and uy of (2.12) let w(7) := uy(7) — uz(7). Then,
[0V (0;uy) — OV (0rus)] + Orw = —Bw — [fo(ur) — fo(ug)].

Multiplying this equation by 0,w(7), integrating over {2 and using the monotonicity of
oV (i.e., (OV(0,uy) — OV(0,usz), O-u; — O-us) > 0), we obtain

d

—— (Bu(r),w(r))rz < [lfe(m, (7)) = folr, ua(m) 72 (2.24)

Thus, we only need to estimate the L? norm in the right-hand side. To this end we note
that, due to estimate (2.11b),

[fe(ua (7)) = fe(ua(T))ll 2 < /0 [feu(sur(T) + (1 = s)us(7))w]| 2 ds <
< QUlua (M)l + ua (D)) (X + [[ua (D)2 + Nlua(T) | 52) [wllm == L(7)lwl] . (2.25)



Inserting (2.25) into (2.24) and using (2.2) for operator B, we infer

%(BM(T), w(r)) < CLA(7)(Bw(T), w(7)). (2.26)

Taking now into account (2.13) and (2.14), we see that [ L(r)>dr < C(r + 1), where
the constant C' depends only on the energy norms of u; and us. The Gronwall inequality
applied to (2.26) gives now the required estimate (2.23) and finishes the proof. O

Our next task is to construct a strong solution of problem (2.12) and to justify the formal
derivation of estimate (2.93) given in a previous section. To this end, we approximate the
function ¥ by smooth ones, namely W5 with

Us(v) == /m O Mo(r/6)W (v —r)dr,

where ¢ is a standard smoothing kernel in R™, see Appendix A for the detailed study of
the approximating functions ¥s. We consider the smoothed version of problem (2.12)

{aTu + U5(0-u) + Bu + fo(7,u) = 0, (2.27)

u‘é)ﬂ =0, U‘T:o = Uo-

Our task now is to obtain estimates for the solutions of this auxiliary problem, which are
uniform with respect to € and §. The required strong solution u(7) of the initial problem
(2.12) will then be obtained in the limit § — 0. The next theorem gives the existence of
strong solutions for that auxiliary problem.

Theorem 2.8. Let the assumptions of Proposition 2.7 hold and let ug € H*(Q)). Then,
for every § > 0, there exists a unique strong solution u = us of problem (2.27). This
solution belongs to AC(R,, H}(R2)), satisfies the energy identity

1

1
§(BU(T2)aU(72))L2 - §(BU(71))aU(Tl))L2+

" / N0 + (WD), Byu(r)) e dr = — / (felrul()). Ou(r)) e dr - (2.28)

T1 T1

for all 0 < 7 < 7y and the dissipative estimate

T+1
[w(T) 2y + 1107 u()1 72 +/ 10-u(r) |7 dr < Q(|u(0) | a2() e +Cy,  (2.29)

where the positive constants k and Cy and the monotone function ) are independent of
T, € and 6. In addition, the solution u satisfies the following integrated version of (2.22):

10-u(r2) 72 = 10-u(m)IIZ2 + 2%/ 10-u(T) [ dr+

T1

+2 /72(f€'ﬁ(7', u(r)) + fL(r,u(7))0ru(T), Oru(T)) 2] dT < C6 (2.30)

T1

10



for all 0 < 71 <1y, where k > 0 is the same as in (2.2) and C is independent of 0, 11, T2
and u. Finally, 0,u € L>((1, R], HY(Q)) and 0*>u € L*((1, R] x Q)) for every 7 > 0 and
the following estimate holds

T+ 1

T+1
18- (7) [ +/ 102u(r)||72 dr < Q([[u(0) =) e +C, (2.31)

where @, Cy > 0, and k are independent of 6, T and u.

Proof. The energy equality (2.28) can be obtained multiplying equation (2.27) by 0.u
exactly as in Corollary 2.5. So, we only need to verify estimates (2.29) and (2.30). We
give below only the formal derivation of that estimates which can be easily justified using,
e.g., the Galerkin approximation method (see also Section 4.2 for more details), since now
Vs is smooth.

We start with the dissipative estimate for the H' norm. Recall that (2.4) states that
F(t,-) is the potential for f(¢-). The energy inequality gives

(00w + (Fleratr)) 1)) + 1/200.0(0) o+

+ (U5(0,u(T)), Opu(T)) 2 = e(F/ (e, u(T)), 1) 12, (2.32)

where we used the chain rule - (F (7, u(7)), 1)z2 = (f-(7,u(7)), Oru(r)+e(F/ (e, u(7)), 1) 2.
Furthermore, we multiply equation (2.27) by u(7) and integrate over x. Then, using (2.2)
and the boundedness of v +— W5(v), see Lemma A.2, we have

%IIU(T)H%z 0TIl + £llu(r) 5 + 2(f(7 u(r)), u(r)) 2 < C.

where C' is independent of 7, ¢ and 6. Multiplying this by 2L, where L is sufficiently
large, adding this to (2.32) and using (2.2), (2.6), and ||V}|| < C' we have

d
T E(7,u(r)) + 0lu(n) Il + 0l10-u(r)22 < Co (2.33)

with E(7,v) := L|jv||2; + 1(Bv,v)2 + (F(eT,v),1)2 and positive constants 6 and C;
independent of €, § and 7. Due to (2.6), we have

pllvllin — € < B(r,v) < Q([[v]l1)

for some positive p and monotone function ). Applying the Gronwall inequality to
equation (2.33), we obtain

T+1
()7 +/ 10-u(r)][Z2 dr < Q([lu(0)]| 1) e +C, (2.34)

for a proper monotone function ) and positive constants K and C..

As the next step, we verify estimate (2.30). To this end, we differentiate equation (2.27)
by 7 and denote v(7) = J;u(7). Then, the function v solves

v+ V5(v)0-v + Bu + fL (t,u)v + fL_(1,u) = 0. (2.35)

11



Introducing Ps(v) = W5(v).v — ¥s(v) we have - Ps(v) = W§(v)d,v. Hence, multiplication
by v(7) and integration over x gives

d

o l(Bs(v), 1) + 1/2[|v[[72] + (B, v) g2 + (fL (7, u) + f (7, u)v,0) 2 < 0. (2.36)

Integrating over 7 € [y, 7] and using (2.3c¢) and (A.7), we deduce the desired estimate
(2.30). (As we have already mentioned, in order to justify this calculations, one should
first deduce this estimate for the Galerkin approximations and then pass to the limit
N — 00.)
Moreover, using estimates (2.8) and (2.10), we deduce from (2.36) that

d
T2(P5(v), 1) + [[ollze] + sllollzn < OO+ Jlollzn-)- (2.37)
Applying the Gronwall inequality to this relation and using (A.7), which gives |Ps(v)| <
C$, the interpolation inequality | - || g1+ < C|| - ||7.] - |2, and (2.34) for estimating the
integral over the L? norm of v, we find

T+1
lv(7)1Z2 +/ lo(r) Iz dr < Cllv(0)]|Z2 e +C, (2.38)
where k and C, are independent of d, 7 and . Furthermore, v(0) = 9,u(0) can be found
from the following equation:
v(0) + ¥5(0(0)) = ©u(0) := —=Bu(0) — f<(0,u(0)), (2.39)

Since u(0) € H?*(Q), analogously to Lemma 2.4, we conclude that ©,(0) lies in L?*(2).
Multiplying now equation (2.39) by v(0) and using the monotonicity of W%, we obtain
1v(0)]| 2 < Q(J|u(0)]| r2). Combining this with (2.38) leads to

T+1
[l ()17 +/ lo() Iz dr < Q([u(0)llz2) e™*" +C., (2.40)

where the constant C, and monotone function () are independent of T" and . Together
with (2.17), this provides the desired control of the H? norm of u and finishes the proof
of the dissipative estimate (2.30).

Thus, we only need to verify (2.31). To this end, we multiply equation (2.35) by 0,v(7)
and integrate over x. Then, using that Vs is convex, we conclude that

d
10-0(m) 172 + = (Bo(r), (7)) < 2wl wollze + 1 (m e (2.41)
Moreover, due to (2.11b) and (2.11c), we have

1£2u(m wvllz < QUlulla=) vl 1f2-(m ez < Qllullaz),

where the function @ is independent of €, 7, v and v. Multiplying now inequality (2.41)
by (7 — 71) and integrating over 7 € (71, 73), we arrive at

(m2 = m)l[o(m) I + /Q(T — )l|0rv(7)l[72 dr <

T1

T2
< Qllull ooy mo) ) (72 = 71 + 1)/ 10-u(T) |7 dr

T1

which together with estimate (2.6) give (2.31) and finishes the proof of Theorem 2.8. O
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Our next task is to construct a strong solution of (2.12) by passing to the limit § — 0 in
equations (2.27).

Theorem 2.9. Let the above assumptions hold and let ug € H*(QY). Then, problem (2.12)
possesses a (unique) strong solution u in the sense of Definition 2.6. This solution satisfies
the enerqy equality (2.18) and higher energy inequality (2.30) (with § = 0). Moreover, the
solution u also satisfies the dissipative estimates (2.29) and (2.31) uniformly with respect
toe — 0.

Proof. We will construct the required solution u of problem (2.12) as a limit 6 — 0 of
the solutions us of the regularized problems (2.27). Indeed, using the dissipative estimate
(2.29), we see that the sequence wus is uniformly bounded in L>®(R,, H*()) and the
corresponding sequence of derivatives d,u; is uniformly bounded in L°°([0, R], L?(2)) N
L*([0, R], H}(Q)), for every R > 0. Thus, choosing a subsequence (us,)neny with 8, — 0
we can assume that there exists a weak limit u = lim,, ., us, such that

u, — u weak™ in L>=([0, R], H*(Q)) N Wh>=([0, R], L*(Q)) N H'([0, R], H3(£2)). (2.42)
Moreover, due to estimate (2.31), we may additionally assume that

U, — u weakly* in - W((0, R], H()) N H2 (0, R], L*(Q)). (2.43)

loc

It remains to prove that u solves (2.12). To this end, we set
Uy 1= 0rUy, Oy =0, = Vs (v,) + vy, (2.44)

Since the sequence d;u,, is uniformly bounded in L>([0, R], L*(2)) and ¥} is bounded in
L=, the sequence ©,, is uniformly bounded in L>([0, R], L*(f2)). Consequently, without
loss of generality, we can assume that ©,, — O weakly™* in that space. We need to prove

Op = O, := Bug — f-(7,up), (2.45a)
O € 8\11(’110) + vo, (245b)
where vy = 0,ug. Furthermore, the first equality is obvious. Indeed, the operator B is
linear and, thus, Bu, — Bug weakly* in L>([0, R], L*(€2)). In order to pass to the limit

in the term f.(7,u,), it is sufficient to note that the weak convergence (2.42) implies the

strong convergence
u, —u strongly in  C([0, R], H'7(Q)) (2.46)

for any v > 0 and use the first assertion of Lemma 2.1 to conclude that f.(u,) — fe(u)
in C([0, R], H™'), and (2.45a) is established.

To check (2.45b) let As(w) := Us(w) + 1/2||wl|? (cf. (A.12)). Due to (2.18) we find

(45, (00), 00} 5 (Bua(R), ua(R)) = 5 (Buo(0)), w0(0)) — {fo(r, ), v, (247

where by (-,-) we denote the scalar product in L*([0, R] x Q) and v,, := 9,u,. Passing
now to the limit n — oo in that relation and using that f.(u,) — f-(u) strongly in
C([0, R], H'), and that B is positive definite, we infer

limsup (A} (0,), va) < %(BUO(O),UO(O)) _ %(BUO(R),uO(R)) e (ru), o) - (2.48)

n—oo
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Analogously, multiplying relation (2.45a) by vy and integrating over (7, z), we get

(0o, vo) g (BUO( ), uo(0)) — %(BUO(R)ﬂm(R)) — (fe(T,u0), vo) (2.49)
which, together with (2.48) gives

hmsup<A5 Un), U">R (6o, v0) g - (2.50)

n—oo

Let us now consider the convex functional
As(w) == / As(w(r,z))drde
(T,2)€[0,R] x 2

on the space L([0, R] x Q). Then, (2.45b) means that 0y € 0.Ag(vg). Let now (wy, z9) €
[L2(]0, R] x 2)]* with 29 € 0.Ag(wg) be an arbitrary point of the graph of maximal mono-
tone operator d.Ag. Then, due to Lemma A.3, there exists a sequence w, strongly con-
vergent in L*([0, R] x Q) to wy such that A} (w,) = 2. Since Aj is monotone, we
have

(A5, (Un) = 20,00 — W), = (A5, (vn) — A5, (Wn), Uy — wy) , > 0. (2.51)

Passing to the limit n — oo in (2.51) and using (2.50), we finally have
Wo — 20,V — wo>R >0, wy € Lz([(),R] X Q), 20 € 5«40(7»00)-

Since (zg,wp) is an arbitrary point of the graph, the maximal monotonicity of the subd-
ifferential 0.4y implies 0y € 9.Ag(vg). Thus, (2.45b) holds, and wug solves indeed the limit
problem (2.12).

We are now ready to check the remaining assertions of the theorem. Indeed, the weak
convergence (2.42) and (2.43) is sufficient to pass to the limit n — oo in the dissipative
estimates (2.29) and (2.31) for u, and the energy equality for u was verified in Corollary
2.5. Thus, we only need to check higher energy inequality (2.30). To this end, we need a
strong convergence, namely

Oru,, — O-u strongly in L*([0, R], L*(Q)). (2.52)

To this end, we rewrite the energy equality (2.18) in the form

2(U(va), 1) g+ (|val? 1), + (Bun(R), un(R)) — (Bug(0),u0(0)) =
= 2(Vs, (vn) — ¥ (vn), 1>R — 2(F5, (vy), 1>R = 2(fo(7,un), Un>R-

Using the fact that f. is relatively compact and estimates (A.4) and (A.7), passing to the
limit n — oo gives

Tim [(2W(v,) + [vn]*, 1) + (Bun(R)), un(R))] = (Buo(0), uo(0)) = 2 {f(7, o), vo) -
Together with the energy equality for the limit equation (2.12) gives

hm (20 (vn)+|vn|?, 1), 4+ (Bun(R), un(R))] = (20 (vo)+|vo|*, 1) , + (Buo(R), uo(R)).
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Since the operators ¥ and B are convex, this implies

nh_)rrolo {|vn]?, 1>R = (Jvo|?, 1>R and JLII;O(Bun(R),un(R)) = (Bug(R), ug(R)).

Since L?([0, R] x ) is uniformly convex, we deduce the strong convergence (2.52).

It is now not difficult to pass to the limit in (2.30). Indeed, the strong convergence (2.52)
together with weak convergence (2.42) imply that 0,u, — J,u strongly in
L3([0, R}, W'=7(Q)), for every v > 0 and ||0,u,(7)|| 12 — ||0-u(T)]| 12 for almost all T € R,
These convergence, together with assertions 1) and 3) of Lemma 2.1 and convergence
(2.46) allow us to pass to the limit 6 — 0 in (2.30) and show that the higher energy
inequality holds for almost all 0 < 74 < 7 (including 71 = 0). In order to see that this
inequality actually holds for all 7y and 7, it is sufficient to recall that, due to estimate
(2.31), 92u € L*([0, R] x ) and, consequently, the function 7 — ||d,u(7)|3. is continuous
(and even absolutely continuous) on [0, R]. Thus, Theorem 2.9 is proved. O

2.3 Rate-independent a priori estimates

Our next task now is to deduce several crucial estimates for d,u(7) based on the energy
equality and the higher order energy inequality (2.30). The emphasis here is to obtain
estimates that are suitable for the vanishing-viscosity limit, i.e., they have be uniform for
e — 0. We start from the dissipation integral for solutions of problem (2.12).

Corollary 2.10. Let the assumptions of Theorem 2.9 hold and let u be a solution of
problem (2.12). Then, for every 7,7 € Ry, 179 > 71, one has

/T2 10-u(T) |20y + [10ru(T)]1Z2 AT < Q(I[u(0) | rr2(e)[1 + (2 — 7)), (2.53)

T1

where the monotone function Q) is independent of €, 71 and 7.

Proof. In order to obtain estimate (2.53), it is sufficient to integrate the energy equality
(2.18) and use the uniform bounds for the H?-norm of the solution obtained above. Indeed,
integrating (2.18) by 7 € [r, 7] and using (2.29) and (2.9) and the obvious equality
fe(T,u).0;u = 0. F(et,u) — eFl(eT,u), we get

T2

| B0 + S0 dr < Qluolm) + [ =(Fyler,u(r)), Dz
T1 T1

Using estimates (2.9) and (2.29) in order to estimate the integral with F} and inequality
(2.3)(1) and for estimating the term with W, we obtain the required estimate (2.53) and
finish the proof of Corollary 2.10. 0J

We formulate now the L'([0, R], H')-estimate for the derivative d,u which is crucial for

what follows. The important structure here is that the L' norm with respect to t € [0, T
is scaling invariant. In fact, it would be enough to control f:f |0-u(T)]| 2 A7, but we state
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the stronger result in terms of the H! norm, as this improvement comes for free from the
parabolic regularity theory. The crucial interpolation estimate is

0|2 < CU()|Jo|},"  for all v € HY(RQ). (2.54)

Since ¥ is bounded from below by a multiple of the norm in L'(2), we obtain this with
v =2/(n+ 2) from standard Gagliardo-Nirenberg estimates.

Proposition 2.11. Let the assumptions of section 2.1 hold and let w = u(T) be a solution
of problem (2.12) in the sense of Definition 2.6. Then, the following estimate holds:

/T2 |O-u(T)|| g dT < C(1 4+ e(m — 71)), (2.55)

T1

where C > 0 depends on ||u(0)| g2, but is independent of € > 0, 71 > 0, and 75 > 7.

Proof. As we will see, the desired estimate is a corollary of inequality (2.30) and the
dissipation integral (2.53). Indeed, using f! (7,u) = ef{(eT,u), (2.8), (2.10), and the
dissipative estimate (2.29), one can transform inequality (2.30) into

T2

()72 = lo(m)lIZ> + %/TQ l(s)][7: ds < C/ (e* + lv(s)72) ds, (2.56)

T1 T1

where v = 0,u and C' depends only on [|u(0)|| 2. Moreover, according to Lemma B.1, for
every function ¢ € C*(R.), we have

o(2)||lv()]72 — (Tl)HU(Tl)||L2+f€/ o(r)|lo(r)]|Fn dr <
< c/ (] (2 + [o(r)[2) dr. (2.57)

Wenow fix ; =7, 7 <71 <7+2and ¢(r) = ¢, (r) := (1 — )Y for 7 > r and ¢(r) = 0
for 7 < r where N > 1 is a sufficiently large exponent which will be fixed below. Then,
this function satisfies the inequality

|6/ (1)] < No(r)°~  with dy = %

This and the interpolation estimate (2.54) allow us to estimate the integral in the right-
hand side of (2.57) via

/TQ [6(r) + &' (r)]llv(r)||Z2 dr < Cy /TQ o™ (r)|lv(r)|72 dr <

T

= / (B2l G o) 3) 7 b <

<CN( o(r)o(r ||H1dr) (/ o) o) 2 dr) <
_20/ o) o) |13 dr + C / o) ()12, dr,
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where = (0y —14+7)/y=1—(1—0dn)/7. Clearly, 3 < 1, but we may fix N such that

[ remains positive. Fixing now N = % gives (§ = % and (2.57) takes the form

o) lo(m)|[2 + / " S 2 dr < c(m / ; ¢<r>1/2||v<r>||%lm>dr)- (2.58)

Furthermore, we estimate the integral in the right-hand side via

/ B2 o) By dr < C sup {6(r)2[[0(r)][12} / o)l dr <

re[r, ]

<1/(2C) sup {6(r)|yu(r)|2) + C, ( / o) dr) .

re(r, ]

Inserting this estimate into (2.58) with 7 = 7 + 2, we have

2

T+2 T+2
/ ¢<r>||v<r>||%pdrs0(e+ / ||U(7’)||L1(Q)d7“)-

Moreover, using ¢(r) > 1 for » > 7 + 1 we obtain

([ 1ot ar) < [ wotiear < [ oo

+1 +1

T+2 T+2
/ lo(r)||grdr < C (6 +/ |v(r) || L1 () dr) : (2.59)

+1

and conclude

where the constant C' depends on [|u(0)| g2z but not on 7 > 0 and € > 0. This inequality
allows us to estimate the norm of v(7) for 7 > 1.

For the interval 7 € [0,1] we argue analogously, but without the usage of the cut-off
function ¢. Working on (2.56) directly we find

/ o)l dr < © ( = oO)le + | )l dr) - (2.60)

To finish the proof we take a sum of the inequalities (2.59) with 7 = 7 — 1,79, 71 +
1,--+, 7+ [72 — 7). In the case 71 < 1 use (2.60) for the first step instead of (2.59). This

gives
T2 T2
/ |lo(T)||grdT < C (5(72 —7m)+1+ / lv(T) |l dT) : (2.61)
1 max{7T; —1,0}
Employing the dissipation bound (2.53) gives the desired estimate (2.55). O

We are now able to return back to the original time variable ¢ = 7 and the associated
equation (2.1). We summarize the results obtained from this time rescaling in the following
theorem.
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Theorem 2.12. Let the assumptions of Section 2.1 hold. Then, for alle > 0, there exists
a unique strong solution u of problem (2.1). This solution satisfies the dissipative estimate

lu(®)llz + elldru®) 2 < QU[u(0)]g2) e +Cr, (2.62)

where o > 0, Cy > 0, and the monotone function ) are independent of € andt. Moreover,
we have
T+1
| 1aula<c (269
T
where C' depends on ||[u(0)| g2, but not on e and T > 0.

Indeed, estimate (2.62) is an immediate corollary of estimates (2.29) and estimates (2.63)
follow from Proposition 2.11 taking into the account that the L*([0,7],Y)-norm of du is
scaling invariant, where Y is any Banach space. This means more precisely if u.(t) = u(et),

then fOT | Opus(t)||y dt = OT/€ |07 a(7)|ly dr.

Remark 2.13. As we see, the possibility to construct a strong solution of problem (2.1)
and to verify the crucial estimates (2.62) and (2.63) is strongly based on the validity of
the higher energy inequality (2.30) which is a weakened integrated form of the equality
(2.22). The method of proving (2.30) given above does not allow to obtain the higher
energy equality (2.22) since we do not know how to verify the strong convergence of 0-u,,
in L*([0, R], H(QY)) in Theorem 2.9 (and even earlier, in the proof of the existence of
approximating solution via the Galerkin method). By this reason, the equality may be lost
under the passage to the limit and only the higher energy inequality can be obtained.

Nevertheless, as we will see in Section 3 using an alternative direct method (which does
not require the approzimations), the higher energy equality (2.22) holds for almost all
7 > 0. Howewver, it seems difficult to obtain (2.30) directly from (2.22) since the function
7 +— Oyu(r) € L*(Q) is continuous for 7 > 0 only, and we do not know how to verify
even the weak continuity O,u € C, ([0, R], L*) at 7 = 0. By this reason, we cannot deduce
(2.30) with S = 0 directly from (2.22) and some approximations are still required, see
Section 3 for more details.

Remark 2.14. To conclude this section, we note that assumption (2.4) on the gradient
structure of the non-linearity f can be somehow relaxed. Indeed, it is not difficult to see
that this assumption has been used only in order to prove the dissipative estimate (2.53).
Thus, if this estimate is a priori known by some other arguments, then all of the results
of the paper will hold even without the gradient assumption (2.4). In particular, if the
nonlinearity f has the structure

f(t7 u) = fO(ta u) + fl(ta U), (264)

where fo is gradient and satisfies all of the assumptions of Section 2.1 and the function
f1 is uniformly bounded and subordinated to OV, i.e.

|fit,u)| < B < B, (2.65)

where (1 is as in (2.3a). Then the dissipative estimate (2.53) holds, since we have

T2

/T\I’(ﬁTu(T))dT+/TQ(fl(»ST,u),aTu) dr > (ﬁl—ﬁ)/ 10 () 2 d

T1 T1 T1
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and (2.53) can be obtained exactly as in the gradient case. Thus, all of the results of the
paper remain true in the slightly non-gradient case (2.64).

2.4 The vanishing-viscosity limit

The aim of this section is to clarify the limiting behavior of the solutions u.(t) of (2.1) for
e — 0. We follow the approach in [EfMO06] (see also [MRS09b, MRS09a]) where solutions
are considered as curves in the extended state space [0,7] x L*(2). Thus we hope to
understand the convergence of the whole graph rather than the function only. In order to
do so, we introduce an arc-length parametrization via the scaled time variable

s(t) =t + /0 18sue ()| 2 dr, (2.66)

where u.(t) solves (2.1). Then, & =1+ ||9yu.(t)||r2 and, due to estimate (2.62), we have

ds
1< =< 2.
<o < ClJe, (2.67)

where the constant C' depends only on the initial data. Thus, we can define the inverse
function t.(s) to (2.66) and rewrite equation (2.1) with respect to new dependent vari-
able U.(s) := u.(t-(s)). To simplify the notations, we will write again u.(s) instead of
U.(s), since keeping the argument s indicates that we are dealing with the arc-length
parametrization. As a consequence we are now looking for a pair (u.,t.) : [0,S5] —
L?(92) x R which has to satisfy the problem

OV (Osuc(s)) + masug(s) + Bu.(s) + f(t-(s),u:(s)) 30, (2.68a)
te(s) + [10sus(s)|lr2 = 1, (2.68b)
u:(0) = ug, t-(0)=0. (2.68c¢)

In particular, again due to (2.62), we have

ds>—1_ |Gl _ _C

oate)l = o0l (5 ) = ol <

< 1. (2.69)

Consequently, for ¢ > 0 equation (2.68) is fully equivalent to (2.1) if the corresponding
rescalings are performed.

Following [EfM06] we introduce the convex functional C. : L*(Q2) — R, via

In (—t—) — f <1
C.(v) == < ( 1 (1—||v||L2> ||U||L2) or [[v]|2 <1, (2.70)
00 for [|v]|p2 > 1.

A simple calculation shows that

v for ||v]|2 < 1,

IC.(v) = {1—Ilille (2.71)

0 for [|v]|2 > 1.
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Thus, system (2.68) can be rewritten in the following equivalent form:

OV (0suc(s)) + OC-(Osuc(s)) + Bue(s) + f(te(s), us(s)) 20,
te(s) + [10sus(s)|lr2 = 1, (2.72)
u:(0) = ug, t-(0)=0.

It is easy to see that the functionals C. converge to Cy given by

Colv) = 0  for ||v]|2 <1, (2.73)
' oo for ||[v]|gz > 1. '

Moreover, 0C. converges to the limit operator 9Cy, see Appendix A. Thus, we can expect
that a subsequence of the solutions (u.,t.) converge, in a suitable sense, to the solution
(u,t) of the limit problem

OV (Osu(s)) + 0Co(0su(s)) + Bu(s) + f(t(s),u(s)) 3 0,

#(s) + [19su(s)|| 2 = 1, (2.74)
(0) = ug, +(0) = 0.

<

The rest of the current subsection is devoted to a rigorous justification of the passage
from (2.72) to (2.74). We start with a control of new time s = s.(¢), which is uniform
with respect toe — 0 .

Lemma 2.15. Let the assumptions of Section 2.1 hold and let w = u.(t) is a strong
solution of problem (2.1). Then, the scaled time t.(s) satisfies estimate:

s>t.(s)>s/C—C, t.(0)=0, t.(s) >0, (2.75)

£

for some positive constant C', which is independent of €.

Indeed, estimate (2.75) follows immediately from the definition (2.66) of the scaled time s
and the uniform estimate (2.63) for the integral of dyu(t). The next lemma interprets the

uniform estimates obtained in the previous section in terms of the solutions (u.(s),t-(s))
of problem (2.72).

Lemma 2.16. Let the above conditions hold. Then, the solution (u.,t.) of problem (2.72)
satisfy the following estimates:

[us(s) |2 < € = C([|uo[m2),
5+1
/ 10su(s)|| g ds < C, (2.76)
S
s>t.(s)>s/C—C, 1>t(s)>0,
where C' is independent of e — 0, s > 0 and S > 0.

Indeed, first estimate of (2.76) is an immediate corollary of (2.62) and the scaling invari-
ance of the L> norm. Analogously, the second estimate of (2.76) follows from (2.63) and
the scaling invariance of the L!'-norm of the time derivative. Finally, the third one is just
repeats estimate (2.75).

We are now ready to pass to the limit ¢ — 0 and formulate the main result of this section.
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Theorem 2.17. Let the assumptions of Section 2.1 hold and for ¢ > 0 let (u.,t.) :
[0,5] — L*(Q) xR be solutions of problem (2.72) as constructed above. Then, there exists
a sequence €, — 0 such that the associated solutions (u,(s),t,(s)) = (ue, (s),t., (s)) tend
to the limit pair (u(s),t(s)), with t'(s) + [|0su(s)||z2 < 1 a.e., in the following sense:

u, — u weakly* in  L>=([0, S], H*(Q)) N W'>([0, S], L*(Q)), (2.77a)
u, —u  strongly in C([0,S], W*™"%(Q)), & >0, (2.77b)
Ostty, — Osu weakly in LY*([0,S],W*3(Q)), 0<r <1, (2.77¢)
t, —t weakly* in  Wh>([0, 9]), (2.77d)
/ U (Oyun(s)) ds — / U(Bu(s))ds, s> 59 >0, (2.77¢)
[0 Gun(s). D52 s — [ uls). D) s, (2.771)

for a function oo € L*([0, 5], L*(Q)) with po(s) € OCy(dsu(s)) for almost all s.
The limit (u,t) satisfies the following weakened version of (2.74):

0V (0su(s)) + 0Cy(Osu(s)) + Bu(s) + f(t(s),u(s)) 2 0,
t'(s) + [|0su(s) > = R(s), (2.78)
u(0) = ug, t(0) =0,

where the function R € L>®(R,) satisfies 0 < R(s) <1 a.e. and

/81 R(s)ds > min{(s; — 52)/2, (51 — 83)%/CY, for s, > 55 >0, (2.79)

52

and the scale time t(s) satisfies
s>t(s) >s/C—C, 1>1t(s)>0. (2.80)
where the positive constants C' and K are independent of s, s1, and ss.

Proof. The proof of this theorem is similar to the proof of Theorem 2.9 and based on
the uniform estimates proved above and the convergence of subdifferentials established in
Lemma A.4. The only difference is that we do not have now any strong convergence for
Osu(s) and, for this reason, cannot prove that R(s) = 1 by passing to the limit &€ — 0 in
(2.68b). (As we will see in Section 2.6, R(s) may be really strictly less than 1 in some
examples.) Instead of this, we can claim that R(s) < 1 (from the weak convergence)
plus the Hélder continuity (2.79). The detailed proof of this theorem will be given in the
next part for more complicated quasi-linear case (see Theorem 4.16 and here we restrict
ourselves by verifying the non-standard estimate (2.79) only.

To this end, we will use the convergence (2.77¢) and the interpolation inequality (2.54).
For all intervals I C [0, S] the latter combined with Holder’s inequality implies

ol < CllwlTa gyl iy < CllL @) s oy lwll i oy (2.81)
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where 7 = -2 and 7 is the space dimension. Integrating (2.68b) over s € I := [s, s1] and
using (2.81) together with the bound (2.76) for the norm of dyu, in L'([sq, s1], H'(£2)),

we infer

tn(81) — tn(s2) = 81 — S92 — / |05t (8)]] 12 ds >

52

> 51— ([ (0@ano) 1 d) (282)

52

where the constant C' is independent of s;, sy and n. Finally, the convergence (2.77e)
allows us to pass to the limit n — oo in (2.82). Estimating the L' norm by the L? norm
we obtain

Hst) — H(s) > 51— 50— C ( [ 1o d) (2.83)

52

Using the second equation of (2.78) and 0 < v = [’ |0sul|2 ds < [' R(s) ds we find

S1 S1 v
/R(s)ds:y—l—t(sl)—t(52)251—82+V—C’21f*251—82—02(/ R(s)ds).

82
Now it is easy to see that (2.79) holds with K = 1/v and C = (2C,)*. O
In the next section the lower bound (2.79) for R is improved to R(s) > p. > 0 a.e. by

more delicate arguments, i.e., we show that we may choose K =1 in (2.79).

Thus, due to Theorem 2.17, the vanishing-viscosity solution (u(s),(s)) satisfy the limit
system (2.78) which differs from the intuitive limit equations (2.74) by the presence of
a factor R = R(s). However, systems (2.78) is, in a fact, not essentially different from
(2.74) and can be transformed to it by a rescaling as described in the following remark.

Remark 2.18. We assume that (t,u) € W1>°([0, S], R x L*(2)) satisfies (2.78) and let

5(s) == /OSR(s)ds, S = /0 R(s)ds, a(3) :=u(s(5), and#(3):=t(s(3)). (2.84)

Due to (2.79), the function 5 : [0,S] — [0,5] is invertible, and the inverse function
s : [0,S] — [0,5] is Hélder continuous. Using the second equation of (2.78) and the
regularity properties of (u(s),t(s)) obtained in Theorem 2.17, one can easily verify that

(t,u) € Wh=([0,S],R x L*(Q)) and #(5)+ ||0su(3)||z2 =1 a.e. in [0,S].  (2.85)

Moreover, since Osu(s) = R(s)0su(5(s)) with R(s) € [0, 1] we can use the special form of
Co, which implies OCy(pv) C OCy(v) for all p € [0,1] and v with ||v|[z2. Thus, we obtain

0Co(0su(s)) C 0Cy(0su(5(s))) a.e. in [0,S].

Since the term OV (0su) is scaling invariant, then we can conclude that the scaled functions
(u(5),t(3)) satisfies indeed (2.74). Therefore, the proved Theorem 2.17 gives, in particular,
the existence of a solution of problem (2.74) belonging to the class (2.85).
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The next result provides some further regularity property. The proof will be given at the
end of Section 2.5.

Corollary 2.19. Let the assumptions of Theorem 2.9 hold. Then, the solution (u(3),t(3))
of problem (2.74) constructed via the additional scaling (2.84) belongs to the following class

u € Wh([0, 5], L*(Q)) N H*([0,S], H'(2)) n L>=([0, S], H*(Q)) (2.86)
for all S > 0.

2.5 Strict positivity of the scaling factor R(s)

As we have seen at the end of the previous section, the convergence (2.77e) implies the
Hoélder continuity (2.79). In this section, we will show that both convergences (2.79)e) and
(2.79)f) together with the higher energy inequality for problem (2.72) allow us to conclude
that K = 1 and, therefore the function R(s) is separated from 0 almost everywhere. To
be more precise, the following result holds.

Theorem 2.20. Let the assumptions of Theorem 2.9 hold and let (up,t,) = (u.,,t.,)
be a sequence of solutions of (2.68) with ¢, — 0 tending to the limit solution (u,t) of
problem (2.78) constructed in Theorem 2.17. Then, we additionally have

Ostt, — Ogu weakly in  L*([0,S], H'(Q)) (2.87)
and the limit function R(s) in the second equation of (2.78) is strictly separated from 0:
1> R(s)> (>0 foralmost all s € R, (2.88)

where the constant 3 depends only on the H?-norm of the initial data uy.

The proof of this theorem is based on the following lemma which gives the analog of the
higher energy inequality (2.30) for the solutions of the rescaled problem (2.68) (see also
the proof of Theorem 4.17 below). In the proof we will use the functional

~

C:(v) = (9Cc(v), v)r2 = Co(v) = €g([[v]|2) = O
for a suitable function § : [0,1) — [0, 00). The construction of C. is such that

4
ds

because of some cancellations.

C-(v(s)) = (D*C.(v(5))v/(5), v(5)) 12, (2.89)

Lemma 2.21. Let the above assumptions hold and let (t(s),u(s)) be a (unique strong)
solution of problem (2.68). Then, for 0 < s; < sy we have, with v(s) = Jdsu(s),

~

C.(v(52)) = Co(v(s1)) + & /82 lv(s) 17 ds

S1

<= [T WORE) )LL) ul)es) () s, (2:90)

S1
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Estimate (2.90) can be verified exactly as we prove inequality (2.30) for solutions of
problem (2.12) (by approximating the non-smooth term 0V (9su) by W5(0su), establishing
this inequality for the auxiliary approximating problem (by differentiating the equation
by s, multiplying it by Osu, and employing (2.89)) and then passing to the limit § — 0.
So, we leave the proof of this lemma to the reader.

Proof of Theorem 2.20. We denote the right-hand side of (2.90) by Z¢ . when the solu-

51,827

tions (u.,t.) is inserted. Using (2.8) and (2.10) we find (analogously to (2.37))

52
T 5 < / [t(s)l[v=() |1 + llve(s)7-+] ds <

S1

S/ [5/2lve(8) 71 + 1t ()" + Crllve(s)[1Z2] ds,

S1

where y > 0 is arbitrary and C), depends only on p and the H?-norm of ug. Inserting this
into (2.90) gives the estimate

~ ~

Colse)) = Cloalsr) + 5 [ le)ds < [T pt6P + Gulluo)lds. (291)

S1 S1

Using tL(s)+||Osuc(s)|| 2 < 1 we deduce that

o~ o~

C.(v(s2)) — Ce(ve(51)) < Ci(s2—51) (2.92)

for 0 < 57 < s9 < S with ) independent of . Moreover, the explicit formula (2.70) for
C.(v) and the a priori estimate (2.62) yield

0 < Co(ve(s)) < Ce 1n§ and 0<C.(v(s)<C (2.93)

with C' depending only on the H?*norm of uy (and is uniform with respect to £ — 0).

Thus, s — C.(v(s))—C\s is nonincreasing and uniformly bounded. Using (2.91) for s; = 0
and sy = S and (2.93) provides uniform boundedness of du. = v. in L?([0,S], H'()).
Thus, we are above to extract a subsequence €, — 0 such that, for (u,,t,) = (u.,,t.,)
and v,, = Jsu,,, (2.87) holds and that

~

C.(vn(s)) — co(s) for all s € [0,T].
Using C.(v.(s)) — 0 by (2.93), the definition of C., and the convergence (2.77f) we conclude

co(s) = (o(s), Osv(s))r2 with @y € L*([0, 8], L*(2)) and ¢o(s) € 0Co(v(s)). (2.94)

To verify inequality (2.88) we deduce some special integral inequality involving R and
(u,t). For this we have to find a suitable inequality involving (u,,t,) that allows us to
pass to the limit. We use inequality (2.91) to infer

52

/ " on() P ds < C(Cava(s1)) — Colon(sa))) + s / #(s)?ds + C, / () oy s,

S1 S1 S1
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where we have implicitly used the interpolation inequality in order to estimate the L?-norm
through L' and H! norms. Therefore, choosing p = 1/2, using ||v,,(s)]|z1 < Cllvn(s)]| 1z,
t(8)+|lvn(s)||z2 < 1, and assumptions (2.3a), we get

52

@—a=m@»mmo+/”mmwnmsm@»mmn+/|mmwmms

S1 S1

1 1 [
< ta(sa) ~tals0) + 502 =50+ 5 [ (o) ds <

S1

< (s + 3 (1als2)—ta(s0)) + C (@(vn(sl)) + [T a () ds) |

S1

where C' depends on the H?-norm of g, but is independent of . In this inequality we

may pass to the limit n — oo, since all terms converge. After a simple rearrangement we
find

So — 51 < 3(t(s2) —t(s1)) + 2Cco(s1) + 2C /82 U(v(s))ds.

S1

This estimate is now used to obtain

52

f%@wﬂ@HwaWWMMwa%m+é/wwmwz

S1 s S1

> [ <3(t(s2) —t(s1)) +2C /82 Cf’(v(s)) ds) > [(s2 — s1) — Coco(s1), (2.95)

with f =1/ max{3,2C,C}.

To conclude R(s) > 3 a.e., we consider the two alternative possibilities (i) ¢o(s1) > 0 and
(ii) co(s1) = 0. Since s — ¢y(s) — Cys is nonincreasing, the function ¢, is continuous a.e.
Thus, it suffices to consider s; in which ¢ is continuous. In case (i) the explicit description
of ¢y in (2.94) gives ||v(s1)]|z2 = 1 and, consequently, R(sy) =1 > (. In case (ii) we also
assume that s; is a Lebesgue point of R. Dividing (2.95) by sy — s; and passing to the
limit so — s1, we get R(s1) > [ > 0. Thus, inequality (2.88) is verified and Theorem 2.20
is proved. O

Remark 2.22. Differentiating equation (2.68) by s, multiplying it by 0*u(s) and arquing
as in the derivation of (2.31), one can obtain the uniform estimate of Osu. in the space
L>([s1,S], HY(Q)) for all s; € (0,8). This shows that the limit solution u of problem
(2.78) satisfies Osu € L2.((0,5], H'()).

Proof of Corollary 2.19. Indeed, due to inequality (2.88) both functions §(s) and s(s)
are uniformly Lipschitz continuous and, therefore, the regularity (2.86) of the function «
follows immediately from the analogous regularity of u(s) proved in Theorem 2.20. [

2.6 An example

We conclude the section by showing that the result of Theorem 2.20 is, in a sense, sharp
and cannot be, in general, improved till the desired equality R(s) = 1. To this end, we
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first note that, although, for simplicity, we have considered above only the case where the
non-linearity f and the initial data uy are independent of ¢, all of the results, obviously,
remain true in the case where f = f(g,-)) and uy = ug(¢) and the dependence on ¢ is
reqular as € — 0.

Let us consider now the following system of two ODEs on the plane u € R%:

{6A sgn(uy) +euy = xa(ug)uz + fa(ur) +6A + 64% — At, u;(0) =0, (2.96)

6Asgn(uy) + eul, = —xa(uy)us + falug) + 6A+ 6A4% + At, us(0) = ¢,

where the nonlinearity f4(z) = 0 for |z| < 2A and is dissipative for large z. The parameter
A > 1is fixed, and the cut-off function x4 : R — [0, 1] is such that x4(z) =1 for |z| <24
and 0 for |z| > 3A.

On the one hand, we see that the assertion of the Theorem 2.20 still holds for this system.

Indeed, the non-gradient part of the nonlinearity f can be estimated via

[ (xa(uz)ug, —xa(ur)ur)|lre < 3v24

and, consequently, the subordination condition (2.65) is satisfied, while the other assump-
tions are obvious. On the other hand, the unique solution w. is given explicitly via

t t
us(t) = (At + esing,At + ecosg) for t € [0, 1]. (2.97)

Obviously, for e — 0 this solution tends to the limit solution u(t) = (At, At) of problem
(2.96) with ¢ = 0. Moreover, it follows from Theorem 2.20 that the scaled solutions
(t-(s),Uc:(s)) of problem (2.68) tend as € — 0 to a limit solution (to(s), @p(s)) of problem
(2.78) with some R(s) in the right-hand side of the second equation.

We show that R(s) < 1 by an explicity calculation of the limit solution (¢, @y). For ¢ > 0
we have

t t
se(t) :t+/ \/|u’176(7’)|2+|u’27€(r)|2dr:t+/ \/(A+cos£)2—|—(A—sinC)2dr
0 0

3

and find the limit s.(¢) — (14 B)t for ¢ — 0 with

2m
B = %/0 V(A +cosp)? + (A —sinp)2de > V2 A,

Denote by t.(s) the inverse of s.(t), then with @.(s) = u.(t.(s)) we have

. s - L As
to(s) = ll_r}r(l]tg(s) =158 and  1p(s) = l%ua(s) =118 (1,1).

Thus, we find

1 V2A 14+V2A4
+ = <1
1+B  1+B 1+ B

R(s) = to(s) + llag(s)lle> =
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3 The abstract semilinear case: an alternative ap-
proach

The aim of this section is to discuss briefly the general semilinear case
0€dU(a)+eli+ Bu+ f(t,u), u(0)=u, (3.1)

where the underlying space is the an abstract Hilbert space H with scalar product (-, -) and
Riesz isomorhpism [ : H — H*. We will identify H and H* and hence drop the operator
I. On the one hand, the analysis here is similar to the one given in the previous section,
so we will just highlight the general principles without going into too much technicalities.
On the other hand, we provide an alternative approach to obtain the central estimate for
the control of [, 7+ ||@(t)|| g dt. In particular, we are able to do all the estimates in the
original time variable ¢t and can avoind the usage of 7 = et completely.

3.1 Assumptions

On the Hilbert space H the linear operator B : D(B) C H — H is assumed to be
self-adjoint with compact inverse and to be positive definite, i.e., there exists k > 0 with

(Bu,u) > k|jul|* for all u € D(B). (3.2)

As usual, the operator B generates a scale of Hilbert spaces H, := D(B*?), a € R,
equipped with the (graph) norm ||ulla = ||lul|g, = [|B*/?u| = (Bu, u)"* and ||ul|o = |Ju]|.
The compactness of B~ implies H, € Hj for 5 < a.

The dissipation functional U:H— [0,00) is assumed to be continuous, convex, homoge-
neous of degree 1, and positive, i.e., for all u,v € H and a > 0 we have

U(u) < Cllul, (3.3a)
U(au) = a¥(u), (3.3b)
U(u+v) < Wlu)+ U(v), (3.3¢)
U(u)=0 < u=0. (3.3d)

In particular, from assumptions (3.3a) and (3.3¢), we conclude that the subdifferential
OV (u) is uniformly bounded in H:

In|] < C forallu € H and all n € 0V (u). (3.4)

Usually, it is assumed that U is coercive on a suitable Banach space X into which the
Hilbert space H is continuously embedded. Here, we avoid the usage of the space X
and work instead with W directly. The connection of U with the Hilbert space H, is
incorporated into the following interpolation condition.

30 €(0,1), C>0 : Jul| <CUW)?|ul}~? for all u € H;. (3.5)
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The nonlinear operator f(t,-) is assumed to map Hy_, into H_;,, for some v € (0,1).
Moreover, it is assumed to be potential, i.e., f(t,u) = ®! (¢,u) for some nonlinear func-
tional ®(t,-) on H;_,. In addition, we impose the following dissipativity assumptions
analogous to to (2.7):

(f(t7u>7u> > —C; (36&)
Oy (t,u) < wa(f(t,w),uw) + C(1+ |lul®); (3.6b)
O(t,u) < ma(f(tu),u) + C(1+ [[ul?) (3.6¢)

and the growth/regularity assumptions formulated in assertions Lemma 2.1. For the
convenience of the reader, we formulate these assumptions adopted to the abstract case:

1@ )l + I W), + R )] + [P w)| < Qlulla,_,); (3.7a)
|(fu(t,wv,0)a] < QUlulla, vl ., wv € Hioy; (3.7b)
IFt )l < Qlulla) ullys w e Hy; (3.7¢)
1Fu(t, wvlle < QUlulla) (1 + lullm) vy, we Hy, v e Hy (3.7d)
1/t w)lle < QUlullm,), w € He (3.7¢)

for some positive 7 and monotone increasing function Q).

3.2 Wellposedness and energy estimates

Most parts of the estimates obtained in previous sections can be transferred word by
word to the abstract semilinear case. For this reason, we only indicate them below leav-
ing the proof to the reader. However, there is a difference here. Namely, the explicit
construction of smooth approximations to W(v) given in Appendix A does not work in
the infinite-dimensional case. Although it does not seem a big problem to construct
smooth approximations for the infinite-dimensional case (using, e.g., the proper combi-
nation of Yosida approximations), we prefer to give below an alternative scheme which
works directly with non-smooth potential ¥ and Galerkin approximations.

As in Section 2.2 (see Definition 2.3), a function v = wu(t) is a weak energy solution
of problem (3.1) if u € L*([0,T], H;) N H*([0,T], H) and satisfies the equation as an
equality in L*([0,7], H_;). Moreover, exactly as in Lemma 2.4, we establish that every
weak energy solution u € L?([0,T], Hy) and f(-,u) € L*([0,T], H). In particular, this
means that every weak solution satisfies the energy equality

t t
E(tut) + [ T + <ol dr = £0.u0) + [ Ellrutr)dr,  (38)
0 0
where E(t,u) = 3 (Bu,u) + ®(¢,u). In order to obtain this estimate, we need to multiply
(3.1) by @, use that (0¥ (@), a) = V() and integrate over [0, ¢].

Furthermore, arguing exactly as in Theorem 2.8 (see the derivation of (2.34)), we have
t+1
lu(®)]1¥ + 8/ la(r)[? dr < Q([lu(0)[l1) e~/ +C., (3.9)
t
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where the positive constants o and C, and the monotone function ) are independent of
e and u(0).

This inequality, the energy equality (3.8) and assumption (3.6) gives the control of the
dissipation via

ta
/ Ba() dt < C(1+ts— 1) for 0 < £ < b, (3.10)
t1

where the constant C' depends on (0), but is independent of t1, ¢, and &, see Corollary
2.10.

Finally, we have the following wellposedness result for the weak energy solutions of prob-
lem (3.1).

Lemma 3.1. Let the above assumptions hold. Then, for every uy € Hy, problem (3.1)
possesses a unique weak enerqy solution u in the above described sense.

Indeed, the existence of a solution is standard (see e.g., [CoV90]) and the uniqueness can
be established exactly as in Proposition 2.7.

3.3 Higher energy estimates

As we have already mentioned, the control (3.10) is not sufficient for passing to the
vanishing-viscosity limit ¢ — 0. We need an analogous estimate for the H-norm (or H;-
norm) of the derivative. For this, we would like to differentiate the equation with respect
to t and write out the energy estimate for that differentiated equation. However, the term
OV (4) is clearly not differentiable and, consequently, this procedure requires a non-trivial
justification.

In the previous section, we managed this by constructing explicitly smooth approximations
for the functional ¥ and passing to the limit. In this section, we employ a technique using
difference quotients vy,(t) = (u(t+h)—u(t)), which was already successfully exploited in
[IMPMO8] for nonsmooth problems in plasticity. The idea is to derive estimates uniform
in h > 0 for vy, which then implies that % exists and satisfies the same bounds.

We say that the energy solution u of equation (3.1) is a strong solution if
u € L®([0,T), Hy), e L*([0,T), Hy) N L>([0,7T], H). (3.11)

We first verify the smoothing property for strong solutions which is analogous to (2.31).
That additional smoothness will be essentially used below for verifying the analog of the
energy equality (2.22). In the subsequent Theorem 3.3 we then show that energy solutions
are, in fact, strong solutions.

Lemma 3.2. Let the above assumptions hold. Then, any strong solution u of problem
(3.1) becomes more regular fort > 0, namely

w € L([ty, T), Hy) N HY([ty, T),H) for allt; € (0,T) (3.12)

and satisfies the following estimate:
L . Cit+1) [t .
. / il dr -+ i), < D / )|, dr. (3.13)
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where the constant C' depends on the L>([0,T], Hy)-norm of the solution u, but is inde-
pendent of t and €.

Proof. Note that (3.1) is equivalent to

Vaal €[0,T)V0 € H: (ct4 Bu+ f(t,u), o — i)+ W(5) — ¥(i) > 0. (3.14)

Choosing t and h such that ¢, + h € [0,7] and we may use (3.14) at ¢t and t + h and

test with 0 = (¢ + h) and 0 = 1u(t), respectively. Adding the two inequalities all terms

involving W cancel. Dividing by h? and using vy,(t) := +(u(t + h) — u(t)) we arrive at
1d

ellon(®)1* + 5 g3 Bent),on) + (F(t + hyut + 1)) = f(t,ul?)), on(t)) < 0.

Employing (3.7d) and (3.7e) gives

o] Q

lin®IP + L Bun(), on®)) < S(1 + oI,

dt

where the constant C' depends on the L*°([0,T], Hy)-norm of the solution wu, but is
independent of ¢t and . Multiplying this inequality by ¢ and integrating in time, we get

[ smor < 2 (v [poke). @

Since the strong solution u is assumed belonging to H'([0,T], H;), we may pass to the
limit A — 0 in inequality (3.15) which gives all the assertions of the lemma. O

We now verify the analog of energy equality (2.22) for @ that does not depend on W.
For this, we replace v by Av in (3.14), use the 1-homogeneity in v and divide by A > 0.
Passing after that to the limit A — oo, we have

Vaalt €0, T|Vve H: (eu+ Bu+ f(t,u),v)+ ¥(v) > 0. (3.16)
However, inserting v = % into here and v = 0 into (3.14) we also obtain
Vaal €[0,T]:  (et+ Bu+ f(t,u),0)+ (i) =0,

which is just the differentiated version of the energy balance (3.8).

Let ¢g(t) = et + Bu + f(t,u). Then, using the regularities (3.11) and (3.12), it is not
difficult to show that g € AC((0,T), H_;). Choosing now v = %(t,) for some t, € (0,7
(the element v exists for all ¢, since @ € C((0,7], H) and even C,((0,7], H;) due to the
smoothing (3.12)), we have

(g(t),0(t.)) = —VW(u(t.)) = (g(ts), u(t.))

for all ¢t,t, € (0,7) . Thus, the left-hand side as a function of ¢ attains its minimum
at t = t,. Since g € AC((0,T), H_y), this implies that ¢ is differentiable a.e. with
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(g(t.),u(ty)) = 0 for almost all ¢, € (0,7). Inserting the definition of g, we establish the
energy equality for the time derivative %, namely

e d

§E||u||2 + (B, @) 4 (fL (¢, w)i, w) + (f/(t,u),a) = 0. (3.17)

Again, we find the surprising fact that this energy balance holds independently of v

We are now prepared to state the main result on the wellposedness for the abstract
problem (3.1).

Theorem 3.3. Let the above assumptions hold and let ug € Hy. Then, the energy solution
u of problem (3.1) is unique, is a strong solution, and satisfies the dissipative estimate

t+1
lu(®), + a1 + E/t ()17, ds < Q(Ilu(0)[lzz) e +C., (3.18)

for some monotone function (Q and positive constants o and C,, which are independent
of e, u and t.

Proof. As in previous sections, the higher energy equality (3.17) together with the ad-
ditional assumption u € C([0,T], H) would allow us to establish the abstract analog of
the dissipative estimate (3.18), which is the abstract analog of (2.29). Yet, we do not
succeed to prove that any strong solution u of problem (3.1) satisfies u € C*([0,T7], H),
since Lemma 3.2 only implies w € C'((0,T], H).

However, in the finite-dimensional case dim H < oo, this regularity is immediate and,
in addition, any energy solution is automatically a strong solution. This observation
allows us to overcome the above difficulty and establish the basic dissipative estimate
(3.18) without the continuity assumption. To this end, we consider the standard Galerkin
approximations to problem (3.1):

0e 8\’17(UN) + 5'&]\[ + BUN + PNf(t,uN), UN(O) = PNUQ, (319)

where Py is an orthoprojector to the first N eigenvalues of B and uy € Hy := Py H. Since
u, € CY([0,T], Hy) we can use (3.17) to derive the basic dissipative estimate (3.18) for
uy with @ and C, independent of N. Moreover, since uy € Hy we also have ||uy(0)]2 <
|u(0)]]2 = ||uol|2, such that the right-hand side will be uniform with respect to N — oo.
Passing then to the limit N — oo, we establish the existence of a strong solution for
problem (3.1) and the validity of the dissipative estimate (3.18). Thus, we have proved
the theorem. O

3.4 Basic L' estimate for the time derivative

We are now ready to verify the analog of estimate (2.63), which provides the L' estimate
with respect to t € [0,7] in the H; norm.

Lemma 3.4. Let the above assumptions hold and ug € Hy. Then, the energy solution of

u of problem (3.1) satisfies the following estimate for 0 < t; < ty:

[ lioha<oase, - (3.20)

t1
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where the constant C' depends on ||ugl|2, but is independent of €, t; and t.

Proof. Estimate (3.20) can be verified exactly as in the proof of Proposition 2.11. How-
ever, here we present an alternative, probably simpler proof, which works directly in the
scaling of the time ¢ and thus avoids usage of the slow time 7 = &t.

Using the higher energy equality (3.17), together with (3.9) and the assumptions (3.7d)
and (3.7e) we have

52 @I+ sllv@lF < CA+ (@)D [[o@)]], where v(t) = a(t),

for some positive constant C', which is independent of ¢ and €. Using the interpolation
(3.5) and Young’s inequality in the form W(v)?||v37% < &||v||? + C.¥(v)?, we deduce

E%IIU(t)HQ +rlo@)If < CL+ P ((1)*) < Ci(L+ T((B)[o@)])-

Introducing the H : ¢ — %\Al}(v(t)) we can use estimate (3.10) to conclude H € L*((0,T)).
Letting z(t) = ||v(t)||* we obtain the estimates

2(t) + 2—iz(t) + 2%Hv(t)”% < % + H(t)z(t)"?  with 2(0) < C/&?, (3.21)

where the last estimate is due to (3.18). Neglecting the term involving |lv(¢)|[; for the
moment, we can apply the estimate provided in [GM*07, Lem. 5.4], namely

t 2 t
2(t) <e (z(()) e /(%) —I—[/ e =/ (1) dr} +/ e r(t=r)/(29) G dr) . (3.22)
0 0 €
(The constant C stated in [GM*07, eqn. (5.14)] is in fact e = exp(1).)
Using time shifts, it is sufficient to prove (3.20) for ¢; = 0 only. We return now to (3.21)
still including the term involving ||v(¢)]|?. Multiplying it by e "(1=9/(2) integrating over
t €[0,¢], and using (3.22) gives
1 t1 t1
- / M=/ 1y (1)]12 dt < C’(H—Z(O) e /() 4 ( / e~rt=0/We) f () dt)2>. (3.23)
0 0
Using now Holder’s inequality and then (3.23) we find

1 t1 1 t1 t1 1
_/ e~ r(ti—t)/(2¢) |o(t)||1 dt < _</ e rti=1)/(2¢) q¢ . / e~ r(t1—t)/(2¢) v (t)]|? dt)
€Jo €NJo 0

/2
t1

<C (1 4ot/ /200) + / o—r(1=0/(49) fr(p) dt)
0

where C'is independent of € and ¢; > 0. Integrating over t; € [0, 7], we infer

/OT(I — e FT=D/CN ()|, At < C (T +ey/2(0) + €/OT - dt) |

Using again estimate (3.23) and z(0) < C'/&?, we finally arrive at

/OT [o(®)], dt < ¢ (T +1+ /OT U (v(t)) dt) ,

which, together with (3.10), gives (3.20) and finishes the proof. O
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3.5 The vanishing-viscosity limit

Above we have derived uniform estimates with respect to ¢ > 0. Thus, the the limit
passage ¢ — 0 in equation (3.1) can be done repeating the arguments given in sections
2.4 and 2.5 word by word. For this reason, we only formulate the main result and leave
the details to the reader.

As in Section 2.4 we introduce the new scaled time

sw=t+A|mwna,

which is in fact the arc-length in the extented state space [0, 7] x H. Using the inverse t.
and u.(s) = u(t.(s)) equation (3.1) takes the equivalent form (see also (2.68))

0 € D (uL(s)) + sl () + Baa(s) + F(1a(5), ua(s)),
te(s) + [ui(s) =1, (3.24)
us(0) =g, t-(0) =0,

where ' = di.
S

Theorem 3.5. Let the assumptions of Theorem 3.3 hold and let u.(0) = uy € Hy be
independent of €. Then, there exists a sequence €, — 0 such that the associated sequence
(tn(8), un(s)) := (t,(8),us,(s)) of solutions of problems (3.24) converges to a limit pair
(t(s),u(s)) in the sense of (2.77a—f), where the spaces W*2(QY) are replaced by the spaces
H. Moreover, the limit (t(s),u(s)) solves the analog of problem (2.78), namely

0 € DU (u/(s)) + Co(u'(s)) + Bu(s) + f(t(s), uls)),
t'(s) + [[u'(s)| = R(s), (3.25)
u(0) = ug, t(0) =0,

where Co(v) = 0 for ||v|| <1 and oo else. Finally, the function t(s) satisfies inequalities
(2.80) and the scaling factor R(s) is such that 1 > R(s) > 3 > 0 for almost all s.

Of course, the solutions in the above result can be rescaled to in such a way that R(s) =1
a.e., see Remark 2.18.

3.6 BYV solutions

In [MRS09b, MRS09a, Mie09] the concept of BV solutions is studied in oder to understand
the pointwise limits of the unscaled function wu. (). Such pointwise limits are usually called
approximable solutions. However, it is desirable to characterize these solutions in terms
of differential inclusions.

The name “BV solutions” derives from the fact that the solutions @ need to lie in
BV ([0,T],H). Thus for all ¢ € [0,7] the limit @(¢*) and the limit @(¢~) from the left
exist (in the strong H topology). We can define the set J(u) of jump times, at which

33



u:[0,7] — H is not continuous. A function u : [0, 7] — H is called BV solution of (3.1)
if

u e BV([0,T), H) N L>([0,T], Hy); (3.26a)
0 € 0V (0) + Bu(t) + f(t,u(t)) forallt € [0,T)\ J(a); (3.26b)
Vte J(@) I\ >0 Iy, € WH([0,1], H) N L>=([0,T], Hy)

a(t™) = y,(0), u(tt) =y (1), U(t) = y,(6,) for some 0' € [0, 1], (3.26¢)

0 € 0V (y,(0)) + ICo( Ny, (0)) + By, (0) + f(t,y.(0)) for a.a. 6 € [0, 1];
Vte [0,T]\ J(): Et,ult)) + At) = £(0,u(0)) + /t E (r,u(r))dr, (3.26d)

where E(t,u) = $(Bu,u) + ®(t,u) and A : [0,7]\ J(u) — R is defined via

t ~ ~
Af) = / Wi+ Y (30 - (@) -aG)
0 r€[0,4NJ (3)
with J(7 fo
k€ OV (0 ) }
The last condition (3.26d) is the energy balance corresponding to obtained from the

viscous energy balance (3.8). The additional terms in A arising at the jumps are obtained
o — T - 9
as limit contributions of [ e[| (s)||* ds.

Y- (0)+ Y- (O M (By-(0)+f (7, y-(0))) 6 and M(£) = min{ [[{+x]]

Clearly, the parametrized solutions constructed in Theorem 3.5 provide such BV solutions
in the following way. For a parametrized solution (t,u) : [0, S] — R x H; we let T = t(.5)
and choose for each t € [0,7] an s = o(t) € [0,S5] such that t(o(t)) = t. Since the
function ¢ : [0, S] — [0,7] is nondecreasing and Lipschitz continuous, we see that every
such o : [0,T] — [0, 5] is strictly increasing. We define @(t) = u(o(t)) and claim that u is
a BV solution.

We sketch the arguments and refer to [Mie09] for the details. First note that

VarH( [OT —SUP{ZHU '—U]1||H,N€N 0<ty<t; < "<tN§T}

< Vary (u, [0, 5]) < /S R(s)ds < oo.

which provides u € BV ([0, 7], H). Moreover, u € L*([0,S], H,) impliesu € L*>([0,T], Hy)
and (3.26a) is established. The local stability condition (3.26b) follows from the first equa-
tion in (3.25). If t, & J(u), then there is a unique s, with t, = t(s) and there is a sequence
of Lebesgue points s, — s, of v’ such that |/(s)| < 1. Thus, the first equation in (3.25)
holds with 8\11( '(51)) 4+ OCo(u(s1,)) replaced by dW(0), since rate independence gives
dW(v) C OW(0). We conclude that (3.26b) holds at ¢, = t(s;,) — .. Because of ¢ & J (@)
we know also that ¢ — 7(t) € H, is weakly continuous in Hy. Since d¥(0) C H} is weakly
closed we conclude that (3.26b) also holds at t..
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For t,. € J(u) we use the fact, that the preimage of s +— t(s) of ¢, is a full interval [s], s3].
The desired jump path y;, is then given via y;, (6) = u(s;+6(s5—s7)). The energy balance
(3.26d) can be obtained by integrating along the parametrized curved and then identifying
the jump terms accordingly.

As a consequence of this fact, it is possible to show that from each family u. : [0,7] — H;
of solutions of (3.1) with ug € Hy, we can extract a subsequence u,, = u., with &, — 0,
such that for all ¢ € [0,T] we have u,,(t) — u(t) weakly in H, where uw: [0,7] — H; is a
BV solution. We refer to [MRS09a, Thm. 4.10] or [Mie09, Thm. 4.23] for the details.

4 The quasi-linear case

In that chapter, we consider the general quasi-linear case with convex leading part. In
addition, we do not assume that the underlying domain €2 is smooth, but only Lipschitz
continuous. The main difficulty here, in comparison with the semi-linear case studied
before, is the absence of the uniqueness result (even for the case of strong solutions).
Moreover, we cannot even verify that all reasonably defined solutions satisfy the higher
energy inequality (which is crucial for the rate-independent limit). By this reason, we
have to proceed in much more delicate way including, in particular, the required higher
energy inequality into the definition of a solution.

As in the previous chapter, the rigorous formulation of the problem, assumptions on B,
U and F' and some basic preliminary facts are given in Section 4.1. The uniform with
respect to € — 0 estimates and the existence of a solution for the general quasi-linear case
is proved in Section 4.2 and the passage to the vanishing-viscosity limit € — 0 is justified
in Section 4.3.

4.1 Preliminaries

In this section we start to study the quasi-linear problem of the form:

{gatu +OU(Du) > divh(Vau) — f(t,u), (1)
Ulgq =0, ul_y = o,
where u(t,r) = (u'(t,z), -+ ,u™(t,z)) is an unknown vector-valued function, Q € R" is

a bounded domain in R™ which is now only Lipschitz continuous and € > 0 is a small
positive parameter.

We assume that the nonlinear function b : R™" — R™" has a gradient structure
b(w) = VuB(w), weR™, forsome B e C*R"™, R) (4.2)
and satisfies the following assumptions:

1. (b(U})’ w)an Z Oz||pr - C,
2. I/ ()l enm grmy < C(1+ [Jw][P72), (4.3)
3. (U/(w)f, O)pnm = k[|B][fnm, # >0
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for some p > 2. In particular, first and second assumptions of (4.3) imply that
apl|w|]P — C1 < B(w) < asl|wl||P + Cy (4.4)

for some positive C; and «; and the third assumption of (4.3) guarantees that the potential
B(w) is strictly convex. Thus, the associated differential operator

B(u) := —divb(V,u) (4.5)

is a non-degenerate second order quasilinear elliptic operator. Moreover, the above as-
sumptions imply also that the operator B is a potential maximal monotone operator in
W,y (Q) (with respect to the standard inner product of L*(Q)).

As in the semilinear case , we assume that 0¥ (v) is a subdifferential of of a convex order
one homogeneous functional ¥ on R™, i.e.; the function ¥ : R™ — R satisfies assumptions
(2.3).

Finally the third nonlinearity f : R x R™ — R™ is supposed to be potential (i.e. (2.4) is
assumed to be true) and to satisfy the growth restrictions (2.5) where the limit exponent

exponent is now defined by r < 74 = n2Tpp (Gmae = oo if p > n). Moreover, the

dissipativity assumption (2.6) is also takes place.

In particular, exactly as in Section 2.1, growth restrictions (2.5) and the dissipativity
assumption (2.6) imply that

F/(t,u) < k3 f(t,u).u+ C(1+ |u]"), Kz >0. (4.6)

Analogously to Lemma 2.1, the following lemma shows, the growth restrictions (2.5)
guarantee that the term f(¢,u) is subordinated to the main elliptic operator B(u) and
collects all necessary properties of the non-linear function f(¢,u).

Lemma 4.1. Let the function f satisfy growth restrictions (2.5). Then,

1) The operators u — f(t,u) andu — f/(t,u) are uniformly bounded continuous operators
from W=rP(Q) to H-1(Q), for some v > 0

1F & w1 + 1t wlla-1@) < CO+ Tl g) (4.7)

with C' independent of u and t.

2) The functionals u — (F(t,u), 1)z and u — (F/(t,u),1)12 are bounded and continuous
on WI=7r(Q):

|(F (8, w), D) pe] + |[(F (8 w), Dre| < O+ [Jullphsp0)- (4.8)

Here and below (u,v) 2 denotes the scalar product in L*(S).

3) The functional u,v — (f.(t,u)v,v)p2 is bounded and continuous on W'=7P(Q) x
W=2(Q) and

|(fu(t,w)v, v) | < COA+ iy a@) 0120 (4.9)

where the constant C' is independent of t, u and v.
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Proof. Since the assertions of the lemma are more or less standard, we check below only
the most complicated estimate (4.9) (which defines the limit exponent 7,,,,) resting all
other assertions to the reader. Indeed, due to (2.5),

|(fu(t, v, v)p2| < C(|loll72 + (lul", v%)12). (4.10)

Thus, we only need to estimate the second term in the right-hand side of (4.10). To
this end, we will use the Sobolev embeddings W'=7? C L% and W'=72 C L™ with the
exponents r., and s, satisfying

Then, by the Holder inequality, we want to have

(Jul",v*) 2 < Cllul

ZSW(Q)HUH%W(Q) < Cl||u||7t;[/1*%P(Q)HUH%/VP%?(Q)’ (4.11)
In order this estimate to be true, we need

9 2
iz <1 or, equivalently, i WT i <1 (4.12)
Sy Ty T'max 2n

with 7 = n%pp. We see that condition (4.12) is satisfied for sufficiently small v > 0 if
7 < Tmaz. Since estimate (4.11) implies (4.9), then Lemma 4.1 is proved. O

Remark 4.2. We note that the theory developed below remains true iof we add time-
independent monotone function fo(u) (i.e., with fi(u) > 0) of arbitrary growth to the
non-linearity f.

As in the semilinear case, in order to study the dependence of solutions of problem (4.1),
it is more convenient to scale time 7 = €t and rewrite the problem in the equivalent form
with respect to the function 4(7) := u(e7). In order to simplify the notations, we will
write below u(7) instead of @(7). Then, using that ¥ is homogeneous of order one (and,
consequently, 0¥ is homogeneous of order zero), equation (4.1) reads

Oyu+ 0W(Dru) > divb(V,u) — fo(7,u), (4.13)
ul,, =0, ul__,=uo,
where, by definition,
fo(1,u) = f(eT,u). (4.14)

In order to define the (strong) solution of equation (4.13), we first introduce a function
Ou(7) :=divb(Veu(r)) — fo(m,u(1)). (4.15)
Definition 4.3. Let the above assumptions hold and let uy € Wol’p(Q) 15 such that

0.(0) := divb(V,ug) — f-(0,up) € L*(Q). (4.16)
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We say that a function u = u(T,x) is a solution of (4.26) if, for every R > 0,

1) ue L=([0, R, Wy" (),
2) du e L*([0, R, L2(Q)) N L2([0, R], HY(Q)), (4.17)
3) O, € L=([0, ], L*()),

u satisfies equation (4.26) in the sense of distributions and the following inequality

10-u(ro) |72 = 10-u(m)lIZ2 + 2@/ IV20-u(7)|[7> dr+

T1

" /Tz[(fé,T(T,U(T)% Oru(T)) 2 + (fL(T,u(7))0ru(7), Oru(7)) 2] dT <0 (4.18)

T1

holds for almost all 7 > 17 > 0 including 7, = 0 (i.e., (4.18) holds for all 7,75 € Ry \N,
To > 11, with mes N =0 and 0 ¢ N ). Here o > 0 is the same as in inequality (4.3)(1).

We now comment the requirements involved into the above solution’s definition. We
start with the third assumption of (4.17) on the L?-regularity of the right-hand side ©,, of
equation (4.13). Let us consider the particular case p = 2 and assume that the quasilinear
elliptic operator B(u) possesses the L?>-maximal regularity property of the form: if

B(u) = —divb(V,u) =h
for some u € H}(Q) and h € L*(Q) then, necessarily, u € H*(Q) and
[ullrr2() < ClA| L2 (4.19)

for some positive constant C' which can depend, in general on the H!'-norm of w.

Then, arguing as in Lemma 2.4, one can easily show that
up € H*(Q) and wu € L™(Ry, H*(Q)) (4.20)

in a complete agreement with the definition of a strong solution for the semilinear case,
see Definition 2.6.

However, we do not know the analog of such simple description for p # 2. Moreover,
even for p = 2, the maximal (L?, H?)-regularity for the elliptic operator B(u) is rather
essential restriction and can be violated even in the linear case (B is a linear operator) if
the underlying domain is not C'', see e.g. [NaP94].

In contrast to that, as we will see below, assumption (4.17)(3) defines a reasonable class
of solutions even in the general quasilinear situation described above.

Let us now consider the integral inequality (4.18). In a fact, it is nothing more than the in-
tegrated version of the higher order energy equality (2.22) (where the term (B'(u)0u, Ou)
is replaced by its natural estimate from (4.3)(3)). However, in contrast to the semilinear
case, we cannot verify that the strong solution satisfies automatically the higher energy
equality (2.22) (or some reasonable inequality of that form) and have to include it into
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the definition of a strong solution. Thus, we have excluded from consideration the possi-
ble pathological solutions which do not satisfy the higher energy inequality (remind that
the solution of problem (4.1) may be not unique and a pathological solution may exist
simultaneously with a reasonable solution(s) for the same initial data).

It also worth to note that, in contrast to the semilinear case, we do not know whether
or not the function 7 — ||0,u(7)||z2 is continuous and, by this reason, we cannot obtain
(4.18) for all 71,72, but for almost all only.

We now verify that any strong solution satisfies the usual energy equality. To this end,
we need the following lemma which is of independent interest as well.

Lemma 4.4. Let the function b satisfy (4.3) and let
dru € LA([0, R], H (Q)),u € L=([0, R], W, P(Q)), divb(V,u) € L([0, R], H(Q)).
Then, (B(V,u),1)2 € AC([0, R]) and

%(B(Vmu(ﬂ), )2 = —(divb(V,u(r)), 0-u(T)) 12 (4.21)

for almost all T.

Proof. Let h > 0 be arbitrary. Then, since b’ > 0, we have the following inequalities:

B(Vu(r + h)) — B(V,u(1)) Vu(r + h) — Vu(r) N
h h

+ /0 rob (Vou(T) + rira[Veu(r + h) — Vyu(r)]) dry drg(

= b(Vau(r))

Vou(r + h) — Vau(r))?
h

Vu(t 4+ h) — Vyu(r)

h

>

> b(V,u(r)) (4.22)

and

B(V,u(t + h)) — B(V,u(r))  B(V,u(r+ h))vmu(T +h) = Vau(r)

h h
[ A (Tt 1) ()W)~ Py ar, VT 02 Tt

Vu(r + h) — Vyu(r)
5 .

< B(Vyu(r + h)) (4.23)

Integrating these inequalities with respect to (t,z), we heave

B /TQ(diV bV (). Vu(r + h})Z — Vu(7) pa dr <

T1

/T1 (B(Vau(r)), 1) 2dr <

. /Tz(div bV ulr ). Vou(r + hf)L — V,u(r)

T1

1 [t 1
< 7 /T2 (B(Vyu(r)),1)2dr — W

)L2 d’T, (424)
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where all of the integrals have sense due to (4.3) and assumption u € L>(R_, Wy (Q)).
Passing now to the limit A — 0 and using the assumptions of the lemma, we deduce that,
for almost all 75 and 7,

(B(vxu(7—2))a 1)L2 - (B(qu(Tl)), 1)L2 - /7—2 (div b(vxu(T))’ aTu(T))LZ dr

T1
which shows that (B(V,u), 1) € AC([0, R]) and (4.21) holds. Lemma 4.4 is proved. [

Remark 4.5. The assertion of the lemma looks completely standard. However, in contrast
to the standard situation, we cannot write that

(div b(Vu(7)), Oru(T)) 2 = —(b(Veu(T)), - Vou(T)) 12

since b(V,u) ¢ L*(Q). As a result, we cannot use the standard method of approzimation
of the function u by smooth ones and have to use more delicate methods.

Corollary 4.6. Let the above assumptions hold. Then, any strong solution u of problem
(4.13) satisfies the energy identity

(B(V,u(12)), )2 — (B(Vau(m)), 1) 2+
+/ 10-u(T)||22 4+ (U (0pu(T)), 1) 2 dT = —/ (fe(m,u(T)), O-u(T)) 2 AT (4.25)

T1 T1

for all0 < 17 < 1.

Indeed, according to (4.17) and (4.7), we see that divd(V,u) € L>®(R,, H 1(Q)) since
divb(V,u(r)) = O,(7) — fo(,u(1)).

Therefore, (4.21) holds. Multiplying then equation (4.13) by d,u and integrating over
(71, 72] X Q, we deduce (4.25)

4.2 Uniform estimates and existence of solutions

The aim of this section is to deduce uniform with respect to ¢ — 0 estimates for the
solutions of problem (4.13) and prove the existence of a solution of that problem in the

sense of Definition 4.3. To this end, we approximate the function W(v) by smooth ones
Us(v) with

Us(v) := /m o(r/o)¥ (v —r)dr,

where ¢ is a standard smoothing kernel in R™, see Appendix A for the detailed study of
the approximating functions Ws, and consider the smoothed version of problem (4.13)

{3Tu + W5 (0u) = divd(Veu) — fo(1,u), (4.26)

ulpq =0, uf _,=uo.
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As in the semilinear case, our next task is to obtain uniform with respect to € and o
estimates for the solutions of the auxiliary equation (4.26). The required solution u(7) of
the initial problem (4.13) will be than obtained as a limit § — 0.

We say that a function u = u(7, x) is a solution of (4.26) if it satisfies all of the assertions
of Definition 4.3 except of integral inequality (4.18) which should be replaced by

10-u(m2) |72 = 10-u(r)lIZ> + 2@/ IV20-u(7)l[7> dr+

T1

2 /Tz[(fé,T(T,U(T)), O-u(T)) 2 + (f2 (T, u(7))0ru(7), Oru(7)) 2] dT < €6, (4.27)

T1

where the additional constant C' is independent of ¢ (and appears due to the fact that
Us(v) is not homogeneous of order one).

The next theorem gives the existence of such solutions.

Theorem 4.7. Let the above assumptions hold and let ug € W'?(Q) and ©,(0) € L*(2).
Then, for every d > 0, there exists at least one solution uw = ugs in the sense of the above
definition. Moreover, every such solution satisfies the energy identity

(B(V,u(2)), )2 — (B(Vau(m)), 1) 2+
+/ |0 w(T)|| 12 + (Vs5(0ru(T)), Opu(T)) e dT = —/ (fe(m,u(T)), O-u(T)) 2 dT (4.28)

T1 T1

for all 0 < 7 < 1y and the following dissipative estimate:

lu(m)llwree) < QUIwO) [wreey) ™7 +Cy, (4.29)

where positive constants k and Cr and a monotone function (Q are independent of T, €
and 6.

Proof. Indeed, the energy identity follows from Lemma 4.4 exactly as in Corollary 4.6.
Let us check the dissipative estimate.

The energy equality together with the obvious formula

(F(er,u(r), iz = (Flr,u(r)), u(r) +<(F(er, u(r), iz

gives

i (0(Vou(r), 1) 2 + (F(et,u(7)), 1)) + 1/2]|0,u(7) |72+

dr
+ (U5(0,u(T)), Opu(T)) 2 = e(F(eT,u(T)), 1) 2. (4.30)

Furthermore, we multiply equation (4.26) by u(7) and integrate by x. Then, using (4.3)(1)
and the fact that W% is uniformly bounded in L>°, we have

%HU(T)H%Z + || V()7 ) + 2(fo(T,u(T)), u(T))12 < C, (4.31)
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where C' is independent of 7, e and §. Multiplying inequality (4.31) by 2L where L is a
sufficiently large positive number, taking a sum with equation (4.30) and using (4.3)(1)
and (2.6) and the fact that W4 < | see Lemma A.2, we have

L B(r,u(r)) + 0u(r) By < O (4.52)

where
E(1,v) := L||v||72 + (B(Vv), 1) 2 + (F(eT,v),1) 12 (4.33)
and positive constants 6§ and C; are independent of e, § and 7. Moreover, due to (2.6)
and (4.4), we have
pllvlFy sy — C < E(r,v) < Qllvllwrre) (4.34)

for some positive p and monotone function ). Estimate (4.29) follows now from (4.32)
and (4.34) and the Gronwall inequality. Thus, the dissipative estimate (4.29) is proved.

Let us now verify the existence of a solution. To this end, we will use the Galerkin
approximation method. Indeed, let Py be the orthoprojectors associated with a smooth
complete orthonormal system in L*() which is assumed to be complete in W, "(Q) and
let uy(t) € PyL*(2) be a solution of the following system of ODEs

PN(&UN + \Ifg(&uN)) = PN div b(quN(T)) — PNfa(T, UN). (435)

We complete this system of equations by the initial value u%, = ux(0) constructed as
follows: let ©% € PyL*(€2) be some sequence converging strongly to ©,(0) in L*(Q) and
let 4% € PyW,"(Q) be a sequence converging to u(0), then we find w = u%, € PyW,?(Q)
as a solution of the following equation

—May + 0% = Py divb(V,v) — Py f-(0,v) — Mo, (4.36)

where the (large) positive constant M will be chosen in the next lemma.

Lemma 4.8. Let the above assumptions hold. Then, there exists a positive M such that,
for every N, equation (4.36) has a unique solution u%, and this solution tends to u(0) as
N — 0o in the space W, (Q).

Proof. Let the sequences 4% and ©% be fixed. We first deduce the a priori estimate
HUHWl,p(Q) S C (437)

for the solution v of (4.36), where the constant C' is independent of M and N. To this
end, we set w := v — 4% and multiply equation (4.36) by @ and obtain that

(W(V,0 + V,4%), Vo) + (f-(0,0 + a%), @) + M||w||72 + (0%, w) = 0. (4.38)

Using now assumptions (4.3) for the function b and the fact that the sequence @% is

uniformly bounded in W'?(Q), we see that (b(V,w + V,u%), V,w) > a||v||W1p(Q) C,
where @ > 0 and C are independent of N and M. Analogously, using assumptions
(2.6) and (2.5) for the function f and the embedding W'? C L™ma=*2 (the subordination
assumption), we see that (f.(0,w + a%),w) > ﬂ||vHTLJ{32 — (4 for some (3, Cy > 0 which
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are also independent of N and M. Inserting these estimates into (4.38) and using that
©% is also uniformly bounded in L*(2), we deduce a priori estimate (4.37).

To finish the proof of the lemma, we verify the existence of a solution for (4.36) in a
standard way using a priori estimate (4.37). Let us verify the uniqueness. Indeed, let v;
and vy be two solutions of (4.36) and let w = v; — v9. Then, this function solves

Py div[b(V,v1) — b(Vve)] — Py[f-(0,v1) — f-(0,v2)] — Mw = 0.

Multiplying this equation by w, integrating over z and using assumption (4.3)(3) and
estimate (4.9) together with the uniform estimate (4.37) for v; and vy, we see that

kllwllin — Kllwlfy ) + Mlwlz: <0,

where positive constants K and x are independent of M and v > 0 is the same as in (4.9)
and N. Together with the standard interpolation inequality, this estimate implies w =
if M > My(k,~, K). Thus, uniqueness is also verified.

Finally, since the sequence of solutions v = u% of problem (4.36) is uniformly bounded
in VVO1 P(€)), we can assume, without loss of generality, that it converges weakly to some
function ug € VVO1 P(€)) which, by standard arguments, should satisfy the limit equation

—Mu(0) 4+ 0,(0) = divb(V,ug) — fo(0,up) — Muy.

Since, by the definition of 6,(0), the function u(0) solves this equation, then, necessarily,
up = u(0). The strong convergence of u% can be proved by the standard monotonicity
arguments. Lemma 4.8 is proved. O

We are now ready to finish the proof of the theorem. To this end, we note that, multiplying
equation (4.35) by d,-ux + 2Luy and arguing as before, we can prove that the solution
un(t) of (4.35) satisfies the analog of (4.28) and (4.29) (uniformly with respect to V).
Since (4.35) is, in a fact, a system of ODEs, this a priori estimate is sufficient to establish

the global solvability of the Galerkin approximation system. Moreover, since the sequence

u%, is also uniformly bounded, the dissipative estimate (4.29) shows that

T+1
et (7 sy + / 10 un(r)]2 dr < C, (4.39)

where the constant C' is independent of 7 and N.

Let us obtain now estimates for d.u and inequality (4.27). To this end, we differentiate
equation (4.35) by 7, denote vy (7) = O;un(7) and multiply it by vy (7). Then, we have

d ! li
—[(Ws(on).vy — Ws(vn), 1) 4+ 1/2]|oy||72] + (0 (Veun)Vevn, Voon )2+

dr
+ (fé;r(7-> uN)>'UN)L2 + (f;u(T, UN)UN, UN)LQ- (440)

Integrating this equality by 7 € [, 73] and using (4.3)(3) and (A.7), we deduce the analog
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of (4.27) for uy:

[0 (r) = [Orux(ri) B + 26 [ [.0ru(r) [ dr+

T1

42 [ UL (7). 0 (D) + (L (7)) D7), Dru ()] dr < €
1 (4.41)

with the constant C' independent of N. Moreover, using estimates (4.7) and (4.9) together
with (4.39), we deduce from (4.40) that

d

T 2(F5(on) vn = Us(o), 1) + [lowlze] + £l Vounlze < CO+ [[onlli-nz)-  (442)
Applying the Gronwall inequality to this relation and using (A.7), interpolation inequality
[ llwi-ve < C|l[|Lall-|| 52" and estimate (4.39) for estimating the integral over the L2-norm
of v, we will have

T+1
low ()22 +/ IVavn (r)Zz dr < C(1+ [lon (0)]1Z2), (4.43)

where C' is independent of N. Furthermore, vy(0) = Gun(0) can be found from the
following equation:

Pnlon(0) + Ws(un(0))] = Ouy (0) := Py[divd(V,un(0)) — f(0,un(0))], (4.44)
but, according to (4.36)
Ouy (0) = OF + M (uy(0) — i)

and, consequently, ©,,, (0) is uniformly bounded in L?(£2) and tends strongly as N — oo
to ©,(0). From equation (4.44) and the monotonicity of W), we conclude that the same
is true for the functions vy (0) = 0,u(0) as well. Thus, estimate (4.43) gives

T7+1
lon (7)]172 +/ IVovn (r)||72 dr < O, (4.45)

where the constant ('} is independent of 7 and .

Finally, the uniform estimates (4.39) and (4.45) allow to pass in a standard way to the
weak limit N — oo in equations (4.35) and to obtain a solution u(7) of the limit problem
(4.26) belonging to the class (4.17). Moreover, the monotonicity arguments (see e.g. the
proof of the next theorem) show that d,uy converges to d,u strongly in L*([0, R] x ).
This convergence, together with Lemma 4.1 (see (4.7) and (4.9)) allow to pass to the limit
N — o0 in inequality (4.41) and verify that (4.27) is satisfied for almost all 71 and 7.
Thus, Theorem 4.7 is proved. O

Our next task is to construct a solution of (4.13) by passing to the limit 6 — 0 in equations
(4.26).
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Theorem 4.9. Let the above assumptions hold. Then, problem (4.13) possesses at least
one solution u in the sense of Definition 4.3. Every such solution satisfies the dissipative
estimate (4.29) (uniformly with respect to €) and the energy equality (4.25).

Proof. Indeed, the energy equality and dissipative estimate for the solution u of problem
(4.13) can be verified exactly as in the previous theorem. So, we only need to check the
existence.

We will construct the required solution w(7) of problem (4.13) as a limit § — 0 of the
solutions us(7) of the regularized problems (4.26). Indeed, using the dissipative esti-
mate (4.29) and inequality (4.27), we see that the sequence us is uniformly bounded in
L>(Ry, W, ?(Q)) and the corresponding sequence of derivatives d; s is uniformly bounded
in L>([0, R], L*(Q)) N L*([0, R], H}(Q)), for every R > 0. Thus, without loss of generality,
we can assume that there exists a weak limit v = lim,,_ . us, where 9, — 0 as n — oo
and u,, = us, solves (4.26) with § = d,,. To be more precise,

w, —u weakly* in L([0, R],W'?(Q)) 0 W ([0, R], L*(2)) N H'([0, R), H) ().
(4.46)
Let us prove that u solves (4.13). To this end, we set

Up = 87'“717 @n = Gun = \I]gn ('Un) + Up. (447)

Since the sequence d;u,, is uniformly bounded in L>([0, R], L*(2)) and ¥} is bounded in
L>, the sequence ©,, is uniformly bounded in L*([0, R], L*(2)). Consequently, without
loss of generality, we can assume that ©, — Oy weakly* in that space. We need to prove
that

{1) O = O, := div B'(V,ug) — f-(7, up), (448

2) @0 € O\If(vo) —|— Vo,

where vy = 0,up. Let us verify the first equality. Let B(u) := —div(b(V,u)). Then,
due to assumptions (4.3), this operator is monotone as the operator from the space
W := L*([0, R], W'?(Q)) to W*. Moreover, this operator is maximal monotone in W as a
derivative of a convex functional, see e.g., [Zei90]. Let now v, := B(u,). Then, 1, is uni-
formly bounded in W* and, consequently, ¢, — 1y weakly in W* = L4([0, R], W ~14(Q)).
Taking in mind that the operator f. is subordinated to B (see Lemma 4.1 and estimate
(4.7)) and the functions u,, converge strongly in LP([0, R}, W=5?(Q)), for any 3 > 0, we
have

O + tho + f-(T, ug) = 0. (4.49)
On the other hand, multiplying equation (4.26) by wu,, we have

(B(un), un))20,81x2) = —(Ons Un) L2(0,R]x2) — (fe(T, Un), Un) 2([0,R]x0)- (4.50)

Passing to the limit in the right-hand side of (4.50) and using again that f. is subordinated,
we deduce

lim (B(uy,), u,) = —(Og, up) — (fo(7,u) = (o, uo). (4.51)

n—oo

Since B is maximal monotone, then the last equality implies that B(ug) = 1) and the first
equality of (4.48) is verified.
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The second embedding of (4.48) can be checked exactly as in the proof of Theorem 2.9.
Thus, ug solves indeed the limit problem (4.13).

Furthermore, in order to verify that u is a solution of (4.13) in the sense of Definition
4.3, it is necessary to pass to the limit in inequality (4.27) for u,. To this end, we need a
strong convergence

u, — u strongly in LP([0, R], W'?(Q) N H'([0, R], L*(Q2)). (4.52)
To this end, we rewrite energy equality (4.28) in the form
2 <\Il<5n(vn)a 1>R + <|Un|2> 1>R + (B(qun(R))a 1)
= (B(Veu0(0)),1) = 2(Ps,(vn), 1) g = 2{fe(T, tn), Un) g, (4.53)
where Ps(v) := Wi(v).v — Us(v), see Appendix A.

Using the fact that f. is relatively compact and estimate (A.7) and passing to the limit
n — 00, we get

T 2 (W5, (1) L+ {Jenf®, 1)+ (B(Va(R)). 1) =
= (B(V5u0(0)),1) = 2(f.(7,u0),v0) . (4.54)

which together with the energy equality for the limit equation (4.13) gives

i [2 00, 1)+ (e )y + (B(Tua(R). 1) =
= (W(v0), 1) + (Jvol*, 1) , + (B(Vauo(R)), 1) (4.55)
Since the functions ¥ and B are convex, equality (4.55) implies

1) 731_{20<|'U7L|2a1>R:<|’U0|2a1>Ra 2) JLIEO(B(VSCUH(R)%l):(B(VxUO(R))al) (456)

Since the spaces L? and WP are uniformly convex, B is strictly convex and R > 0 is
arbitrary, then (4.56) implies (4.52).

It is now not difficult to pass to the limit in (4.27). Indeed, the strong convergence (4.52)
together with weak convergence (4.46) imply that u,, — u strongly in L*([0, R], W'P(Q)),
Oy, — Oyustrongly in L2([0, R], W'=(Q)), for every s < oo and v > 0 and ||0,u,(7)]|z2 —
|0-u(T)| L2 for almost all 7 € R,. These convergence, together with Lemma 4.1 justify
the passing to the limit 6 — 0 in (4.27) and show that the solution u satisfies (4.18).
Thus, Theorem 4.9 is proved. O

Analogously to the semilinear case, inequality (4.18) and energy equality allow to deduce
the crucial estimate of d,u in the space L*([0, R], H'(2)). Next corollary is the analog of
the dissipation integral (2.53) for solutions of problem (4.13).

Corollary 4.10. Let the assumptions of Theorem 4.9 hold and let u be a solution of
problem (4.13). Then, for every 7,7 € Ry, 179 > 71, one has

/T2 10ru(T) |z + 10ru(T) 12 A7 < QUu(0)llwrne))[1 + (2 — )], (4.57)

T1

where the monotone function Q) is independent of €, 71 and T.
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Proof. In order to obtain estimate (4.57), it is sufficient to integrate the energy equality
(4.25) and use the uniform bounds for the W'P-norm of the solution obtained above.
Indeed, integrating (4.25) by 7 € [m, 7] and using (4.29) and (4.8) and the obvious
equality f.(7,u).0,u = 0, F(eT,u) — eF{(eT,u), we get

/Tz(‘l’(&U(T)), Dz +1/2]0ru(7) |72 d7 < Q(lluollwrse)+

+ /T2 e(F/(er,u(r)), 1)z dr. (4.58)

Using estimates (4.8) and (4.29) in order to estimate the integral with F} and inequality
(2.3)(1) and for estimating the term with W, we obtain the required estimate (4.57) and
finish the proof of Corollary 4.10. O

Next proposition is the analog of Proposition 2.11.

Proposition 4.11. Let the assumptions of section 4.1 hold and let w = u(T) be a solution
of problem (4.13) in the sense of Definition 4.3. Then, the following estimate holds:

/T2 |0-u(T) || g dT < C(1 4 (e — 7)), (4.59)

T1

where the constant C' depends on the appropriate norms of u(0) and ©,(0), but is inde-
pendent of € >0, 71 > 0 and 75 > 7.

Proof. Indeed, since f! (7,u) = ef{(eT,u), then using (4.7), (4.9) and the dissipative
estimate (4.29), one can transform inequality (4.18) as follows:

10-u(r2) |72 = 11 07u(ry) I+

T2 T2

+ Ii/ |V 0-u(r)||7.dr < C <€2 +/ |0-u(r)||72 dr) , (4.60)
T1 T1

where the constant C' depends only on the W'?-norm of u(0). The rest of the proof

repeats word by word the proof of Proposition 2.11 and, by this reason, is omitted. [

Corollary 4.12. Let the above assumptions hold and let u = u(7) be a solution of problem
(4.13). Then, the following estimate holds:

10-u(7)[| L2 + [|©u(7)[| 22 < QUIOW(0)]I22 + [[u(0)lwrr(e)) €™ +C, (4.61)
where the positive constants C'r and o and the monotone function Q) are independent of

T, u and €.

Proof. Indeed, in order to obtain the required estimate for 0,u(r) it is sufficient to use
estimate (4.60) with 7, = 0, 75 = 7, apply estimate (B.2) with ¢(s) := e**~7) to it and use
the dissipation integral (4.57) for estimating the integral in the right-hand side. Analogous
estimate for ©,(7) follows from the obvious relation ©,(7) € d,;u(7) + ¥ (0, u(7)) and the
fact that || W (v)||z~ < C which, in turns, implies that

[0-u(7)][2 < |Ou(7)]|L2 < [|0ru(T) |2 + C. (4.62)
Thus, Corollary 4.12 is proved. O
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We are now able to return back to the variable ¢t = e7 and the associated equation (4.1)
and summarize the obtained results in the following theorem.

Theorem 4.13. Let the assumptions of section 4.1 hold. Then, for all e > 0, there exists
at least one solution u of problem (4.1) (such that u(T) := u(eT) is a solution of the scaled
problem (4.13) in the sense of Definition 4.3). Every such solution satisfies the following
dissipative estimate:

[u(®)[wrr@) + el Orult)|| 2 + [|©u(0)][ 22 <
< QUu(0) lwrr@) + 10u(0)[12) == +Cy,  (4.63)

where the positive constants a and Cyand monotone function @) are independent of € and
t. Moreover, the time derivative of that solution satisfies:

T+1
[ 1oular<c (464

T
where C' depends on [|u(0)||lw1r) and ||©,(0)||L2, but is independent of ¢ and T € R

Indeed, estimate (4.63) is an immediate corollary of estimates (4.29) and (4.61) and
estimates (4.64) follow from Proposition 4.11 taking into the account that the L'(H?)-
norm of dyu is scaling invariant.

4.3 The vanishing-viscosity limit

The aim of this section is to clarify the behavior of solutions of (4.1) as ¢ — 0. In order
to do so, exactly as in the semilinear case, we introduce the scaled time variable

s(t):=t +/0 |Oucs(r)|| 2 dr, (4.65)

where u.(t) solves (4.1) and rewrite equation (4.1) with respect to new dependent variable
U:(s) := u(ts(s)) (here and below t.(s) denotes the inverse function to s(t)). Moreover,
for simplifying the notations, we will write again u(s) instead of @(s). With respect to
the new variables u.(s) and t.(s) (4.1) reads

div(b(V,us(s))) — f(t-(s),us(s)) € OV (0suc(s)) + 5%,
te(s) + [|0suc(s)ll2 = 1, t-(0) =0, (4.66)
u:(0) = up.
In particular, this shows that
|0su(s)||z2 < 1 for almost all s > 0. (4.67)

Moreover, using the convex functional C. : L?*(€2) — R, given by (2.70), system (4.66)
can be rewritten in the equivalent form:

OW(D,u.(5)) + OC- (Do (s)) > div(b(V,u(s))) — (t(s), ua(s)),
() + 9ue ()12 = 1, 1.(0) =0, (4.68)

u:(0) = ug.
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Furthermore, since 0C. converges to the limit operator dCy defined by (2.73), we expect
that the solutions (u.,t.) converge, in the proper sense, to the solution (u,t) of the limit
problem

OV (dsu(s)) + 9Co(dsu(s)) 3 div(b(Vau(s))) — f(t(s), u(s)),
t'(s) + |0su(s)|r2 =1, (0) =0, (4.69)
u(0) = up.

The rest of the section is devoted to the rigorous justification of the passage from (4.68)

to (4.69). To this end, analogously to Lemma 2.15, we first need to control new time
s = s.(t).

Lemma 4.14. Let the assumptions of Section 4.1 hold and let v = u.(t) is a solution
of problem (4.1) in the sense of Theorem J.13. Then, the scaled time s possesses the
following estimate:

s>t.(s)>pPs—C, t.(0)=0, ti(s)>0 (4.70)

for some positive constants 3 and C.

Indeed, estimate (4.70) follows immediately from the definition (4.65) of the scaled time
s and the uniform estimate (4.64) for the integral of du(t).

The next lemma interprets the uniform estimates obtained in the previous section in terms
of the solutions (uc(s),t-(s)) of problem (4.68).

Lemma 4.15. Let the above conditions hold. Then, the solutions (u.,t.) of problems
(4.68) satisfy the following estimates:

[ue(s) lwrr@) + [[Ou.(8)ll22 < € = C(lluollwrr), [©u(0)]|z2),

S+1
| 10w lmas <. (w1)
S
§s>t(s) > Ps—C, 1>1ts) >0,

where the positive constants C' and [ are independent of ¢ — 0, s > 0 and S > 0.

Indeed, first estimate of (4.71) is an immediate corollary of (4.63) and the scaling invari-
ance of the L>-norm. Analogously, the second estimate of (4.71) follows from (4.64) and
the scaling invariance of the L'-norm of the time derivative. Finally, the third one is just
repeats estimate (4.70).

We are now ready to pass to the limit £ — 0 and formulate the main result of this section
which is the analog of Theorem 2.17 for the quasi-linear case.

Theorem 4.16. Let the assumptions of Section 4.1 hold and let (u.(s),t:(s)), € — 0
be solutions of problem (4.68) constructed above. Then, there exists a sequence €, — 0
such that the associated solutions (u,(s),t,(s)) = (ue,(s),tc,(s)) tend to the limit pair
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(u(s),t(s)), ||0su(s)||r2 < 1, in the following sense:

u, — u weakly* in  L°([0,S], W'P(Q)) n W>=([0, S], L*()), (4.72a)
u, —u  strongly in LF([0,S], H'(2)), (4.72D)
O., — O, weakly* in L>=(]0, 5], L*(2)), (4.72¢)
Oty — Ogu weakly in LY%(0, ], W*3(Q)), 0<k <1, (4.72d)
t, —t weakly* in  Wh>([0, 9]), (4.72¢)
Sl Sl
/ (U (Dstun(s)),1)2ds — (W (0su(s)),1)2ds, S; > Sy >0, (4.72f)
Sz S2
Sz S2
e)/ (0C:, (Osun(8), Ostun(s)) 2 ds — (po(s), Osu(s))r2ds, (4.72g)
S1 Sl
for a function o € L>([0, S], L*(Q)) with ¢o(s) € Co(Osu(s)) for almost all s.
The limit functions (t(s),u(s)) satisfy the following weakened version of (4.69):
OV (0su(s)) + 0Co(0su(s)) 3 div(b(Vu(s))) — f(t(s), u(s)),
t'(s) + [[0su(s)ll 2 = R(s), t(0) =0, (4.73)
u(0) = uo,
where the function R € L>*(Q2), 0 < R(s) < 1 satisfies the following property:
S1
/ R(S) ds Z CHHH{Sl — 52, (Sl — SQ)K}, Sl Z Sg Z 0, (474)
Sa

where the positive constants C and K are independent of S1 and Ss. Finally, the scaled
time t(s) satisfies
s>t(s)>0s—C, 1>1t(s)>0. (4.75)

Proof. Indeed, the weak convergences (4.72a), (4.72c), and (4.72e) are immediate corol-
laries of the boundedness of u., t. and ©,_ in the corresponding functional spaces, see
estimates (4.71). In order to obtain (4.72d), it is sufficient to note that, due to (4.71), the
sequence Osu. is uniformly bounded in L°°([0, S], L*(Q)) N L'([0, S], H'(2)) and to use
the standard interpolation embedding

LY%([0, 8], We2(2)) < L=([0, 8], L*(€2)) N L ([0, 8], H'(%2)).
Moreover, estimates (4.75) follow from the fact that
t, —t strongly in C<([0,5]), 0 <a<1. (4.76)
In order to verify the remaining properties, we first prove that
0., — O, strongly in L?([0,S], W "**(Q)), k>0 (4.77)

and that
Ou(s) = div(b(Vu(s)) — f(t(s),u(s)). (4.78)
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Indeed, since the uniform boundedness of ©,, in L*=([0,S5], L?(2)) is already known,
for proving (4.77), it is sufficient to obtain some information about the smoothness of
s — ©,,(s). Moreover, since the operator f(¢,u) is subordinated to div(b(V,u)) and
(4.76) holds, it is sufficient to consider only the most complicated term div(b(V u,(s)).
In particular, (4.77) will be proved if we prove that

b(Vu,) € WY®=D1([0 5], LY(Q)) (4.79)

and uniformly bounded in that space. To this end, we note that, assumptions (4.3) imply
that
[b(w1) = blwz)| < C([Jwr]| + [Jwa)"~ = wy — wo|* (4.80)

for all 0 < o < 1. Fixing @ = 1/(p — 1) and using the Holder inequality, we infer

Ib(wr) — bws)l|zrgo.xa) < Cllwillzogonxay + ol zroxay)? ™ lwr — wall &0 o

for every wy,wy € LP([0,1] x ). Using now this formula with wy = V,u,(s - +s1),
wy 1= Vyu, (- + s2) and using (4.71), we get

16(V st (-+51)) = b(Vatin (- 4+52)) || 1 0210 < C|Vatir (-+51) — Vigua (- +52>H;/1<g’0;m) <
so+1 1/(p—1)
< Csy — 5o/ P~V (/ |0t (5)]] 111 ds) .
S1

Thus, the uniform boundedness of b(V ,u,,) in the space (4.79) is verified and, consequently,
convergence (4.77) is also verified. Moreover, this strong convergence together with the
fact that f(t,u) is subordinated to the leading monotone part div(b(V,u)) allows us to
pass to the limit n — oo in the elliptic problem

O, () = divh(Vau,(s)) — f(ta(s), un(s)) (4.81)

and establish the limit equality (4.78) (using the standard monotone-operator arguments).
Moreover, since ©,,, — O, strongly in LP([0,S], H*(Q)), estimate (4.3)(3) implies in a
standard way that w, — u strongly in LP([0,S], H'(2)). Thus, convergence (4.72b) is
also verified. Moreover, using (4.72d) we see that, for every S > 0

lim (©,,, Osun) g = (Ou, Osut) g , (4.82)

n—oo

where (-.-) 5 denotes the scalar product in L*([0, 5] x ).

We are now ready to prove (4.72f) and pass to the limit n — oo in equations (4.68). To
this end,we fix 0, € L°(R, x Q) and ¢,, € L>(R,, L*(Q2)) such that

On + ©n =0, 0,(s) € 0V (0sun(s)), ¢n(s) € IC:, (Osun(s)). (4.83)

Such decomposition exists since u,(s) satisfies the first equation of (4.68). Moreover,
since ||0,|| L~ < C then the above sequences are uniformly bounded in these spaces. So,
without loss of generality, we may assume that

0, — 0y weakly® in L>([0,5] x Q), ¢, — ¢ weakly* in L>([0,5], L*(2)) (4.84)
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for every S € R, and
90 + Yo = @u (485)

Thus, in order to verify that (u,t) solves the first equation of (4.73), we only need to
prove that
‘90 < 8\:[’(8311), Yo € 8C0(8su) (486)

To this end, we first recall that the monotonicity of operators 0¥ (v) and dC., (v) together
with the strong convergence (in V' = L?([0, S] xQ)) of the operator C.,, to dCy established
in Lemma A.4, give

hrrlriiogf <9na asun>s > <90> 8Su>s ) hr{r_l)g)lf <90n> asun>s > <900a as“)S (4'87)
for every S > 0. Indeed, let us verify the more complicated second inequality (leaving the
analogous, but simpler first one to the reader). Let (Osu,wp) be an arbitrary point of the
graph of 9Cy (which exists since ||Oyu(s)||zz < 1). Then, Lemma A.4 with V' = L?([0, 5] x
L*(9)) gives the existence of a sequence (v,,w,) converging strongly in L*([0, S] x 2)? to
the pair (Jsu, wp) and such that

wy, € 0C, (vy,). (4.88)

Then, due to the monotonicity of dC.,, we have

<80m asun>5 = <§0n — W, Ogtly, — Un>5 +
+ <'lUn, asun - Un>5 + <§0na Un)s 2 <wn> asun - Un)s + <()0n7 'Un>S . (489)

Passing to the limit n — oo in this inequality, we obtain the second inequality of (4.87).
Thus, inequalities (4.87) are verified.

On the other hand, due to the convergence (4.82), we have

1111_{20 ((@n, Osun) s + (P, Ostn)g) = (@0, Ostt) g + (o, Ostt) 5 - (4.90)
Inequalities (4.87) together with the equality (4.90) imply that we have exact equalities
in (4.87), i.e.

lim (0, Osun)g = (6o, Osu) g, lim (pn, Ostin) g = (@0, Osu) g . (4.91)
Since the operators OV (v) and 0Cy(v) are maximal monotone, the estimates (4.87) imply
in a standard way the inclusions (4.86) and, consequently, the limit functions (u(s),t(s))
satisfy the first equation of (4.73).

Furthermore, using the identity (0¥ (v),v) = W(v), we transform the first equality of

(4.91) to
s

s
lim (W(Osuupn(8)),1)r2ds = /0 (W(0su(s)),1)r2ds (4.92)

n—oo 0

which holds for every S > 0. Subtracting equations (4.92) for S = S and S = S5, we
obtain convergence (4.72f). The convergence (4.72¢) follows analogously from the second
equality of (4.91). Thus, all of the convergences (4.72) are verified.
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Let us now consider the second equation of (4.68) and let
R(s) :=1t'(s) + ||0su(s)]| 2. (4.93)

Then, the second equation of (4.73) are satisfied by definition and, passing to the limit
in the second equation of (4.68) and using that d,u, converges weakly in L* to the limit

function J,u, we see that
0<R(s) <1 (4.94)

(unfortunately, we do not have the strong convergence of dyu,, to dyu in L*([0, S] x Q) in
order to conclude that R(s) = 1).

Finally, in order to finish the proof of the theorem, we only need to verify inequality
(4.74). But it is factually done in the proof of Theorem 2.17. Thus, Theorem 4.16 is
proved. O

We conclude this section by proving that we can fix K = 1 in (4.74) and, consequently,
the scaling factor R(s) is separated from zero (exactly as in the semi-linear case).

Theorem 4.17. Let the assumptions of Theorem 4.16 hold. Then, the scaling factor R(s)
from the second equation (4.73) satisfies

1>R(s)>B>0
almost everywhere.

Proof. Analyzing the proof of Theorem 2.20, we conclude that we can repeat it word by
word for the quasi-linear case as well if the higher energy inequality (2.90) is a priori
known. Thus, we only need to verify this inequality. However, in contrast to the semi-
linear case, we do not have the uniqueness and, by this reason, the proof indicated in
Lemma 2.21 fails here. Indeed, although we are still able to construct directly a strong
solution (u(s),t(s)) of (4.68) satisfying (2.90) by the above approximation scheme, it is not
obvious that the corresponding solution wu(7) of (4.13) will satisfy the energy inequality
(4.18) involved in our definition of a strong solution. Therefore, in order to overcome this
difficulty, we need to deduce (2.90) directly from (4.18).

We first recall that the higher energy inequality (4.18) can be formulated in the initial
time scale ¢ as follows:

to
elldau(ta)|7: — elldrulti)||7= + 2@/ IV 0ru(t)||72 dt+

t1

+ 2/ 2[(j'"t’(t, u(t)), Ou(t)) e + (fo(t, u(t))Ou(t), du(t)) 2] dt <0 (4.95)

t1

for almost all t1,t, > 0, to > ;.

It is not difficult to see that, in order to deduce (2.90) from (4.95), it is sufficient to be
able to apply (B.2) with

1
o) = T o

(4.96)
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to inequality (4.95) (see formulae (2.66) and (2.69)). However, we are not able to apply
Lemma B.1 here, since the function ¢ is only L>, but does not belong to C*. In order to
overcome this obstacle, we use Lemma B.2 and the convexity arguments instead. Indeed,

|0u(t)||22 = F(o(t), where F(z):= (1 — 1)

z

and the function F'is decreasing on the interval (0, 1] (since ¢(t) € (0,1] for all £, we
need the monotonicity on that interval only). Thus, Lemma B.2 is applicable to (4.95)
and the obtained estimate (B.3) is equivalent to the desired inequality (2.90).

This finishes the proof of the theorem. O

Finally, exactly as in the semilinear case, we can rescale the independent variable to obtain
a strict arclength parametrization, see Remark 2.18. Therefore, the proved Theorem 4.16
provide a pair (¢, @) with

te Wh=(Ry), @e W ™(Ry, L*(2)) N L=(Ry, Wy P (Q)) (4.97)
satisfying the analog of (4.69), namely

OV (05u(5)) 4+ 0Cy(05u(5)) > div(b(V,u(5))) — f(E(35), u(5)),
t'(3) + ||0su(3)|| 2 = 1, t(0) =0, (4.98)

5 An application in magnetostriction

We consider a bounded Lipschitz domain Q C R? for d € {2,3} together with a Dirich-
let part I'p;, C 02 having positive surface measure. For a fixed time the state of the
body is described by the displacement y : Q@ — R? with y € YV = H%D(Q) ={y €
HY(Q), y|rp, = 0} and the magnetization m : Q — R satisfying m € H'(2). Often it is
assumed |m(z)| = Mg, but in our model this will be only satisfied approximately through
a penalty term in the energy functional.

To put the system into the abstract form (3.1) it suffices to explain the form of the Hilbert
spaces H, the dissipation potential ¥ : H — [0, 00), main operator B, and the potential
®(t,-). The magnetization m plays the role of our former variable u. Hence, we let

H=H"(Q)* and U(m)= /Q p(z)|m(z)| dz,

where p € L>®(Q) satisfies p(x) > pp > 0 a.e. in .
We first define an energy functional in terms of the displacement y and m, namely

E(t.yom) = [ GV + W, e0),m) do = 0),1) = (Hoss (80,

where (e, € C([0,7],Y™) is the mechanical loading via volume and surface forces,
whereas H € C'([0,T], H*) denotes the external magnetic field.
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The stored energy density W may depend on the material point x € €2, but for notational
simplicity we suppress this dependence. More importantly, W depends on the linearized

strain tensor e(y) = $(Vy + (Vy)") € R%:¢ and the magnetization vector m in the form

W (e, m) = & (e E(m)):C:(e—E(m)) + Wanio(m) + 7= (Il ~ 12,

where E € C(R% ngxnﬁl) is the magnetization strain, which we assume to be linear in the

form E(m) = 2?21 m; E; for m = (my,...,my), and C is the elastic forth-order tensor,
which is assumed to satisfy e:C:e = Z%hl:l e;;Cijriert > cole|®>. The term Wniso €
C?(RY) satisfies Winiso(m) > 0, [W2. (m)| < C, and contains the anisotropy information,
e.g. about easy axes, while the last term penalized m to have a modulus close to the

saturation value.

In the quasistatic setting we may assume that the displacement is always in equilib-
rium, i.e. & (t,y(t), m(t)) = 0 for all [0,T]. From the quadratic nature of W in terms of
e(y)—E(m) we see that y can be found by a linear elliptic PDE giving y(t) = L(m(t), £(t)),
where L : L?(2) x H* — H is a bounded linear operator. To prove this result one uses the
Lax-Milgram lemma and the Korn inequality [, e(3):C:e(g) dz > ¢1||g||7,: for all y € Y.

Thus, we are able to define
£(t,m) = E(t, Lim, ¢(8)),m) = min{ E(t,g,m) , GV }.

Defining B : H — H* via Bm = —aAm + am we see that the potential ®(t,m) =
E(t,m) — 1(Bm,m) takes the form

B(t,m) = | W(elLm, €0),m)) = Gl do = (80, Lom, 60) = (Hoa(8), ).

It is not difficult to check that ® satisfies all the assumptions of Section 3. Thus, the
abstract theory developed there applies in the present case.

A Approximation of convex functions and their sub-
differentials

The aim of this appendix is to study the approximations of several convex functionals
and the associated subdifferentials which associated with problem (2.1). We start by
constructing the approximations of a convex order one homogeneous functional on a finite-
dimensional space by smooth functionals.

To be precise, let a function ¥ : R™ — R, satisfy assumptions (2.3) Then, obviously,
the function W(v) should be Lipschitz continuous with respect to v. Indeed, according to
(2.3),

(Vv +w) =) < ¥(w) < Keflw]. (A1)

Let us fix now a non-negative cut-off function ¢ € C{°(R™) such that (i) suppe C
By :={veR™ |v| <1}, (ii) [om¢(v)dv = 1. and introduce the standard smoothing
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kernel ¢5(v) := 57¢(%), § > 0. Then, the smooth approximations ¥s(v) can be defined
as follows:

@mo:/ o5(5) T (v — 5 ds. (A.2)
The next lemma indicates the obvious properties of functions Ws.

Lemma A.1. Let the above assumptions hold. Then, for every 6 > 0 the functions Ws(v)
are smooth, conver and satisfy the first inequality of (2.3) with the same constants k;.
Moreover, the second assumption of (2.3) now reads

Us(av) = |a|¥sjq(v), aeR, veR™ (A.3)
Furthermore, Vs converges to W as 0 — 0 and

1Us(0) — U(0)] < k20, vER™ (A.4)

Indeed, all of the assertions of the lemma are standard corollaries of (2.3) and (A.1)-
(A.2). We recall that smooth homogeneous order p functions satisfy the Euler identity
f'(v).v = pf(v). The next lemma gives the analog of this identity for the functions Ws.

Lemma A.2. Let the above assumptions hold. Then

Wi (v).v — Ws(v) = bs(v), (A.5)
where s . ;
bs(v) = - Us(s)W(v—s)ds, ts(s) = 5—,”4?(5) ~ S <P/(5)-S- (A.6)
In particular,
|bs(v)| < C, (A.7)

where the constant C' is independent of 0 and v.

Proof. Differentiating identity (A.3) with respect to o near o = 1, we get

Wy(0)0 — Ws(o) = iy ()

a=1

which, after simple calculations, gives (A.5) and (A.6). Thus, we only need to verify
estimate (A.7). To this end, we note that

Ps(s)ds = / [mp(s) + ¢'(s).s] ds = 0. (A.8)
Rm m
Indeed, since div(gp(s)s) = me(s) + ¢'(s).s, the Gauss integration by parts formula gives

(A.8). Using that, we can rewrite bs(v) as bs(v) = [g. ¥s(s)[¥(v—s) — ¥(v)]ds and,
consequently, due to (A.1),

1b5(0)] < s / a(s)] - |s] ds = rod / 5| - [mep(s) — ¢/ (s).s] ds = C.
Rm™ R™
Lemma A.2 is proved. O
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Our next task is to study the convergence of subdifferentials of functionals Ws(v). To be
more precise, we consider the following equation in R™:

Ui(v) +ev=f, feR" &>0. (A.9)

Lemma A.3. Let the above assumptions hold. Then, for every f € R™ and every 6 > 0,
problem (A.9) has a unique solution vs, these solutions converge as 6 — 0 to the unique
solution vy of the limit problem

feov(v)+ev (A.10)
and the following estimate holds:

lvs — vol| < C (6/2)"2, (A.11)

where the constant C' is independent of 9, € and f.

Proof. Let
As(v) = Ws(v) + £/2|]v||*. (A.12)

Since Us(v) + £/2||v||? is strictly convex, then the minimum in of As(v) over v € R™
exists and v; = Argmin, g {¥s(v) + £/2||v||*} gives a unique solution of (A.9) and the
analogous description holds for the solution vy of the limit problem (A.10). Moreover, due
to estimate (A.4), we have |As(vs) — Ag(vg)| = | min As —min Ag| < C¢§ and, consequently,
| Ag(vs) — Ao(vg)| < 2C68. Moreover, the strong convexity of Ay gives Ag(vs) > Ao(vo) +
e/4||vs — vo||*. Together this implies (A.11) and the proof of the lemma is finished. [

We conclude by studying the functionals on the infinite-dimensional phase spaces which
arise in our study the rate independent limit ¢ — 0. Namely, let

V =V,,.:= LP([0,T], W&*(Q), V*=LY[0,T], W "*Q)) (A.13)

for some 2 <p < o0, 1/p+1/g=1and 0 < k <1 and let the functionals C. and Cy on
V' be defined as follows:

Ce(v) ::/0 C.(v(s))ds, Co(v) ::/0 Co(v(s))ds, (A.14)

where the functions C. and Cy are defined by (2.70) and (2.73) respectively.

The next lemma shows that the subdifferentials dC. converge strongly as ¢ — 0 to the
subdifferential dCy of the limit functional Cy (with respect to the pairing (V,V*)). This
corresponds to Mosco convergence, see [Att84].

Lemma A.4. Let the above assumptions hold, let (vg,wy) € V x V*, vy € Dom(Cy),
wo € JCo(vg) be arbitrary and let €, — 0 be an arbitrary sequence of positive numbers.
Then, there exist two sequences v, € V and w, € V* such that

v, € Dom(C.,), w, € 0C.(v,) (A.15)

such that
(U, wy) — (vg,wg)  strongly in V' x V*. (A.16)
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Proof. Indeed, it follows in a standard way from the definition of a subdifferential that
Dom(Cy) = {vg € V, ||vgl|z2 < 1} and the set dCy(vg) has the following structure:

o(un) = {a(s)uu(s), [ 1ol oy -nagoy s < o
a(s) > 0, (a(s) = 0 if [Jvg(s)|| 2 < 1)}. (A.17)

Thus, we(s) = a(s)vy(s) for some non-negative function « satisfying the conditions for-
mulated in (A.17). We now set

)+ vEn . (A.18)

Ven () = a(s)+e, + \/avo

Then, obviously,||v., — vollv < y/Enllvo|lv and, consequently, v., — vy strongly in V.
Let us now check that v, € Dom(C.,). To this end, we first note that the function «
must belong to L([0,7]). Indeed, for every s such that ||vg(s)||z2 = 1, the interpolation
inequality gives

fon(s) -2y > Cllen(s) Ik

and, consequently,

T 1/p
/ a(s)ds < ||awvg||y~ (/ 1/HUO(S)H%/,N,2(Q) ds) < Cllavjy«|Jvg|ly < co. (A.19)
0 a(s)#0
Moreover,
1 _ a(s) +e, +/En §1+a(s)+\/a (A.20)
L—loe, ()l en+ (als) + vEn) (1 = [lvo(s)llz2) €n

and, therefore,

T T
C.,(v-,) SC’—l—/ 6nln(1+M)ds§Cl+/ a(s)ds < oo.
0

En 0

It only remains to note that, according to (A.20),

wo(S) + \/a’U()(S)

aC., (ve,)(s) =€, = Wy (A.21)
en + (a(s) + v/En) (1 = [vo(s)]|z2)
Thus,
wo(s) + v/Envo(s), vols)llze =1,
wn(S) = { (EH)S/ZUO(S) 1 (A22)
entyvEn(1=[lvo(s)ll12)’ lvo(s)llz2 <
which, in turns, implies
[wn(s) = wo(s)[lw-rz20) < Cv/enllvo(s)w-r2)- (A.23)

Since p > 2 then w,, € V* and the last estimate implies that w,, — wg in V*. Lemma A .4
is proved. O
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B A product rule for an integral inequality

We consider solutions av € L>°([0,T7) of the integral equality
t
a(t) —a(s) < / g(t)dr forall t,s € [0,T]\ N with s < t, (B.1)

where g € L*([0,T]) is given and N C [0, T] has Lebesgue measure 0. For differentiable «
this inequality is equivalent to o < g a.e. on [0,7]. The desired product-rule inequality
then means that for all nonnegative ¢ € C'([0,7T]) we have

()" = ¢/ + ¢'a < g + ¢av.

The following result states that the corresponding integrated version holds without as-
suming that « is differentiable. The idea of the proof is to show that o has bounded
variation and thus a distributional derivative Da in the set of measures. Then, (B.1)
implies that g dt — D« is a nonnegative measure.

Lemma B.1. Let g € L'([0,T]) and ¢ € C*([0,T]) with ¢(t) > 0 be given. If a € L>=()
solves (B.1), then,

o(t)a(t) — ¢(s)a(s) < / [6(T)g(7) + ¢'(T)a(r)ldT  forallt s € [0, T]\N.  (B.2)

Proof We first show that « lies in BV([0,77]). For this define 5 : [0,7] — R via §(t) =
fo r)dr — a(r). By (B.1) we conclude that [ is nondecreasing on [0,7] \ N. Thus, we
may modlfy a on the null set N in such a way that 3 : [0,7] — R is nondecreasing and
hence of bounded variation.

Since we have ot fo r)dr — ((r) we conclude that « is of bounded variation as well.
The distributlonal derlvatlve poi= Dﬁ of 3 is a positive measure, i.e., u € CJ([0,T])*
defined via fOTw(t) fo t)dt for all v € C=([0,T7]). Clearly, we have

Da = gdt — p. The cham rule D(gba) ngDa + ¢'adt is derived as follows:

/ $(6)D(ba)(dr) / Wt -
T T
— ‘adt ‘adt = Da(dt ‘adt.
/0 (bo)a +/0 wéadi= [ vaDat)+ [ voa
Now using the nonnegativity of ¢ and u we obtain
D(¢a) = ¢(gdt — p) + ¢'adt < (¢g + ¢'a) dt

Thus, we conclude that ¢t — fot (¢g + ¢'@) dr — ¢(t)a(t) is a nondecreasing function, and
(B.2) is established. O

To conclude, we formulate one more useful analog of formula (B.2) for the case where the
function ¢ is only L™, but that « is related to ¢ via o = F o ¢. For ¢ € C*, the result is
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an immediate corollary of (B.2). The non-trivial part of the lemma is that this inequality
remains true for the non-smooth ¢ as well.

The result was used in the proof of Theorem 4.17 only. There F' has the form F(z) =
(1/z —1)% for z € (0,1).

Lemma B.2. Let ¢ € L>([0,T]), g € L*([0,T]) and F € C*(R?) be three functions such
that ¢ is nonnegative, F' is monotone (decreasing or increasing) and the functions o =
Fo¢ and g satisfy inequality (B.1) for almost allt,s € [0, T]. Then, for all s,t € [0, T]\ N
with s <t we have

[6(t)a(t) — D((1))] — [D(s)als) — P(e(s))] < / ¢(1)g(7)dr, (B.3)
where ®(z) := [ F(y) dy.
Proof. Let Il = {s =ty <t <--- <ty <t =t} be an arbitrary partition of [s,?] such

that t; € [0,7]\ N and let F' be increasing. Then ® is convex and , analogously to (4.22),
we infer that,

F(o(tj-1)[o(t;) — ¢(tj-1)] < [2(o(t;)) — P(d(Ej-1))]-

[p(H)a(t) = D(o(1))] = [P(s)als) — B(o(s))] =

= Z (1)) — [6(t,-1)alty1) — B(d(t,1)] <
< Z B(t;)alt1) — alti1)(6(t;) — o(t; 1)) =
Z ) —al(tj—q) <Z¢ / dr—/gbmght

where gbm-ght is the right-continuous piecewise interpolant of ¢ with respect to the partition
I1. Using a suitable sequence of partitions (cf. [DFT05]), the right-hand side approaches
the limit fst ¢gdr and the result is established the case of increasing F'.

Assume now that F' is decreasing. Then, ® is concave and, analogously to (4.23)

F(o(t)o(t;) — o(tj-1)] < [2(0(t5)) — P(¢(E;-1))];

=3 olt)att) ~alt) < Yot) [ atr)ar= [ oltgtr) an,



where qblréft is the left-continuous piecewise interpolant of ¢ with respect to the partition
I1. Using a suitable sequence of partitions (cf. [DFT05]), the right-hand side approaches
the limit f; ¢gdr and the result is established for the case of decreasing F' as well. O
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