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ABSTRACT. We consider two most studied standard models in the theory of
elasto-plasticity with hardening in arbitrary dimension d > 2, namely, the
kinematic hardening and the isotropic hardening problem. While the existence
and uniqueness of the solution is very well known, the optimal regularity up
to the boundary remains an open problem. Here, we show that in the interior
we have Sobolev regularity for the stress and hardening while for their time
derivatives we have the “half” derivative with the spatial and time variable.
This was well known for the limiting problem but we show that these estimates
are uniform and independent of the order of approximation. The main novelty
consist of estimates near the boundary. We show that for the stress and
the hardening parameter, we control tangential derivative in the Lebesgue
space L?, and for time derivative of the stress and the hardening we control
the “half” time derivative and also spatial tangential derivative. Last, for the
normal derivative, we show that the stress and the hardening have the 3/5
derivative with respect to the normal and for the time derivative of the stress
and the hardening we show they have the 1/5 derivative with respect to the
normal direction, provided we consider the kinematic hardening or near the
Dirichlet boundary. These estimates are independent of dimension. In case, we
consider the isotropic hardening near the Neumann boundary we shall obtain
W2 regularity for the stress and the hardening with some o > 1/2 depending
on the dimension and W#:2 with some 8 > 1/6 for the time derivative of the
stress and the hardening. Finally, in case of kinematic hardening the same
regularity estimate holds true also for the velocity gradient.

1. INTRODUCTION

In this paper we deal with the regularity estimates for solutions to some models
of linearized elasto—plasticity with hardening. We have mainly two cases in mind,
the isotropic hardening and the kinematic harding. Our main goal is to provide
the uniform estimates on the Cauchy stress and the hardening parameter and their
time derivatives in fractional Sobolev spaces up to the boundary and consequently
by using an interpolation technique also to improve the available regularity results
for the small strain tensor.
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1.1. Physical background. To describe the problem in more details, we shall
assume that a body occupies a Lipschitz set @ C R? and we a priori assume
that considered deformations are small. Therefore, the initial, the current and
the preferred (natural) configurations coincide and we can approximate the strain
tensor by the linearized strain tensor £(u), which is defined as

(L.1) e(u) = %(Vu +(Vu)?),

where u : (0,7) x O — R? is the displacement and the interval (0, T) represents the
loading parameter, which we call “time” in what follows. We also assume that the
density is constant and that the inertial effects can be neglected. Then the balance
of linear momentum for the quasi-static deformation takes the form

(1.2) —dive=f in[0,7]x O,
where o : (0,7) x O — R%*? is the Cauchy stress and f : (0,7) x O — R? denotes

sym
the density of given exterfylal body forces. To complete the problem (1.1)—(1.2) it
remains to prescribe the boundary and initial conditions, which we shall do later,
and also to characterize the relationship between ¢ and e(u). Since we deal with
elasto-platic effects, we assume that the linearized strain £(u) can be decomposed

into the elastic part e and the plastic part ep, i.e.,
(1.3) e(u) = eq + €p

and that the elastic response of the material is given by the Helmholtz potential
* : R4%d 5 R which is supposed to be a strictly convex function vanishing at

sym
zero and exploding at infinity and the elastic strain is related to the stress through
9y (ea) (o)
14 =—" & eq= ,
(1.4) g deg Cel oo

where 1) is the conjugate function to ¥* defined as
P(o) :=sup (0 -eq —P*(eq)) -
€el

Furthermore, we require in the paper that there exists a constant fourth order
tensor A € R2Xd x RIxd gych that for all ¢ € RLX4

sym sym sym
%4 (o)
1.5 A= .
(1.5) Jodo
Then, evidently, the relation (1.4) can be rewritten as
(1.6) c=A"le, <& eq=Ac.

Note that thanks to (1.5), the tensor A is symmetric. In addition, since ¥ is assumed
to be convex, we certainly know that A is invertible and therefore (1.6) makes good
sense.

Concerning the plastic strain, we assume that (usually e, is considered to be
relevant to incompressible motion)

(1.7) tre, =0,
where tr denotes the trace of e,. Further, we need to specify under which conditions

it may appear and how is related to the “hardening”. In the paper, we shall assume
two cases, the isotropic hardening, which is described by a scalar function

£:00,T] x O = R,
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which is related to the plastic strain by the following flow rule (here H is a given
positive constant)
(1.8) HE = [6,.
Here, and also in what follows, we use the “dot” to abbreviate the partial derivative
with respect to the variable t, i.e.,
. 0z
Zi=—
ot
for any function z depending on ¢t. Furthermore, we require the von Mises condition
|0D| - g < )
and we assume that there is no plastic strain if the above inequality is strict, i.e.,
lop| — &<k = €é,=0.
On the other hand, if |op| — £ = K, we require that
oD N ép
lopl  épl
To summarize, we can write these conditions in a more compact form
. 0
32D
o]
In a similar way, we shall define the kinematic hardening. Hence, we assume
that the hardening parameter

£€:00,T] x O — RIx4

sym

(1.9) ép with A>0, |op|—€6<k and A(lop|—¢&—k)=0.

obeys the following flow rule (here H is the symmetric positively definite fourth
order tensor)

(1.10) HE = ¢,
The related von Mises condition then reads as
lop —€p| < K,
and we assume that there is no plastic strain if the above inequality is strict, i.e.,
lop —€épl <Kk = é,=0.

On the other hand, if |op — €p| = Kk, we require that

oD _éD _ &
lop —€p|  [ép]
Again, the above conditions can be equivalently rewritten as
(1.11)
ey =3280 b 350, Jop—p|<k and A(len —&n|—K) = 0.

lop —€p]

We do not claim that two models introduced above are the only ones of physical
and engineering interest. Indeed, there is a lot of models describing elastic and
plastic deformation with memory effects, see for example the book [1], and each
of them can be used in a specific situation. The models of kinematic and isotopic
hardening are just two most prototypic examples. On the other hand, it seems that
the models discussed in this paper usually have better regularity properties than
the others, and therefore it was also our motivation to focus on them.
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1.2. Weak formulation of the problem and the main result. To complete
the problem, we have to specify the boundary and initial values. We start with the
hardening variable and we assume that £(0,2) = 0 in case of kinematic hardening
and that £(0,z) = 0 in case of isotropic hardening. Next, we assume that the
boundary of the domain can be decomposed onto two smooth sets dOp - the
Dirichlet part, and 0Oy - the Neumann part with the unit normal outward vector
denoted by n. Finally, we prescribe the data ug : [0,7] x O — R¢ and oy :
[0,T] x O — R&X4 and we require that w = ug on [0, 7] x 9Op (Dirichlet data for
the displacement - the displacement on the part 0Op) and that ©(0) = uo(0) (the
initial displacement), and that -1 = 6¢-n on [0, 7] x Oy (the Neumann data - the
traction on 90y ) and ¢(0) = 0¢(0) (the initial value of the Cauchy stress). Note
here, that there is a necessary compatibility condition e(ug(0)) = Ago(0). To recall
all data, we also have a given body forces f : [0,7] x O — R and the material
parameters! £ > C; > 0 for some positive constant Cy, positively definite symmetric
fourth order tensor A and the constant H > 0 in case of isotropic harding and the
constant fourth order symmetric positively definite tensor H in case of kinematic
hardening. Here, positively definite means that there exists a positive constant Cy
such that C; < H and such that for all T € ]Rfyxrg there holds

(1.12) CilTP<Ar-r<CY7r* and Ci|r]? <Hr T <C{Y7)°

Finally, we can summarize the above description and formulate the problem of
elasto-plastic hardening in the following classical way:

Kinematic hardening: We look for a quintuple (0,&,u,eq,ep) : [0,7] x O —
Réxd » Rdxd o Rd o RdXd s RdXd g0} that,

sym sym sym sym

—dive = f, Hé =é, €u)=eq+e, er=Ac in0,T]x0,

&y = leg| 220 in [0,7] x O,
(1.13) k> |op —&p| and |ep|(lop —€p| — k) =0 in [0,7]x O,
u = ug on [0,T] x 80p ,
on =ogn on [0,T] x 00y ,
a(0) =09, £(0) =0, u(0)=1un(0) ino.

where T' > 0 is the given length of the time? interval, the given threshold s > 0 is
a von Mises condition, f : [0,7] x O — R? are the given volume forces, the stress
00 : [0,T]x O — REX4 represents the initial value (0) and the traction on and the
prescribed displacerhent on the boundary [0, T] x 9Op and the initial displacement
is represented by ug : [0,7] x O — R?. Here the symbol n denotes the outer normal

vector on 90.

IFor simplicity, we assume that the material parameters are constant. Nevertheless, we could
allow them to be time dependent.
21n fact, we should not call it time interval, since ¢ corresponds to the loading parameter.
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Isotropic hardening: We look for a quintuple (¢,&,u,eq,€ep) @ [0,T] x O —
RXd « R x RY x R4X4 x R4 guch that

sym sym sym
(1.14) _
—dive=f, H{=|éy|, e(u)=ea+e, eq1=Ac in[0,T]x0O,
. . 0D .
ep:|ep|n7+§ in [0,7] x O,
k>lop|—& and |ép|(lop| —k—&) =0 in [0,7] x O,
U = Uug on [0,T] x 00p,
on =ogn on [0,T] x 00y ,
o(0) =09, £(0)=0, u(0)=1wup(0) in 0.

Furthermore, to simplify the notation, we require that (indeed, it is just simpli-
fication of a notation, in fact, to be able to solve the problem, the existence of ag
fulfilling this equation is necessary)

diveg = f almost everywhere in (0,7) x O.

Then, we choose a proper subspace of the Sobolev space W2(O;R?), which will
be used in what follows

V:={veWH?(O;R?%; v =0 o0n d0p}
and we define the set of admissible stresses as
Fir(t) = {(0,8) € L*( R x L RE); |op —€p| < &,

sym sym
and for all v € V there holds / (6 —0p) -e(v)dz = 0}

(@]

and

Fi(t) == {(0,8) € L*(LRE) x L* (4 R); |op| < K+,

sym

and for all v € V there holds / (60 —0g) -e(v)da = O} .

o
Notice here, that F; corresponds to isotropic hardening while the set Fy is related
to kinematic hardening and we can introduce the following definitions.

Definition 1.1 (Kinematic hardening). Let O C RY be a Lipschitz domain. As-
sume that o9 € WH2(0,T; L?(Q;RIX4)) and ug € WH2(0,T; WH2(O;RY)). We

sym

say that (0,€) € W12(0,T; L2(O;RExD)) x Wh2(0,T; L*(O; RE<4)) is a weak so-
lution to (1.13) if a(0) = o9, £(0) = 0 and for almost all t € (0,T) there holds
(0(t),£(t)) € Fr(t) and, in addition, we require that for almost all t € (0,T) and

all (6,€) € Fi(t) there holds
(1.15) / As(t) - (o(t) —5)) +HE - (£ —&)du < / &(w) - (o(t) — o) da.
(@] (@]

In a very similar way, we can also introduce the notion of a weak solution to the
isotropic model (1.14), where we shall replace Fj(t) by F;(t) in a natural way.

Definition 1.2 (Isotropic hardening). Let O C R? be a Lipschitz domain. Assume
that ¢ € Wl’Q(O,T;L2(Q;R§J$)) and ug € WH2(0,T; WH2(0O;RY)). We say that

(0,¢) € WH2(0, T L%O;Rg;ﬁ)) x W12(0,T; L?(O;R) is a weak solution to (1.14)
if 0(0) = a9, £(0) = 0 and for almost all t € (0,T) there holds (o(t),£&(t)) € Fi(t)
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and, in addition, we require that for almost allt € (0,T) and all (&,€) € Fi(t) there
holds

(1.16) / Ao (t) - (o(t) —0)) + H£(£ - 5) dz < / e(tup) - (o(t) — o) dx.
o o
Before stating the main result of the paper, we introduce the safety load condition
for the initial data o((0), namely

(1.17) ||UOD(O)||00 < K.

The existence of weak solution to kinematic or isotropic hardening problem in the
sense of Definitions 1.1-1.2 is very standard. However, to be able to talk also about
the displacement and to obtain regularity results, one usually needs to assume cer-
tain compatibility condition on data. In the available literature, the authors usually
consider more restrictive assumption than (1.17), which is however more related to
the classical problems of elasto—plasticity without hardening. Nevertheless, in our
setting, the assumption (1.17) is sufficient, since it leads to the standard safety load
condition. Indeed, for kinematic hardening we can set £o(t) := a¢(t) — 00(0) and
then directly we also have

(118)  (@o(®.&(®) € Fld),  sup [lopo(t) — Eop ()] <
te(0,7)
provided (1.17) holds. Similarly, in the isotropic hardening case, we se &y(t) :=
loop(t)] — loop(0)| and we again have
(119)  @o®).&(®) €FD),  sup lloon(®) - €D <
te(0,T)
provided (1.17) holds.

Finally, we state the main results of the paper. We consider an approximated
problem and show not only the convergence to the original problem but also reg-
ularity estimates that are uniform with respect to the approximation parameter.
The first one is for the kinematic hardening model. For the approximation, we
introduce a new class of admissible stresses as

Fa(t) :={(0,8) € L2 RID) x L2 RED);

sym sym
and for all v € V there holds / (6 —09)-e(v)de = O} .
o

and our result for kinematic hardening reads as follows.

Theorem 1.1 (Kinematic hardening). Let all assumptions of Definition 1.1 be
satisfied. Then for all p > 0 there exists a unique triple (o*,&*,ut) such that
ut —ug € WH2(0,T; Wy (O;R), €4(0) = 0, a* = a(0) and

. _ o'y — »
AO-N+M 1(|0‘%—§D|—H)+|0_£_§§| :8(’[1,/ )’
(1.20) aan & a.e. in (0,T) x O.
HE = ' (lo'y —€pl - H)ﬂafjm
D

In addition, if the safety initial load condition (1.17) holds and oo and wg satisfy
oo € W2>(0,T; L*(O;RLy4)) N W (0, T; Wh2(O; REH)),

1.21 svm o
(1.21) ug € W>™(0, T; WH2(O; RES) N W0, T; W2(O; REXE)),
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then we have the following uniform estimates

(1.22) sup (16" (113 + 1€" ()12 + [l ) < Cluo,00,0,T)
te(0,T)

and there exists a sequence that we do not relabel such that
(@".&" u") =" (0,€,u)

in the topology induced by the estimate (1.22), where (0,€,u) is a solution in a
sense of Definition 1.1 and satisfies (1.13) almost everywhere.

Moreover, if @ € CY' then for any compact O C O, any § > 0 and arbitrary
nonnegative ¢ € C> fulfilling supp ¢ N 00p N 00N = (), we have the following
estimate

(1.23)
re(orr) (o ).z 0y + I Ollraoy + I (B)llwazo))
b (16 Ol + 19Ol o, + 1970 Ol o)
+ Sup <|l¢a“(t)|N§_a,2(o) + H¢€”(t)||Nng_a,2(O) + ||¢Vu“(f)||Nng—6,2(o)>
16" 120,120 + 1€ It 20,200y + IV It 20,7220
+ HU'MHLQ(O)T;N%Q(@)) + 11 HL2(0,T;N%'2((5)) * ||Vu“||L2 0.T:N22(0))
19650 o rnd 2oy T ”&#” ot oy T IV L rnd o)
+li¢o #HL? 0.1:n5 "2 (0)) H¢£ ” 20,1388 2 (0)) oV uu||L2(0’T;Nn%76’2(O))

< O(¢7 57 Oa uOv”O)a
which due to the weak lower semicontinuity holds also for the limit (o,€,u).

Please notice here that we used the notations N*? for the standard Nikoloskii
space, NP for the space, where we control the tangential differences, i.e., the space
of functions whose fractional a-th tangential® derivatives belongs to the Lebesgue
space L? and similarly, N3P for the space, where the a-th normal derivative belongs
to LP.

For the isotropic hardening, we have the following result.

Theorem 1.2 (Isotropic hardening). Let all assumptions of Definition 1.1 be
satisfied. Then for all p > 0 there exists a unique triple (o#,&",ut) such that
ut —ug € WH2(0,T; Wy (O;R), €4(0) = 0, o = ao(0) and

m

o
At + (o | — K — D — g(qh),

HE = Y(jolp| = =€)+

a.e. in (0,T) x O.

3Tangential here means in the directions that are orthogonal to the normal vector at boundary

00.
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In addition, if the safety initial load condition (1.17) holds and oo and ug satisfy
g0 € W2(0, T3 L*(O; RGym)) N WH2 (0, T WH(O; REZT)),

1.25 o
U2 e Wm0, Riym)) VW0, T W22(O;RE),
then we have the following uniform estimates
(1.26) S (Hif”(t)lli + 164 (®)ll2 + IIiL(t)IIiz) < C(ug,00,0,T)

€(0,

and there exists a sequence that we do not relabel such that
(o.lu" 5“7 ulu) 4* (07 é‘? u)

in the topology induced by the estimate (1.22), where (0,€,u) is a solution in a
sense of Definition 1.2 and satisfies (1.14) almost everywhere.
Moreover, defining

2d — 7+ 1+ 4d? 4+ 20d
o= ,
8(d—1)

then for © € CHt, any c@pactgc O, any 6 > 0 and arbitrary nonnegative
¢ € C™ fulfilling supp ¢ N 0O p N OO N = 0, we have the following estimate

sup_ ([0 (Ollwr0) + 1" Ollw20))

te(0,T)
s (160" ()220 + 196" Dl 22 )
e (oo (8)]l yg-s2(0) + 196" Dl g0 )
(1.27) + HO.I#HN%’Q(O,T;LQ(O)) + ”éMHN%'Z(O,T;L?(O))
+ ”dNHL%O,T;N%vQ(@)) + HSHHL?(O,T;N%’Q(@))
L R P 1 I P
F 166 | om0 T 19 a0 o520

S C(¢7 63 (7)7 uo, 00))

which due to the weak lower semicontinuity holds also for the limit (o,&,u). In
addition, for any nonnegative p € C(R) that fulfils supp ¢ N IOy, there holds

sup (IIW“(t)II
te(0,T) Ny

+ [les”|

H(t .
o IOl g, )
(1.28) y
L20.1:n5 3 (0)) +liee ”L

S C((sa Up,00, 90)7

1_
20,1385 %(0))

To end this part of the paper, we emphasize the essential novelties stated in The-
orems 1.1-1.2. The existence of a solution was already established in [10, 11] and
there is nothing new in the paper. Also the interior W12 regularity for the stress
has been proven in [14, 15] for various models. A key improvement concerning the
interior regularity is due to [8] (see also the related paper [9] for problems without
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hardening), where the authors showed* that ¢ and & belongs to L2(0,T; Néf((’)))
and N2:2(0,T; L2(O)) (see also [2], where a weaker result is obtained for similar
problems). However, their estimates were true only for the limit, i.e., for the solu-
tion, but were not uniform with respect to approximation. Our result overcomes
this weakness and we are able to obtain the uniform p-independent estimates, see
also [4], where the similar statement was proven for plasticity without hardening,
or also [12] for up to the boundary or [3] for W,L? results for various models in
elasto-plasticity theory without hardening.

Concerning the results up to the boundary, the tangential regularity for ¢ and
& was already obtained in [5, 6] and the authors also obtained that the solution

1
belongs to L*°(0,T; N3 +5’2((9)). Hence, our result significantly improves this es-
timate since in case of kinematic hardening or in case of Dirichlet data we have

3
N§ 5’2((9) independently of dimension. In addition for isotropic case and Neu-
mann data, we can precisely trace the improvement as stated in (1.27). Finally,

1
and this is the main improvement, we are able to obtain also the fractional Nlif

1 . 1
5,2 . . . . +—0,2 .
and N7~ regularity for ¢ and £ and even more we have an information N, in

normal direction, which is obtained by the cross interpolation. Note that in view of
the counterexamples to W12 regularity up to the boundary proven e.g. in [16, 13],
such estimates seems to be optimal.

In the rest of the paper, we will focus only on the kinematic hardening and
we shall just emphasize where are the differences. Obviously, in the kinematic
hardening case, we can transfer the obtained regularity from ¢ and f to e(@t) just
by using the equation. Then the regularity for V just follows from the Korn
inequality applied on O or its sub-domain and we do not provide details here.
On the other hand, in case of isotropic hardening, we are not able to use such a
procedure. The best, we can do is just to transfer better integrability to Vu, see
also [5, 6], but this is also omitted here, since it is just direct consequence of the
Korn inequality and embedding theorem. The second case is when we combine
the isotropic hardening and the Neumann boundary conditions. The reason for
that is that in such case we cannot use any version of anisotropic Korn inequality
to transfer optimal anisotropic integrability from symmetric gradient to the full
gradient. Also, we would like to emphasize that our restriction on the constant A
and H is not necessary and the proof would remain almost exactly identical if they
are Lipschitz functions of (¢,2). Finally, to simplify the presentation, we consider
only the flat boundary, however for C! boundaries, it is just a technical difficulty
to transform the problem with general boundary to the case of flat boundary.
Finally, let us remark that we cannot avoid a possible singularity on d0p N 00y
from principal reasons, since even for linear elliptic problems one may observe a
singularity.

2. PROOF OF THEOREMS 1.1 AND 1.2

We focus here mainly on the kinematic hardening case, since the proof for the
isotropic hardening is very similar. Only on certain places, we discuss the possible
differences. Also to simplify notation, we set x = 1 in what follows. Finally having

4In fact they showed an estimate, from which one can deduce the result following the method
invented in [7].
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a priori estimates stated in Theorem 1.1 or in Theorem 1.2, it is very classical to
pass to the limit 4 — 04 and to obtain the solution to the original problem, i.e.,
to the kinematic hardening and the isotropic hardening problems. Therefore, we
also skip the limiting passage in the proof. Finally, we do not discuss the problem
of existence of a solution for fix p > 0 since it was already established by many
authors, see e.g. [10, 11], but we rather focus on a priori estimates. Also in order to
shorten the text, we omit writing superscripts to emphasize we deal with a solution
to an approximative problem. Furthermore, we do not trace the dependence of all
constants on O or Cy and in what follows the constant C' has a meaning of some
universal generic constant that may vary line to line but is independent of u. In
case we want to emphasize the dependence of this constant on some parameter it
is clearly denoted.

2.1. First a priori uniform estimates. Thus, we shall assume that for any p > 0
there exists a solution (1.20). The existence of such a ¢ can be shown e.g. by
the Rothe approximation and we refer the interested reader to [8] or [17], where
even a more difficult case of problem without hardening is treated, or to original
papers [10, 11]. Hence, we assume that there is uw € W2(0,T; W2(0O; R?)) such
that for all t € (0,t) v —ug € V and u(0) = uo(0), and that there is (0,§) € Fu
fulfilling

op—&p

Ac +p(lop —€p| — 1)+m =e(u),
(2.1) ' A in (0,7) x O.
HE = ' (lop —€p| — 1)+m

The next step is to derive the uniform (x4 independent estimates) for (u,o0,€). We
proceed here formally, since the estimates are known, see e.g. [18, 17, 8]. Taking
the scalar product of the first equation in (2.1) with & — g, recall here that o¢
satisfies the compatibility condition (1.18), we deduce after integration over O that

(6p—&€p)-(6p —00p)

dx
lop — &bl

OA(d_dO)'(a_00)+/~L_l(|0D_§D|_1)+
(2.2)
:/06(1.1,—1.1,())'(0'—0'())(311'-’-/(E('I:L())—AO.'())'(O'—O'())CL’,C.

(@]

Second identity, we deduce from (2.1) by taking the scalar product with &. Thus,
we have

/OH@ &) (6o da
(23) (0 —£0) - (Ep —Eop)

_ -1 o o
f/ou (7 o] — 1) T2 E0

Since (0(t),€) € Fer and (w — ug) € V, we see that the first term on the right
hand side of (2.1) vanishes. In addition, since (0¢,&() satisfies the compatibility
condition (1.18), we observe

dz — &, - (€ — &) da

(lop —€ép|—1)4(ep —€p) - (6p —00op —&p +€0D)
=(lop —&p| = 1)+(lop —§D|2 —(op —&p) - (oop —&op))

> (lop —&p|—1)+lop —€pl(lop —&p| — |loop —€&op]) > 0.
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Finally, we can sum (2.2) and (2.3) and by using the above inequality, the symmetry
of A and H as well as the ellipticity (1.12) and also the boundedness of A and H,
we arrive to the inequality

% A(o —0o) (0 —00) +H(E —&o) - (£ —&o)dx
o

(2.4) < C (lle(ao) I3 + 163 + ol13)

+C [ Ao —00) (0~ 00) +HE—£) - (€ —60)da
o
Consequently, by the Gronwall lemma, we have

sup (lo(®)3 + €(®)I13)
te(0,T)

(25) 2 r . 2 . 2 e 112
<C (o)1 + | Nt + [0l + ol at ) <.

where the last inequality follows from the assumptions on data (namely on g, ug

and o).
The next step is to test the first equation in (2.1) by & — ¢ and the second

equation by &. Doing so, and summing the resulting identities, we get
(6p —€p)- (60 —&p)
lop — &bl
(6p —€p) -0dop d
lop — &b

dx

/OAd-d—i—Héf—ku_lﬂaD—ED\—1)+
=/6(1l—uo)-(a'—ri'o)+;f1(\aD_§D|_1)+
(2.6) 0
+/(5(u0)'(d’—é‘0)+Ad~d‘0dx
o

2/ Hé-d‘oD + (e(ig) - (6 — 6¢) + Ad - 6o dz,
o

where the last equality follows from (2.1)2 and the fact that (0,€) € F,;. Using the
ellipticity (1.12), the Young inequality and the following identity

(6p—£€p)-(6p—E&p) 10
|0'D — fD‘ T 20t
we see that it follows from (2.6) that
d
dt Jo
Thus, integrating with respect to ¢t € (0,7) and using the fact that £(0) = 0 and
that |o(0)| = |o0(0)] < 0, we get the uniform bound

T
sup / u_l(\GD—fD|—1)2+dx+/ 6113 + [1€]15 dt
te(o,1) Jo 0

pHlop —€pl — 1)+ pnHop —€p|—1)3,

p M (lop — €l = D3 de+ Cr(ll8]13 + IE]13) < Cllle(io) |3 + ll60]13)-

(2.7) ;
<C [ llet)} + nl3d < C.
0

where the last inequality (with C being independent of ) follows from the assump-
tions on ug and 0. In addition, it follows from (2.1) that

le(@)| < C(l] + [€])
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and consequently, (2.7), the Korn inequality and the assumptions on ug leads to
the uniform bound

T
(2.8) / @], dt < C.
0

The last step is L> bound for the time derivative. We apply the time derivative
to (2.1) and take the scalar product of the first equation with & —é( and the scalar

product of the second equation with €. Summing these to identities we obtain

/(9A(&—&0)~(d—do)+Hé~édx

_ _ op—€p
(2.9) . /Op_la(lop §D|at 1)y = &p _§'D — Gop) de
- / (i — i) - (& — &) dz + / (elity) — Ady) - (& — 60) da.
(@) (@)

The first term on the right hand side vanishes and for the part of the second term
on the left hand side we use the following estimate

B _
/fl@(\ﬂl - 1)+W _ 1% 1X|/3|>1
ot |B|

Consequently, using the Holder inequality and the above inequality, we see that
(2.9) implies (using also the second identity in (2.1))

1d
(2.11) 2dt

(2.10)

B (1812181 - 1) + 2.18]12) > 0.

/Aw—m»w—mruﬁf—mémmm
O
< C(lle(iio) 2 + [Goll2) (1 + ]2 + 6 — 6° ).

Hence, adding the term

1d
- Héon - 60n d
2dt/o 00D - Oop AT
to both sides of (2.11), we deduce
1d

‘/OA(O'—O'()) . (0‘—0’0) —‘rH(é—O"()D) . (é—d‘op)dl’

< C(lle(ito) 2 + I60ll2) (1 + 60n 12 + 1€ — Gopllz + I8 — Gopll2)-

(2.12) 24t

Consequently, integration of this inequality and the ellipticity assumption (1.12)
lead to the estimate

e (@15 + )
(2.13)

2
T
<C unm@@+</n%hgwmma> <c.
0

Furthermore, it follows from (2.1) and the Korn inequality that
(2.14) sup ||la(t)|f, < C.
te(0,T)
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2.2. Uniform W2 estimates. In this subsection, we derive the uniform interior
estimates on Vo and on V& and estimates for tangential derivatives of (¢,&) up to
the boundary.

To simplify the presentation, we consider here only a flat boundary case but it
can be straightforwardly extended to the general boundary. Also since the interior
regularity is in fact easier to prove than the boundary regularity, we provide here
only the estimates near the boundary for tangential derivatives. Hence to simplify
the notation, we assume from now the most difficult case, i.e., we focus on a cube
(=1,1)471 x (0,1) C O, where the Dirichlet and the Neumann parts are supposed
to satisfy

(-1,1)472 x (=1,0) x {0} c90p  (=1,1)¥"2x (0,1) x {0} C HOx.

Our goal is to show that except the set (—1,1)?2 x {0} x {0} we have uniform
estimates for D;o and D;€ in the space L? for all j = 1,...,d—1, where D; denotes
the partial derivative with respect to x;.

Thus, let ¢ € D(—1,1)¢ be arbitrary nonnegative function satisfying ¢ < 1.
Furthermore, we require that for some ¢y > 0, the function ¢ satisfies for all
Z1,...,24-1 and all |s| + |t| < eo that 7(x1,...,24-2,5,t) = 0. Next, we fix
arbitrary j = 1,...,d — 1 and apply the operator D; to both equations in (2.1).
Then we take the scalar product of the first equation with D;(6 — a¢)¢? and the
scalar product of the second equation with D;€¢?, sum the results and integrate
over O to deduce the identity

[ AD;(6 —60) - Dyfo — 00)6? + HD}E - Digo? ds
(@)

(2.15) + /O;lej <(|UD —éol=1)iop _£D) -Dj(op —£€p)¢* dz

|0D —§D|

= / Dje(t) - Dj(0 — 00)¢*> — AD;d¢ - Dj(0 — 00)¢* dx.
(@]

Note that the second integral on the left hand side is nonnegative (see the same
procedure as for the estimates for the first time derivatives) and can be neglected.
Next, using the symmetry of A and H, we can deduce that

1d

3T /OADj(a —00) - D;j(0 —00)¢* +HD;& - D€ da

< / e(Dji — Djitg) - Dj(o — 0¢)¢* dz
@]

+/ (€(Djt0) — AD;é0) - Dj(0 — 00)¢”

(2.16) ©

< / V(QZSQ(DJ’U, - Dj’llo)) . Dj(O' —0p)dx
O

— 2/ qu& & (D]'U, — D]’U,Q)) . D]‘(O' — UQ)¢d$
@]

+ C([[twoll2,2 + lo]l1,2)[[Dj(0 — a0)@l|2
< C([[woll22 + [lll1,2 + lloll1,2)[[Dj(e — 00) b2,

where for the last inequality we used integration by parts and the fact that D;
is the tangential derivative and so D;(@t — %) vanishes on 0Op and similarly
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Dj(e —og)n = 0 on 90y and also thanks to the fact that div.D;(e —a9) = 0.
Consequently, it directly follows from (2.16) that
S%I)T)(||Dj0(t)¢||2 + loD;€(1)]2) < C,

te(

(2.17)
where we used the a priori estimate (2.13) and the assumptions on ug and oy.

2.3. Fractional time regularity for ¢ and { . In this section, we prove the first
new result. Although the estimate is known for the solution of the original problem,
see [8], it was not clear whether the estimate can be obtained uniformly with respect
to the parameter p. In addition, in [8], the NV 342 regularity is proven, while here
we obtain 1/2 derivative estimate.

For arbitrary w, we denote its times shift as AJw(t,z) := w(t + 7,2) — w(t, x)
and with the help of this notation, we take the scalar product of the first equation
in (2.1) with —AJ (6 — d¢), and the scalar product of the second equation in (2.1)
with —A{ﬁ., sum the resulting equalities and finally integrate the result over O to
get

—/ AG - AI(6 — 60) + HE - AT€dw
o
_ op—¢&p iy :
~ [ i lon — €pl — 1) T2 g2 AT(6n — €p) da
o lop — &bl
= / 8(’!:&0 — ’U/) . AZ(O’ — 0’0) —E(il,o) . AZ(O’ — 0'0) — Hf . AtTd'OD dz.

o

The first term on the right hand side vanishes and after the use of the Hdolder

inequality and the bound (1.12), and after reorganisation of all terms, we deduce
that

—/Ac;—-A;c;—+H£.A;§'dx

(@)

(2.18) /(DMI(UD€D|1)+|Z§:§Z)|’AZ(dDéD)dx
< Ol + IEN) |ATéo 12 + /O e(ito) - Al (30 — &) dor.

Next, we focus on the first term on the left hand side. Due to the symmetry of A
and H, we have

1 1
—AG - A6 = SANTG - AT6 — SA; (AG-6),

1 . o1 _

SHATE - ATE— oA (HE-E).

Therefore, substituting these identities into (2.18) and using the ellipticity of A and
H (see (1.12)), we further observe with the help of the a piori estimate (2.13) that

(2.19)

[ C181P + 18787 — 2 op — £l - 1>+|‘;Dj?’| A6 —£p)da
(@} D D

< / 2 (o) - A7 (60 — &) + A7 (Ad -6 + HE-€) du + C||A60 .
o

—HE - ATE =
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Next, we integrate the resulting inequality with respect to 7 over the interval (0, h)
and with respect to ¢ over the interval (0,7 — h) to get

T—h h _
c, / / JATS 3 + | ATE[3 dr dt
T—h
op—£&p
2 X
/ //J |0D §D| )|0D fD\
(2.20) X ( / A;(dp—gD)dT> dz dt

/T h/ /25 (o) - Af (00 —0) + A (Aa G+ HE - g) de dr dt

T—h
0 0

Our goal is to provide uniform estimates for all terms on the right hand side. We
start with the easiest one. Hence, using the assumption on oy, we have

T—h h T—h T A
AToolladrdt = | = l1Az6oll2 4, 4,
H [
=
/ / G0oll2 dt dr < Ch2.

Next, we focus on the term with (o). We simply shift the differences to uy and
then use the assumptions on uy and alreday obtained estimates. In more details,
we reorganise the first term as follows

/T h/ /28 o) - A7 (69 — ) dedrdt

:A AT h/@Ze(uO)-(z’ro(t+7)—d(t+r))dxdtdr
/Oh /OTh/OQE(uO)~(dO(t)d(t))dzdth

:/Oh /TT_h+T/(925(uo(t—T))-(do(t)—[r(t))dxdth
- ' / o | 2etilt) - @o(t) = (0w arar

h T—h
:/ / /25(110(12—7)—ﬂo(t))-((ro(t)—d(t))da:dtdv-
T—h+T1
// /026('[1,0(1&—7'))-((ro(t)—d(t))dxdth

_/0 /0 /025(110(75))-(do(t)—d(t))dxdth

(2.21)
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and then with the help of the Holder inequality we obtain

T—h
/ //26 o) - A7 (60 —0) drdrdt

<C 00 — 0|/ . e(u royvd
(2.22) - /o 7lléo | o< (0,752 ll€(k0) || 1 (0,75 2) AT

h
+ C/ THé'O — d||Loo(07T;L2) ||6(u0)||Loo(07T;L2) dr
0
< Ch?,

where we used the assumptions on ug and o and the a priori estimate (2.13). The
term involving the matrices A and H on the right hand side of (2.20) is estimated
as follows

/OT_h/Oh/OA; (A6 -6+ HE -€) drdrat
:/h/Th/ (A6 -6+ HE-€) (t+7)— (A6 -6+ HE-€) (1) drdidr
(2.23) / /T h+T/@(Ac’r~c’r+H£-£> dz dt dr
_/0 /0 /O(Ad-d+H£-£) de dtdr

< CR* (|6 ]| Lo 0,752 + €]l Loe0,7:2)) < CH?,

where the estimate (2.13) is used again. Thus, it remains to evaluate the first term
on the right hand side of (2.20). To simplify formula, we set 8 := op —&p and
using the convexity of (|8] — 1), we continue as follows

(2.24)

T—h h )

| [t ten—enl =122 gj' (/ AZ(dD—ép)dT> dar dt
T—h .

=/"/m*w—nﬂg<AAmw>ww

T—h )
= [ [ 2081 g (Be-+ 1)~ ) — b)) v
T—h )
-1/ zu*1<|ﬁ|—1>+m-(ﬂ<t+h>—ﬂ<t>fhﬂ<t>) da dt
< [ [ i w1 0800 - 02 B0 1
/ / YB(T — h+t)|—1) — (I8(T — h)|—1) dx dt

/ / (O]~ D% ~ (1B0)] ~ 1) dedr.

Note that we also used the fact that |8(0)| < 1, which follows from the fact that
£(0) = 0 and (1.18). To estimate the right hand side, we notice that (2.6) leads to
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the identity

L)

2 dt Jo

:/ HE - 60p + (e(ito) - (6 — 60) +AG -6 — A -6 — HE - € du,
(@]

i (B — 1) da
(2.25)

which after integration over arbitrary interval (7,7 4+ «) C (0,7") and with the help
of the a priori estimate (2.13) and the assumption on data oy and ug, leads to

/O WY (Bl + )| = 12— g (8] - 1)2 da

(2.26) i
< C/ le(ao)[l5 + 6115 + [looll3 + [I€]13 dt < Ca.

Thus, using this estimate in (2.24), we see that

T—h . ,B h iy
[ [arasi-neg- ([ atbar) awar

(2.27) .
<C / tdt < Ch2.
0

Finally, we substitute the estimates (2.21), (2.22), (2.23) and (2.27) into (2.20) and
finish this part with the uniform estimate

1 [T-h rh .
(229) [ Iaml s lagara <

Finally, up to small differences we mimic the procedure from [7], to deduce the
proper estimate from (2.28). Indeed, we can compute

T—2h N
pot / |ARBIZ dt
dt

T—2h
=h! /
0 2

T—2h rh
< 2/1’2/0 /0 1Bt +h) =Bt +h =75+ 1Bt +h —7) = B(D); dr dt

T—h h
§4h‘2/ / |A7B]2 dr dt.
0 0

Consequently, it then follows from (2.28) that

2

1 h
E/o Bt+h)—Bt+h—7)+B(t+h—71)—B()dr

T—2h . .
(229) A7l / ot + k) — S (0)]3 + €t + 1) — €03t < C.

Note that there are only minor changes in the proof for isotropic hardening and
therefore we do not provide it here.

2.4. Fractional spatial regularity for ¢ and § The second main result is the
spatial fractional regularity upto the boundary in tangential direction and also the
interior fractional spatial regularity. It is again based of [8], but we do provide here
the estimates independent of u and extend them up to the boundary when dealing
with tangential direction. We keep the notation from the previous section and focus
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only on the flat boundary. Next, we introduce the space-time shift as follows. For
arbitrary w, we denote AtT)’]hw(t,x) = w(t+ T,x + hej) — w(t,x), where e; is the

unite vector in the j-th direction and j =1,. — 1. We take the scalar product
of the first equation in (2.1) with —A}’ h(a ao)¢2 of the second equation in (2.1)

with —A;’th ¢?, sum the resulting equalities and finally integrate the result over O
to get

/Aa ATha 60)¢° + HE - A;’J}-Léqﬁde
= [ 5 on — ]~ 1) 222 AT 6p — ép) da
@) lop — &bl
:/Oe(uofu) AT G —60)0” — elitg) - AT (6 — 60)¢” — HE - Al T60pe? du.

Next, we focus on the first term on the left hand side. Similarly as before, we have

1
—AG - Ao = FAA]G o Al — —AT " (AG-6),

e AT = DA AT a0 (4 6).

Therefore, using this identities and also the ellipticity condition (1.12), we get after
integration with respect to ¢ € (0,7 — h) and 7 € (0, h)

T—h
Cy / / |AT 6|2 + [|AT E|2 dr dt

T—h
e A N e ok
X ( / AT oD —g'D)dT> ¢* dadt

(2.30) -
/ / /A (A6 -6)¢” + A7 (HE - €)¢” dw drdt

T—h
+2/ / / eitg — i) - A7N (6 — 60)¢* —e(io) - A]'6¢? dwdrdt

T—h
. - H o . AT h
+2 /O /O /O (eity) — HE — AG) - A0 dar dr .

Our goal is to provide uniform estimates for all terms on the right hand side.

The fourth term in (2.30). We start with the last term. Using the Hélder inequal-
ity and the characterization of Sobolev spaces as well as the uniform bound (2.13)
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and the assumption on ug, we have

T—h h )
/ / / (e(ito) — HE — AG) - AT600% d dr dt
T—h "
<c| / (leCito)llz + 1€]12 + 16 1DIAT 06?1 dr dt
(2.31)

T—h
<c / / (A7 60 — AlGo)¢?||s + || AlGrod?||s dr di
0 0

h T—h
< Ch/ / 6ol + V6ol dr dt < Ch2.
0 0

The third term in (2.30). In the third term in (2.30), we first split the time-space
shift to the space shift and the time shift. Next, for the time shift, we again use
the equation (2.1), while for the space shift we use the integration by parts (note
that the boundary term vanishes since we have shifts only in tangential direction
and we also know that div(e — o) = 0) and then we also move the shift from o to
other terms. In addition, we keep all shifts on g since it has sufficient regularity.
More precisely, we have

T—h h
/ / / ity — 1) - ATM(6 — 60)6% — e(itg) - AT6¢? durdr dl
©alh m
:/ / /e(uofu)-Af(dfdo)ngfe(uo)~A;’Jhd¢2dzdrdt
T—h
/ / / e(itg — i) - (A](6 — 60) — AT (0 — 69))¢* da dr dt
T—h
:/ / /E(uo)-( — A]T6)¢? da dr dt
T—h h
/ / / ) —e(t)) - ATo¢? —e(dt) - ATo¢? de dr dt

V(2 (g — 1)) - (A} (6 — 60) — A] (6 — 60)) dudrdt
(g — ) ® V) - (A6 — 60) — AT (6 — 69)) dardr dt
A]_h( (t0)9?) - (t + 7) dw dr dt

e(tt) —e(ttg)) - AToo¢p? da dr dt

—

AG - AT6¢* + HE - ATEQ? Az + HE - AT (6p — €p)p? drdt

Al (i — ) © V§?) - ((6(t +7) — do(t + 7)) dadr dt.



20 M. BULICEK, J. FREHSE, AND M. SPECOVIUS-NEUGEBAUER
Next, we apply the Holder inequality, use the symmetry of A and H, the assump-

tion on uy and g, the uniform bounds (2.13)-(2.14) and the time regularity esti-
mate (2.28) to conclude

T—h
/ // elitg — i) - A7N (6 — 60)¢* —e(io) - A]'6¢? dw dr dt
T—h
< / / hlle (i) 62111 2|6 (£ + 7)1z + 7l (@) — (o) 2l|Go |2 dr dt
0 0

1 T—h h . .
+5 /O /O /O AATG - AT6¢> + HATE - ATéQ? dzdr dt

/OTh/Ohfoﬂg.A;(dDéD)Qs?dxdet

(2.32) AR
- = T(AG - &) d? T(HE . £)h2 T
2/0 /0 /OAt(A" 0)¢” + Af(HE - £)¢” dwdr dt

T—h h
+/ / R (g — @) @ V|1 2]|6(t +7) — 60(t + 7)|]2d7 dt
0 0

T—h h
< Ch? — %/0 /0 /OA;(Ad-d)of + AT(HE - €)¢? dedr dt

+/OT_h/0h/OH£-A[(dD—éD)¢2dxd7-dt.

There are still remaining two terms on the right hand side. But for the first one we
can use exactly the same computation as in (2.23) and observe

T—h

h
(2.33) / AT (AG -6)¢? + AT (HE - €)¢?| < Ch2.
0 (@]

To estimate the remaining term in (2.32), we again use the abbreviation B :=
op —&p and following the computation in (2.24) we deduce

Q/OTh/Oh/Oﬂg.A;(dDgD)¢2dxdet
/Th/ 2u1(|ﬂ|1)+|i;~ (/OhAZBdT> ¢ de dt

// YIB(T — h+ 1) — D26 — (B(T — h)| — 1)2¢% dz i

(2.34)

/ / ()] = 130 = (18(0)] — 1)% ¢* dz dt.

Similarly as before (compare with (2.25)), we also have the identity

1d -1 2
s [ (Bl —1)4+¢7de
(2.35) 2 di /0

- / () - 66 — Ad-66° — HE -6 du,
(@)
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which after integration over arbitrary interval (7,7 4+ «) C (0,7) and with the help
of the a priori estimate (2.13) and (2.14), leads to

(2.36) \ i 0B D= D2 = 18] - 112 d <

Thus, using this estimate in (2.34), we see that

T—h rh . .
(2.37) /0 /0 /O HE - Al (op — €p)¢* dedrdt < Ch2.

The second term in (2.30). Again here, we split the time and space shift and
then use (2.33) and the spatial regularity of ¢ as follows

h h
/T / /A (AG - 6)¢* + A7 (HE - §)¢? du dr dt
T h . . . .
/ / / NhA¢-¢+H5~§)—A;(Ad-d+H§-§))¢2dxdet
T—h
T(AA . 5 b e\ A2
+/0 /O /oAt(Ao & + HE - £)¢? dw dr dt
—/Th/h/(Ad~d+H€-é)(t—&-T)(A._hqbz)da:drdt
0 0 (@] /
T—h rh o
+/0 /0 /OAg(Azr.a+H§.§)¢2dxdet

T h
<CR 4 Ch/ / 1612 + |€]2 dr dt < CR2.
0 0

(2.38)

The first term in (2.30). We again use the abbreviation 8 :=op —€p. The we
estimate the first term in (2.30) very similarly as in (2.24) as follows. First, we
rewrite it in the following way

[ oy ([ o)

_ /T h/ 18] - |g| (Al — ALp —nB) 6% deat

T—h ﬂ
_ / / 811 ig L AMBG? dudt

T—h
—2/ / (u‘l(lﬂl—mm) (t,z + he;) - A"Be? dx dt
T—h
d
—h/o / 1Bl — 12 62 dedt

w2 f o [t (w81 - 12 ) - g s
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and then using the convexity and the fact |8(0)| < 1, we can estimate it as

[ o ([ )

T—h
<[ [l as- 02 - Al (8- D36 do
h/( BT — 1)~ 12— (BO)] — 1)2)? da

T—h
h h .
(2.39) +2/h /AJ< (18] = 1)+ |ﬁ|> AlBe* dz dt
T
:/ /A?(/fl(w*Ui))‘f(iﬂ*hej)dzdt

0 o
- h/ow’l(lﬁ(Tf Wl =12 — = (1B0)] — 1)2)6*(x — he;) da
[ G BT = W= 1 = (B0 = 1)2)A7 6 ds

+2/T h/M( (18] — 1)+ |ﬂ|> A"B¢? da dt.

Next, we estimate the remaining terms separately. First, using the very similar
procedure as in (2.24) and consequent inequalities, we observe

T—h
/ / AP (18] - 1)2)63(x — he;) da dt
0 (@)

—h/o(u‘l(lﬂ(T—h)l—1)2+—/f1(|ﬂ( )|~ 1)2)62(x — hej) dx < Ch?,

where the constant C' depends on data and on ¢. Next, by uniform bound (2.26),
we also have the estimate

b [ OB =W =13 — i (BO) ~ D)4 da
< CRIVe [ (B~ ] - D2 de < C2
]
Finally, for the remaining term, we apply the A? to (2.1) and test by A?a and

by A?{. Then we can repeat the same procedure as in estimating the tangential
derivatives for o and £ and deduce again

/T h/M( (18] — 1) 4 |ﬂ> A"B¢? dadt < Ch®.

Summarizing the estimates. Hence, if we use the above estimates in (2.30), we
get

T—h _
(2:40) [ [ 1eattels s loaztégarar < o
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for arbitrary j = 1,...,d — 1 and localization function ¢. Then, by a simple
inequality, we deduce
(2.41)

1

T—h
T ealel: + loall a

1 T—h h N .
—z [ [ loalel + peatéigarar

IN

C T—h h . N b
[ [ IeaTie - Aol + 16AT) 615 + 19(ATE — AL

+ AT €3 dr dt

T—h
S / IATS15 + AT 613 + [ (ATENS + 16A] €[5 dr dt < C,

where the last inequality follows from time regularity estimates and (2.40).

3. NORMAL DERIVATIVES ESTIMATES

In this final part, we derive the estimate for the normal derivative. Note that
the estimate is again uniform with respect to u. We also keep the notation near
the boundary and use the function ¢ which is compactly supported in a cube
(=1 + hg,1 — hg)? and equal to one in a cube (—1 4 2hg, 1 — 2ho)?. We start this
part by using already proven time fractional regularity to transfer also the spatial
regularity.

3.1. Estimate for for ¢ and 5 via time interpolation. Here, we show how the
fractional estimates in the d-direction for ¢ and € and the fractional estimates in
the time direction for o and { can improve the spatial regularity of ¢ and f . The
key estimate is formulated in the following.

Lemma 3.1. Let ¢ be as above. Then for any 6 € (0, %), the solution satisfies

T
| [ 1atepe + |algee arar
0 o
(3.1)

T 3
(6) (/ /O |A’;a|2¢2+|A25|2¢2dxdt> ,

where the constant C(§) depends only on data and explodes as 6 — 0.

Proof. The proof is based on the interpolation of Bochner-Sobolev spaces. We
recall the classical Bochner-Sobolev interpolation between W2 and L? and also
the Nikolskii-Sobolev embedding N 22 < W2 valid for all a < 3 to get (we use
any o € (1,3))

22 2
/ LBt < CIFIZad ropoon | Flesozcacon

22

62) S OMIEGraz o0 1m0

[T ek )
<o [Misgar+ ) s Tl ac) ([ Csgar)
hE(OT) 0

Q=
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where the constant C(«) explodes as a — 2. Consequently, using the above esti-
mate on f := Algp and AZ{ng and using the a priori bound (2.29), we see that

T
| [ 1atepe + |algpe asar
0 o

T
(3.3) <c| /@ Ao Pe? + |ALE26? do dt
0

T 1-3
—|—C(a)</0 /O|Aga|2¢2+|Ag§|2¢2dxdt> .

Since a € (1, 2) can be arbitrary and we have the control (2.13), the estimate (3.1)
follows. O

3
2

3.2. First estimate for ¢ and £. Here, we start with an estimate, that directly
leads to % regularity of the stress and hardening, but it will also serve later for the
bootstrap argument.

Lemma 3.2. Let ¢ be chosen such that ¢(a', s) is independent of s for all s € [0, h)
with hg > 0. Then for all h € (0, hg) the following estimate holds

sup [[oAGa(1)]3 + l9AGE )13

te(0,T)
1
T 2
< Ch? +Ch/ / |Dgug|?dz | dt.
0 ON{za€(0,h)}

In addition, if the supp ¢ N On = 0 then we have
sup [[pAgGe(8)]3 + |oAGED)I3

te(0,7)

(3.4)

(3.5)

1

T 2
< Ch? +Ch / / le(i)g|>da | dt.
0 ON{xzq€(0,h)}

Proof. We apply the operator AZ to both equations in (2.1) and and test by Aga¢2
and Agfgf)z respectively. Note that since x + hegy € O such operation is well defined.
Thus, doing S0, we observe

3t [ Al = Aloy) - (Al — Allgo)o? ds

+ iaH(Ahg Algo) - (AlE — Algo)d® da

(3.6) + /o A, <u1(|aD —&p| — 1)+Z§_§§|> -AMop —€p)¢p?da

= / Ahe(i — i) - Ao — 00)p? dz
/o Ale(ug) - Al(o — a9)p? — AR (Ao + Héo) (Ale — Ahay)¢? da.

The terms on the left hand side are those from which we read information. The
second term on the right hand side can be easily estimated and prepared for the
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Grownall lemma as follows

/ Ale(ig) - Ali(o — 00)¢® — Al(AGo + HE) - (Alo — Aliog)¢? da
(@]

B <Al — Alog)ola (| Ale (i) 2 + | A% (Ado + HE)]2)
< Ch(||V6o 1> + [VEo|l2) (Al — Alioo)da,

where the last inequality follows from Sobolev characterization and the assumptions
on data. Thus, we can now focus on the most critical term in (3.6), which is the first

integral on the right hand side. To simplify the notation we use the abbreviation

' := (x1,...,24-1). Then using integration by parts, we observe

/ Ahe(in — 1) - Ao —a9)p? da = / VAL — ) - Al (o — 00)¢? da
O

- /O (A (i — i) @ V) - Ali(0 — 00)p dr

(38)  + Z / — i) Al (014 — 0010)6” da’

:Ed 0}
< CIIAh(u—uOII 1A% (0 —a0)d]>

+ Z/ — 0;) Al (05q — 00ia) 9 da’

:Ed 0}

The first term on the right hand side can be estimated by the use of characterization
of Sobolev functions and the a priori bound (2.14) as

1A% (@ — o 2] A (0 — 00)ll2 < Ch(|| V]2 + [|Viro||2) | AG (6 — 00)d ]2

3.9
B9 onatio — o).

For the second term on the right hand side, we first replace the differences by the
corresponding integral, then use the fact that div(e — o) = 0 (we also assume that
h < 1 so that ¢(z',0) = ¢(a’, z4) for arbitrary x4 € (0, h))

/ Ag (u; — ’lloz')AZ (0ia — UOid)¢2 da’
{za=0}

/Rd . (/ Dg(w; — Um)dxd> (/ Dy(0iq — 00id) d;vd> #*(z',0) da’

/Rd ) (/ |Ddu¢+|V(uo¢)|dxd> Z/ D;(0:; — 00i;) daa| ¢(a’,0) da’.
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Then, we apply the Holder inequality to conclude

/ Al (i — 1u0) Al (01q — 00i0)$* Ao’
{za=0}

< ChZ/ (/ ‘Ddu¢|2 + |V(’u,0¢)| )dxd> X

2

h
(3.10) X </o (Dj0|2+|vao|2)¢2dxd> da’

d—1 3
< Ch()_IDjodll2 + [[Vooll2) (/ (|Daieg|* + |V (i209)[*) dl“)
j=1 ONn{zq€(0,h)}

1
2

< Ch? +Ch / |Dgisg|? Az
On{zq€(0,h)}

Hence, using (3.7)—(3.10) in (3.6) and applying the Gronwall lemma, and using the
fact that 0(0) = o and £(0) = £, and already proven a priori estimates, we deduce
(3.4). In case that the support of ¢ is located just closed to the Dirichlet boundary,
we may use the Korn inequality (or the trace theorem) and to replace |Dgyt¢| by
le(@)¢| in the above estimate and to conclude (3.5).

]

3.3. Estimate for Vu on a strip in terms of ¢ and f In previous section,
we deduce a uniform estimate for normal fractional derivatives in terms of V1, the
right hand side of (3.4)and (3.5), respectively. In this part, we show how this term
can be estimated in terms of ¢ and 5 . In fact, we prove two different estimates.
The first one deals with the case that we have isotropic hardening and we are
closed to the Neumann part of the boundary. The second case covers the kinematic
hardening independently of Dirichlet or boundary data or the isotropic hardening
in case of Dirichlet data.

Lemma 3.3. For arbitrary h € (0, ho) and p > 2, the solution satisfies

1
T 2 s T .
ey [ (/ Ddu¢|2dx> at < on'% 1+ [ ool + €], .
0 On{zq€(0,h)} 0

In addition, if we consider the kinematic hardening, we have

T 3
/ / |Dgug)® dx | dt
0 ONn{zq€(0,h)}
1-38

_ Asa|? 4 |pAsE|? °
< C((S)h% sup / / ¢ 0' +1044¢] dz dt
sE(O 4hg) |s|T= o5 (04+252)

(3.12)
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Furthermore, for kinematic and isotropic hardening we also have

1

T 2
/ / le(w)p|*dz | dt
0 Oon{zqs€(0,h)}
1-38

< 0(5)}1% ( sup / / pAge ] + 641 da:dt)

P2
s€(0,4ho) |s| =5 255 (0+257)

(3.13)

Proof. To prove the first case, we just use the Holder and the Korn inequality as
follows

(3.14)

=2,
/Om{ o h|)-}Ddu¢‘2 dz < OB"7 | Da(@d) |20y < CR™T le(@d)lI2 o)
Td€

< CR'T (le(@)oll o) + 1) < CR'T (1+[|66]1% + [€4]12),

where for the last inequality we used the equation (1.20). Then we see that (3.11)
directly follows.

Next, we focus on (3.12). First, we recall the fractional Sobolev embedding
Wi 2 (0,1) < LP(0,1) valid for all p € [2,00). Then with the help of the Holder
inequality, we obtain for almost all 2’ and ¢ that

3

h - 2ho
/ |Dguo(t, ', xq) > dag < h 7 (/ |Dgug(t, ', 2q)|P da:d>
0 0

B 2hg
<O </ |Datvop(t, 2, zq)|* dza)
0

+/2h0 /2h° |Dgtuo(t, 2, xq) — Dauud(t, ', yq)|?
—3
lza — ya|" T

Hence, using the Fubini theorem and the Korn inequality, we can continue with the
estimate of the full integral as follows

T 2ho
/ / |Dgug|? dzdt < Ch™7 / / / |Dagtnp(t, x', 2q)|* do dt
0 Jon{z.e(0,h)} (=1,1)¢

T 2o (1200 (D) st 2t o) — Dot o
+/ / / / |Dgud(t, 2’ 24) lfzﬁz’( @ ya)|? 4y dyy da’ dt
(—1,1)4 0 |za — ya -

dzg dyd>

4hg
<C (1 / / |DdAl+;“¢)‘ da dtds)
|s|
4hg 2
<C (1 / / H"ﬁ@' dz dtds)
o s
4h0 S 2
<c (1 |¢Aji ) dxdtds)
(@] | | P
<: 1 +_ 4hg |¢ZX20¢2 +_|¢ZX 6‘2 dlﬂjtds
> |s|1+pp2 )
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where we used the equation to evaluate &(@) in terms of & and €. Note that at
this step we use the fact that we deal with the kinematic hardening. Now, we use

Lemma 3.1 to replace time derivative on the right hand side. Hence, doing so, we
observe that for all § > 0, we have

T
// |Dgug|? da dt
0 Jon{zqe(0,h)}
1.5
s 4ho s 4|2 2 3
< CORT 1+/ / /|¢Ad”| +1086EF 4 ar ds
0 ‘1 35(5+p )

1g
e AS 2 AS 2 3
§C’(5)h72 sup / / [ dUL +|q272d§| dx dt
56(0 4ho) |s| T35 O+557)

Thus, using the Holder inequality and the above estimate, we have

T 3 T 3
/ / |Dgug*dz | dt <C / / | Datrg|? da dt
0 On{zq4€(0,h)} 0 On{xzq€(0,h)}

1_6

s S |2 2 6 2

§0(5)h"2p< sup / /W’Ad”' + 192 4] d:z:dt> ,
0

-2
5€(0,4hg) |s| =35 255 (0+257)

which is (3.12). To obtain (3.13), we proceed similarly, with the only change that
from the beginning we have the point-wise estimate |e(@t)| < C(|6] + |€]), which
follows from (1.20) and (1.24), respectively.

O

3.4. Estimate for for ¢ and f via anisotropic embedding.
(d 1)

Lemma 3.4. Let p € (2, Z5=*) and 3 > 0 be given as

p—2

1 =
(3.15) P = =) —2pd—2)
Then for any solution and any § > 0 there holds
(3.16)
a < C (1 |A 4ool® + 1A )
||0</>Hp + (€¢I, = |1+ hz‘l(lopl) 2T zdt] .

Proof. We use the following version of anisotropic embedding. We assume that
f € L?0,1;L%((—1,1)%)) and denote B := (—1,1)4~1. We define A € (0,1) by the

relation

1
26(d—-1)+1
and using the Sobolev embedding, we have (recall the definition of § in (3.15))
W*2(0,1) < LP(0, 1),
W= 2(B) < LP(B).

Then, we can use the cross-interpolation in Sobolev-Bochner spaces and the above
embedding to observe

9 2
171 S I, 52y < OOy gy + I, o

A=

(3.17)

B2
FA(0,,L2(B))
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for arbitrary 1 — A < a < 1. Next, we use the above inequality for 0¢ and integrate
also over time ¢t € (0, 7). Thus, using also the definition of fractional Sobolev norm,
we have (using also the properties of ¢ and the a priori estimate (2.13))

/ o)z < C / 16612 05y * 19612, at

2(0,15,22(B))

<C+C/ / / W” d _gd’(ty xd)' da’ dy’ dzg dt

x _y|d 1+«

4 C |0'¢ t Jj xd - a-¢)2(f/\z: yd)| d.’lf/ dl‘d dyd dt
‘xd_yd‘1+cy—1ik

. / 2
<C+C’/ // |a¢tm+z xq) —6P(t, 2, xq)] 4 dedt

|Z/‘d 1+«

1
+0/ // loo(t, 2, x4) aﬁgz;x T+ h)? dhde dt
At

a—14+X

|Alegl?
<C+C Sup / / dz dt
i=1 1he(0 1) 2B |Z/|d 77a |

|Aloo)? '
+C sup /O ey drdt | st

he(0,1) a—1+x
T hoo12
A
< ¢ + ¢ 5 sup/ %dxdt.
l—a  2(8+06) - 2% heonyJo Jo b

Consequently, for any § > 0, we can find « € (0,1) such that

2a\f3
a—14+A
and (3.16) for ¢ follows by Holder inequality. The same scheme is used for the

2(86+6) >

estimate for €.
O

3.5. Final estimate for normal derivatives - the case of Dirichlet boundary
or the case of kinematic hardening. In this part we finish the proof of the main
theorem. In particular, we focus on the normal derivative estimates stated in (1.23)
and (1.27). We start with (3.4) to conclude the starting estimate

Ah t 2 Ah’ t 2
(3.18) sup  sup [¢Ago ()13 + [¢A€(1) 15 <C.
te(0,T) he(0,1) h

Then, we use (3.4) (in case of kinematic hardening) or in (3.5) (in case of Dirichlet
boundary condition), and the term on the right hand side is replaced by the cor-
responding estimates in (3.12) and (3.13), respectively. Thus we conclude in both
cases that

sup [loAGo(t)]|3 + |0AGE ()13

te(0,T)
1-38

3 2 2 5
< Ch? +C@E)r S (1 ( sup / / (924 0' + [04] dxdt)

= 2
5€(0,4ho) ‘1 255 ( (6+555)
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Hence, it follows that

(3.19)
2 h
[ (AT OO,
t€(0,T) he(0,4ho) it

1-36

T S |2 s¢|2 6
< C(9) (1 + sup / (0240 + [PAH] dz dt) ,
o

3 p=2
s€(0,4h0) JO ‘3‘1—35(54‘ )

provided that the right hand side is finite. Hence, we can start the iteration with
(3.18). In the first step, thanks to (3.18), we can set in (3.19) arbitrary p < 3 and
find sufficiently small § > 0 such that

3 p—2
1
1_35<5+ » ><

and we immediately get an improvement of (3.18). Consequently, iterating such
procedure is possible as long as
-2 3(p—-2 1 -2
1 P=2 30-2 N P
2p P ) 2p

Thus, it follows that we are able to obtain

Alo(t)]? Al
(3.20) sup  sup / ¢ 0l +L¢ P dz < C(9)
te(0,T) he(0,4ho) 57
and by (3.1) we also have
A 2 Ah 2
(3.21) sup / / ¢ "' +|¢ i 4 ar < (),
he(0,4ho)

which finishes the proof for kinematic hardening or the case of Dirichlet boundary
conditions.

3.6. Final estimate for normal derivatives - the case of Neumann bound-
ary and the isotropic hardening. In this case we use the anisotropic embedding.
We again start with (3.4) to conclude the starting estimate

Ah t 2 Ah t 2
+€(0,T) he(0,1) h

Then we start with iteration. Using (3.4) and (3.11), we observe that

dAa ()3 + ||pARE(t
323) sup sup WATOBLIONEOR o1 4 " oy, + ol a0,
te(0,T) he(0,1) h 2p

Next, recalling the definition of 3, see (3.15),

p—2
4(d—1) — 2p(d — 2)’

and combining (3.16) and (3.1) and the Young inequality, we also have

.- : C Algd|? + |Algg|?
1) | |o¢||p+|§¢||pdtsé<1+ sup / [ B S )

he(0,1)

8=
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where § > 0 is arbitrary. Thus, combining (3.23) and (3.24), we have
> lpALa(t)[3 + loAGE ()13

sup su

(3.25) t(0,T) he(0,1) plitim
‘ c T [ |Abodl® + |Akgo)?
<=1 d d dxdt
9 +h2?01,)1)/0 /o 1,6(6+26) x

Thus, we can again start with iteration, which is possible as long as

p—2 2d — 7+ V1+4d? +20d
14+ — .
+ o >68 & pB< 24— 1)

Consequently, we have the final estimate (here 6 € (0, 1) is arbitrary)

o [OAIOIE + [0ALEWIE _ C
te(O T he(01)  pMETRGEEE ;T 0
and thanks to time interpolation (3.1), it leads to
T : ;
oy [ IONFE 10N, €
ey Jo  zeTEYIEAR0d 5 T 4]

where the constant C(d) explodes as § — 0. Hence, the proof is complete.
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