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Abstract: We study a system of small strain visco-plasticity. We use an
additive decomposition of the strain into elastic and plastic part, and allow
for non-linear relations in the Hooke’s law and in the flow rule. We show
the existence of solutions, using a time-discrete approximation scheme. The
limit procedure is based on a strong convergence result for the time-discrete
solution sequence.
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1 Introduction

Elasto-plasticity is a commonly used constitutive model in the macroscopic han-
dling of a wide variety of materials ranging from metals to granular materials.

In a small strain setting, that is when both stretches and rotations are as-
sumed to be small in comparison to the size of the sample under consideration,
elasto-plasticity is by now a mathematically established theory. In recent years
it has been revisited within the rapidly expanding framework of variational evo-
lutions; see in particular [2]. In that context, it is usually tackled through an
time-incremental variational process as in [2]. However, the original existence
proof for small strain elasto-plasticity [7] was based on a visco-plastic approxima-
tion which is not of a variational nature.

The setting of small strain elasto-plasticity is mathematically very rigid. In
a nutshell, the linearized strain V*u(t) of the displacement field wu(t), i.e., the
symmetric part of Vu(t) is decomposed additively into an elastic and a plastic
part

Viu(t) = e(t) + p(t), (1.1)
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2 A doubly non-linear system in small-strain visco-plasticity

the elastic part e(t) is related linearly to the Cauchy stress o(t) through Hooke’s
law,

o(t) = Ae(t), with A a symmetric mapping on symmetric tensors, (1.2)
while the plastic part of the strain p is given through a differential inclusion

Op(t) € Nic(a(t)), (1.3)

where IC is a convex, compact set of admissible stresses and Nx stands for the
normal cone to K at o(¢). Implicit in that relation is the constraint that o(¢) must
belong to K.

If looking at a quasi-static evolution, then o(¢) must be equilibrated by the
external body loads f(t), that is

div o(t) + f(t) = 0. (1.4)

The visco-plastic approximation consists in replacing Ni(o(t)) in (1.3) by e (o —
Pc(0)), where Pg is the orthogonal projection onto K and € > 0 is a small
parameter. As is well-known to readers accustomed to convex duality, this is
equivalent to replacing

o(t) € OH(Op(t)),
where H(q) :=sup{q-7: 7 € K} is the support function of IC by

o(t) —eop(t) € OH(Owp(t)).

In essence the positively one-homogeneous support function H(q) — called the
dissipation potential — is quadratically regularized, becoming H(q) + ¢|q|*/2.

In any case, at this time there is no existence theory for quasi-static elasto-
plastic evolutions when one chooses to modify the linear stress-strain relation
(1.2). One could easily argue against the propriety of investigating a non-linear
stress-strain relation because the latter is viewed as ill-suited to a small strain
setting.

However, we believe that such an investigation would be useful as a first step
towards finite plasticity. Indeed, abandonment of the small strain assumption
results in a slew of hotly debated models which will not be discussed here. Those
have as common feature the competition between two non-linear terms: the stress-
strain relation which controls the equilibrium and the dissipation term which con-
trols the evolution of the plastic strain. Of course the difficulties are compounded
by the apparent necessity of switching to a multiplicative decomposition of the
deformation gradient, in lieu of the additive decomposition introduced earlier (see
e.g. [6]).

In this light, the present contribution should be viewed as a necessary pre-
liminary step if one wishes to mimic the visco-plastic approximation of elasto-
plasticity in a non-linear setting. We thus propose to investigate a visco-plastic
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model where the stress-strain relation is no longer linear as in (1.2), but only
monotone. The existence of a quasi-static evolution in such an environment is
established in Theorem 2.4 and constitutes the main result of this contribution.

From the standpoint of visco-plasticity, there is no compelling mathematical
rationale for limiting one’s scope to a variational setting. This is why we prefer to
set up a non-variational framework; we then proceed through a time-incremental
procedure detailed in Section 3.

In Remark 3.1, we quickly illustrate the simplifications that a variational
framework would bring to the analysis (at least at the time-incremental level).
We recall that system (2.1)—(2.4) below is not of variational type since & and v
are monotone functions, but not necessarily gradients. Furthermore, we emphasize
that the system is not rate-independent.

The presented model is amenable to many mathematical generalizations: spa-
tial dependence of the non-linear laws, replacement of monotone operators by
suitable monotone graphs, etc .... We have decided to keep the model as simple
as possible, because our admittedly distant goal is to carry the analysis over to
the pure elasto-plastic setting.

In terms of notation, we denote the space of symmetric n x n-matrices by
R{*", the associated (Frobenius) scalar product A : B = tr (A" - B) = 3, - a;;bi;
and the associated norm by ||[A| = VA : A. As already seen V*u denotes the
symmetrized gradient, Viu = (Vu + (Vu)T)/2 of a field u : Q@ — R™.

2 The visco-plastic model

As already announced in the introduction, we follow the modeling of additive
small strain elasto-plasticity and refer to e.g. [5] for a detailed exposition of that
model (see also [1, 3]).

In particular, the symmetric gradient of the deformation u : 2 — R" is decom-
posed additively into an elastic deformation tensor e and a plastic deformation
tensor p; see (2.2) below. The Cauchy stress tensor, a symmetric tensor denoted
by o, is assumed to be non-linearly related to the elastic deformation e by a gen-
eral monotone law; see (2.3) below. Because we are only considering quasi-static
evolutions, it should also satisfy the equilibrium equations under the applied volu-
mic loads f; see (2.1) below. The other non-linear relation is the flow-rule, which
describes the evolution of the plastic deformation in terms of the stress tensor;
see (2.4) below.

The quasi-static evolution system reads as

—V.o=f (2.1)
Viu=e+p (2.2)
o=a(e) (2.3)

O = (o) (2.4)
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In this contribution, we derive an existence result for the above doubly non-linear
set of equations.
We adopt the following

Assumption 2.1 (Properties of the constitutive relations). Assume that &(0) =0
and, for some ~v,0 > 0, the following strong monotonicity properties: For all
matrices Fr, Fy € RP*™ and Yq,%, € R

(6(E) —0(E2) :(Br—Eay) =7 [|EB— Eof?

(G-(S) — (6-1(Ze) :(%1— %) 24 ||Sy - Sl (25)

Also assume that
Y R — RY*™ is monotone and Lipschitz continuous with constant L.

Remark 2.2. Note that, if we were to attempt to pass to a purely elasto-plastic
model, then the Lipschitz constant L would be of order e~!. In that case, the
bounds in Lemma 4.1 would depend on € and the strong convergence statement
of Lemma 4.3 below would no longer hold in the £ ~\ 0-limit. q

Initial and boundary values. Let 7" > 0 be a time horizon and let {2 C R"
be a bounded domain with Lipschitz boundary. The boundary 0f2 with exterior
normal v is decomposed into a Dirichlet boundary I'p and a Neumann boundary
[y, where I'p is open in the relative topology of 992 and I'y = 90Q \ I'p. We
introduce
Hy(QR") :={ve H(QGR") :v=00nTp}.
For po € L2(Q; R™"), w € L*(0,T; HY(:; R™)), g € L2(0, T; H~2 (09 R™)) we
impose the initial and boundary conditions
p(0) =py 1in Q,
u(t) =w(t) onIp,
o(t)-v=yg(t) only.
Definition 2.3 (Weak solution). We call (u,e,p) a weak solution of (2.1)-
iff the following holds:

o Regularity:
we LX0,T: HY(QRY), e € LA(0, T L*(S; RI))
d(e) € L*(0,T; L RY*™)), p € WH(0, T; L RY™™));

o

e [Equations (2.2) and (2.4) are satisfied, as well as the initial and boundary
conditions (2.6)—(2.7) while (2.1), (2.8) are satisfied in the following sense:
for a.e. t € (0,T) and any ¢ € HL(;R"),

/Q o(t) : Vo du = / £(t) - o dz + (g(t), o), (2.9)
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where (. ,.) denotes from now onward the duality product between Hz (09; R™)
and H™2(0Q; R™).
We will prove existence of weak solutions to the doubly non-linear visco-

plasticity system (2.1)—(2.8). We emphasize that our result is restricted to quasi-
static evolutions and to a strongly monotone non-linearity &.

Theorem 2.4 (Existence result). Under assumption 2.1, let the initial and bound-
ary conditions be given by

po € LA RI™), w e LX0,T; H'(R), g € L*(0,T; H 2(00; R™))
while f € L*(0,T; L*>(; R™)). Then, there exists a weak solution to system (2.1)—
(2.8) in the sense of Definition 2.3.

Remark 2.5. The monotonicity of v is only used for the existence of solutions
to the time-discrete approximation in Subsection 3.1. q

3 The time-stepping scheme

We consider the following time-discrete approximation of system (2.1)—(2.4). With
a number N € N of time steps we discretize the interval [0, 7] with

O=to<ti <...<ty=T.

For example, we may use the time increment At = T'/N and choose equidistant
points t, := kAt, k = 0,...,N. The functions v, € H'(Q;R") and e, pr €
L?(£2; R™™) shall be approximations of the solution-values u(tz), e(t), and p(t)
for £ > 1. For k = 0, we use the initial data py as the value in t, = 0. Initial data
for u or e are not used. The loads and boundary values are discretized with time
averages as

1 tE 1 ty
fi = —/ f(r)ydr, gp:= —/ g(T)dr (3.1)
tk — tkfl th1 tk - tkfl te_1
1 b
wg ' = ———— / ’ZU(’T) dr.
by — th—1 Ju,_,

We use the backward Euler discretization of (2.2)-(2.4), (2.6)-(2.7), (2.9),
which reads, for all k =1,..., N, as

/ o Vipdr = / fr @ dz+ (gr, ), Vo € Hp(R™) (3.2)
Q Q
Viu, = e + pi (3.3)
DeZ P — (o) (3.5)
le — g1

ur = wi on I'p (3.6)
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Remark 3.1 (Existence for the discrete scheme in the variational case). Assume
additionally that 1) is invertible and that & and ¢~ are gradients of a potential.
In other words, let @, R : R?*"™ — R be differentiable and convex potentials such
that

DQ=5, DR=v¢" (3.7)

Note that @) is automatically strictly convex.
Then the discrete scheme (3.2)—(3.5) possesses a solution.

Indeed, at every time step we minimize, for a given p;_1, the functional

[{ew+t-nyn (22 ) e 03

by — tp—1
in the variables (u, e, p) under the constraint
e+p=Vu andue H' (Q;R") satisfies u = wy, on I'p . (3.9)

The existence of a minimizer can be shown with the direct method.

A minimizing triplet (ug, ey, pr) € H(;R™) x L2(Q; R™*™) x L2(; R™") sat-
isfies, by construction, equation (3.3) and the boundary condition. Furthermore,
it satisfies the Fuler-Lagrange equation

/Q{ﬂew:gw—l <’;’“‘¢) :C—fkv} dv —(gi,v) =0 YE+(=Vov,

k— th—1

with v € HL(2;R"). We insert, for an arbitrary v, the variations £ = V*v and
¢ = 0 and obtain (3.2), (3.4). Finally, we insert v = 0 and arbitrary £ = —( to
obtain

5er) = ! (M) |

by — tp—1

This provides relation (3.5). q

3.1 Galerkin scheme for the single time-step

Our aim is to show the solvability of the scheme (3.2)—(3.6) for general mono-
tone non-linear relations. Concentrating on a single time instance k, we regard
pr_1 € L*(;R™™) as a given function. We introduce the (k-dependent) non-
linear function

P(X) = pra + (G — t1) P(5) (3.10)
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which is again monotone, since ) is monotone. Omitting the subscript k, the
system now reads as

/Uzvsgp dx:/f~g0dx—|—<g,go>, Vo € Hp(Q;R™) (3.11)
Q Q

Viu=e+p in (3.12)

o=2a(e) in Q (3.13)

p=1v(0) inQ (3.14)

u=w onI'p. (3.15)

In order to solve system (3.11)—(3.15), we use finite dimensional approxima-
tions of the function spaces and weak formulations of the equations. We choose a
sequence {wy } of H'(2; R"™) with

wy, — w in H'(Q;R™) (3.16)

and a sequence of finite dimensional spaces V! € HL(Q,R"), X}, C L*(Q,R™*™)
such that

VEVP € X, (3.17)
U VY is dense in H},(Q;R™) (3.18)
h

HU2||H1(Q) S C||VSU2|’L2(Q), \V/U2 - V}? (319)

Above C'is a constant in Poincaré-Korn’s inequality which is independent of h.

Remark 3.2. Such a sequence of finite-dimensional spaces can always be con-
structed upon considering an orthonormal basis of eigenvectors {u;,j € N} of
—/ with the boundary conditions u = 0 on I'p and du/0v = 0 on I'y. With
index h € N, the space V) is that generated by the h-tuple (uy, .....,u;) and X,
is the space of symmetric gradients of functions in V}0. q

Remark 3.3. In the case when 0| gol'p is a smooth N—2 -dimensional manifold,
one possible choice of function spaces VY and X, are finite element spaces: Let
75 be a triangulation of a polygonal superdomain €2, D € with simplices, h > 0
indicating the diameter of the largest simplex; the union should be such that no
simplex has an empty intersection with 2. We assume that (), approximates
the Lipschitz domain 2 from outside for h — 0. On boundary elements of 02,
that approximate I'p (in the sense that the union of the closure of those elements
contains I'p), we impose a nul boundary condition. The space V! C HL(Q,R")
is then defined as that of the piecewise affine and continuous functions on the
triangulation while elements of X} C L?*(Q2, R"*") are piecewise constant functions
on the triangulation. q
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We construct a Galerkin scheme for the system (3.11)—(3.14) as follows. Find
(un, €n, Py on) € (wp + V2) x X, x X, x X, such that, for all @9 € V' n;, € X},

/chh : Vo d = /Qf ~on dz + (9, ¢p) (3.20)

/Q(Vsuh —ep—pp) 1 dz =0 (3.21)
/Q(O'h —d(en)) :mp dr =0 (3.22)
/Q(ph —(on)) : mp dar = 0. (3.23)

Lemma 3.4 (Solvability of the space-discrete equations (3.20)—(3.23)). Under
Assumption 2.1, the system (3.20)—(3.23) admits a solution

(Un, €n, Ph, On) € (wh + V}?) X Xp X Xp X Xp,.

Proof. Step 1. There exists a Lipschitz continuous and strongly monotone map
Z,;l : X;, — X, with the following solution property: for every o" € X}, the
function e, := %, ' (03,) solves (3.22).

To prove this fact, we use the L?(Q)-orthogonal projection P, : L2(2) — L?(2)
onto X3, and study the map ¥, : X, — X, given by Xp(e;) = Py(d(ep)). The
map X, is Lipschitz continuous and strongly monotone on X, (equipped with the
L?(2)-norm). This implies that ¥;, has an inverse, which provides the desired map
32, . Lipschitz continuity and monotonicity of ;! follow from the corresponding
properties of Xj,.

Step 2. There exists a Lipschitz continuous and strongly monotone map (ID,;I :
X, — X, with the following property: for an arbitrary w, € (wy, + V}?), the
functions o® = ®;1(V*u") together with e, := X, (o) and py := Py(¢(0p))
solve (3.21)—(3.23).

We construct the map &, : X, — X, as &, := E,;l + P, o z; Strong mono-
tonicity of Z,:l and monotonicity of P, o 1Z imply the strong monotonicity of ®y,.
Since &, is additionally Lipschitz continuous, ®; has an inverse (ID,:I.

It remains to verify the solution properties. The choice ej, := Z,:l(ah) implies
that (3.22) is satisfied. The choice pj, := P,(1)(0,)) implies that (3.23) is satisfied.

Because of V*u" = ®,(03,) = ey, + p, (3.21) is also satisfied.

Step 3. With the function ®;' : X, — X, system (3.20)—(3.23) can be
reduced to a single relation. Looking for the solution in the form u; = w, + v,
the system (3.20)—(3.23) is equivalent to

/ (Vo (w4 vp)) : Vigy da = / o) de+{g,00) VeneVy, (3.24)
Q Q

where the unknown is v, € V2. The left hand-side of relation (3.24) defines a map
F, - V2 — (VY from the finite dimensional space V) into its dual (V}?)'. The
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operator Fj is continuous and strongly monotone in view of the corresponding
properties of ®,*; note that we have used Poincaré-Korn’s inequality (3.19). We
conclude that the operator Fj, is invertible. Since the right hand-side of relation
(3.24) defines a bounded linear functional on V¥, we have thus solved (3.20). [

Lemma 3.5 (Existence for the time-discrete scheme). Under Assumption 2.1, the
single time-step system (3.11)—(3.15) admits a solution.

Remark 3.6. Since only finitely many time-steps are performed, Lemma 3.5
implies the existence of a solution to the time-discrete scheme (3.2)—(3.6). q

Proof. Step 1: The sequence of space-discrete solutions. Lemma 3.4 provides a
sequence of solutions, indexed by h, of the spatially discretized system (3.20)—
(3.23). The solution satisfies the uniform bound

lenllr2rnxny + 1Pl L2i@roxny + o0l p2omexny + lunllm@rey < C. (3.25)

The bound above can be inferred from the construction in Lemma 3.4. We will
provide a different derivation with a testing procedure. Once (3.25) is established,
we can select a subsequence of h — 0 so that those subsequences converge weakly
to e, p, o, and u respectively in the appropriate topologies.

Consider the sequence of (3.16). Using ) = u;, — wy, € V) as a test-function
in (3.20) yields, in view of (3.21)—(3.23),

/f~(uh—wh) dx—l—(g,uh—wh)—l—/oh:szhdx:/ahzvsuh
0 Q

Q

:/Jh:ehda:+/Jh:phd:c:/é(eh):ehdx+/ah:z/~1(ah)dx.
Q Q Q Q

The strong monotonicity of & (see (2.5)) and the fact that (0) = 0 implies
that the first integral on the right hand-side controls |en[?, QR Since, by
monotonicity of QE,

E:(E) = (Z—0): (§(Z) = 9(0)) + T : 9(0) = T: 4(0),

we get

YenllZo gy < 2@ lun — wall2@zny + 91l a-1/200mm 1un = whllm @mn)
+ HahHLQ(Q;RQX")HvswhHLQ(Q;R?X”) + CwHUhHLZ’(Q;RgX“) :
The strong monotonicity of -1 immediately implies that, in the previous inequal-

ity, the linear terms in [|o, || 2 (q.gn=ny are bounded above by 6~ [|ep || 2 (q.pnxny. For
linear terms in ||up|| g1 (o), we use the Poincaré-Korn inequality (3.19) and (3.21)
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(with n, = V*uy,), which yields
[un — wall @) < CIVoup = Vw2 gupn<n)
< C (IV*wnllgzgamreny + lenll 2ameen) + Ipnll 2 omeen)
< C (I wnll gy + Clenlzzgamen) ) (3.26)
We finally obtain, for a new constant C' > 0,
YenllZz) < C (1 + llenllz@) (3.27)

hence the L?(2; R?*")-estimate for e,. In turn, this provides the L?(§);R™*")-
estimates for o, and py,, and, in view of (3.26), an H'(2; R")-estimate for u,.

Step 2: Limat process in the linear relations. It remains to check that the weak
limit functions e, p, o, and u solve the original system (3.11)—(3.15). Regarding
(3.11) we observe that, as a consequence of (3.20), the limit function o satisfies

/J:ngo dx:/f-gpd:c—i—(g,(p) Vo € V)2, Vh. (3.28)
Q )

Since, by (3.18), any ¢ € Hp(Q;R") belongs to U, V2, relation (3.28) holds true
for ¢. The Dirichlet boundary condition on I'p is satisfied by construction (the
Neumann boundary condition on I'y is encoded in (3.28)). Similarly, we can take
the limit in (3.21) and obtain V*u = e + p, i.e. (3.12).

Step 3: Limit process in the non-linear relations with Minty’s lemma. First,
we claim that

/{&(eh) cep +U(on) ot da::/{ah cep +pyiop) de — /{a ce+p:o}de.
0 Q Q

(3.29)
Indeed, test (3.20) with ) = u; —wy, € V2. In view of (3.28) with ¢ = u —w we
obtain

/Jh:(eh—i-ph)dx:/crhzvsuhdx
Q Q
:/Uh3V5whdx+/f'(uh_wh)dx+<g»uh_wh>
Q Q
—>/a:szdx+/f-(u—w)d:v+(g,u—w>
Q Q

—/U:VSudx—/J:(e+p)dx,
Q Q
hence (3.29).
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The monotonicity of & and ¢ and (3.29) imply that, for an arbitrary pair
(E,X) € [L*(Ry*)P?

0 [ {5 = 5B : (= B+ (Dlon) = =) : (0w = D)} o
+{[e-s@) - B+ - i) 0 -5)] @

But, since & and v are Lipschitz, we can choose (E,Y) to be of the form (e +
ge,0+¢ea),e > 0 with (€, ) arbitrary which yields, upon dividing by € and letting
¢ tend to 0, that .

(0,p) = (a(e),¥(0)). (3.30)

This verifies the non-linear relations (3.13) and (3.14). O

3.2 Construction of time-continuous approximations

The next step in our construction is to introduce interpolations of the time-discrete
values. We proceed as follows.

Set X to be a given Hilbert space and consider a finite number of elements
re € X , k=0,...,N and the corresponding times 0 =5 <t; < ... <ty =T1T.
We define the piecewise affine continuous interpolation 7V : [0,7] — X and the
piecewise constant left-continuous interpolation 7 : [0, 7] — X as

V() =1, VEE (try, ti],
V() = prp_1 + (1 — p)ry t = utp—1 + (1 — p)tg, p€|0,1].

.....

of time-discrete equations. Recalling the definition (3.10) of ¢, we have solved the
following system for almost every ¢ € (0,7):

/ " Vi dr = / N ode+ (G, ), Yo € HH (O R™) (3.31)
Q Q

Veulh = eV +pY in Q (3.32)
oV =) inQ (3.33)
8p"N = (@) in Q (3.34)
aN =" on I'p. (3.35)

In the next section we will derive uniform estimates for solutions of (3.31)-
(3.35) and perform the limit N — oo. The difficulty in the limit procedure is in
the handling of (3.33) and (3.34) because limit functions do not necessarily satisfy
the same non-linear relations. The limit is achieved through a strong convergence
result for e and 7.
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4 The time-continuous limit

N N N N
)

We first establish some a priori bounds for u D

Lemma 4.1 (Estimates for the time-discrete scheme). Under Assumption 2.1
there exists C' > 0 independent of N such that

1€Vl 2o ez + 18 |20 22 mmny + (4.1)
H5N||L2(0,T;L2(Q;R2X”)) + HﬂNHL?(O,T;Hl(Q;R")) <C.
A similar estimate holds true for the piecewise affine interpolations.
Proof. The proof is almost identical to that of Step 1 in the proof of Lemma 3.5.
We fix a time instance t € (0,7") for which (3.31)—(3.35) are satisfied. We insert

(@™ — @) into (3.31) and obtain, for the time instance ¢,

/a dx+/f — ™) dx+<gN,uN—wN>:/0N:V5uNdx
Q

:/0’ d;y—l—/ D da:—/~(eN):eNd:L“+/UN:dea:.
Q Q Q Q

The first integral in the right hand-side controls ~||e"||? The strong

L2(QRIX™)
monotonicity of &~ implies that ||V 2 gpnxmy < 67 €Y ||L2 (ornxny and allows
one to conclude that

YNE¥ N Zaougmrmy < 0 IVIEY [ p2gqmmen 187 | p2(prny (4.2)
+ 1N 2o 1@ — @™ || 2oy + 1871 ,-3 (AR [a™ = @™ )
+6" HéNHH(Q;MX”) HpNHLQ(Q;RQX")'

The Poincaré-Korn inequality, together with (3.32), yields, for some C' > 0 inde-
pendent of IV,

51 ey < € (14 18 oy + 15" | pz(ameen))

Inserting that inequality into (4.2) yields with Young’s inequality, for some possi-
bly different C' > 0, still independent of N,

e ()12 zeny < C (14 Fx(®) + 15V (O Eagqmneny ) (4.3)
where

Fie(t) 1= 15 (1) sz + 7Y 0By + 135 O1, g



G. Francfort and B. Schweizer 13

The norm of p™¥(t) is computed as follows, for some C' > 0, independent of N:

2

a0 ]

<C <1-+

C<1+6 212

¢
Do +/ 8t13N(7') dr
0 L QR

LZ(QR"X”)>
/‘ T)|dr
(QRan)
t
—272 =N 2
<0 (140227 [ 10 agapeny ).

Inserting this into (4.3), we find

1690 e <o(1+FN / E HLz(de)-

An application of a type of Gronwall’s inequality (see Lemma 4.2 below) finally
implies that

IN

||éN||L2(0,T;L2(Q;]RZX")) <O+ Fyllpiorr <C (1 + ||fN||L2(o,T;L2(Q;R2X"))

[

— N 2 a
o™ 72010 @y + 15 (1) L2(0.T5H~ ?(c‘mR”)))'

This is the desired estimate for ". As already used, bounds for [[&" ()| 2 (g
provide in turn bounds for HﬁN(t)HLQ(Q;MXn), hence for ”ﬁN(t)HLQ(Q;R?Xn), and
finally for ||a™ ()| i @rn)-

Since the norms of the piecewise affine interpolations are controlled by the
norms of the piecewise constant interpolations, the analogous estimate also holds
true for the piecewise affine interpolations. n

Lemma 4.2 (Gronwall in L'(0,T;R)). Let Y : [0,7] — R be non-negative and
satisfy the estimate

t
V() < 00/ Y(r)dr+ F(t), FeL\0,T:R), te[0,7].
0
Then, for some constant C' independent of F,

1Ylzro.rmy < CIF||Lrorm) -

Proof. Set Z(ty) := [," Y (t) dt. Then,

to
Z(to) < Co / 2t dt + | F )l orm) -
0
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The classical Gronwall’s inequality implies that
Z(t) < | Fllzro,rm) exp(Cot) -
Inserting ¢t = T yields the desired result. O]

The uniform estimate of Lemma 4.1 enables us to choose a subsequence of
{N} (which will not be relabeled), as well as weak limits e, p, o, u (resp. é, p, 7,
@) such that, e.g.

e’ — ein L*(0,T; L*(; R™™) (resp. eV — éin L*(0,T; L*(; R™™))).

Since weak convergence does not ensure the stability of the non-linear relations
(3.33) and (3.34) in the limit process, we propose to prove the following strong
convergence property.

Lemma 4.3 (Strong convergence). Under Assumption 2.1, let the data py, w, g
and f be as in Theorem 2.4. Consider a dyadic discretization of [0,T] and the
associated piecewise constant interpolation (u™,e™,p",a™) of the time-discrete
solutions to (3.2)-(3.6).

Then,

N = o, &Y = e strongly in L*(0,T; L2(Q; R™™).

Proof. We study two different indices N and K with N > K, so that the N*-
discretization is a refinement of the K*'-discretization. We consider a point in the
fine grid, ¢t = ¢ for some n < N. We use (3.31) with indices N and K , take the
difference, and use [(a" — w") — (@ — w¥)](t) as a test function. We obtain

[ @ =)0 9@ = a0 de = [ (7Y 70 - (@ =) ) da

Q

- / (FY = F) 8 - (@ — a)(t) do + / (0 — %) (1) : V(@ — ) (t) da

Q
+((7" =), (@ —a")(t) — (@ —@")(O)] ) = e(t).
Inserting the decomposition (3.32) in this relation yields

/Q(UN — ) (t) (N —e")(t) da:+/(aN — ) (#) - (PN — pF)(t) dx = £1(t) .

Q

Because of the strong monotonicity of & and of relation (3.33), the first integrand

is positive and provides an upper bound for ~||(e¥ — éK)(t)HiQ(Q_RWn). With

Young’s inequality, we obtain, for an arbitrary 1 > ¢ > 0, the estimate

YEY = )OI 2 qumeny < 07 IEY =)Dl 2porm | (™ = BV (O] 12 (@mom)
+ V(@Y = @) ()] 2z 1€ — &) ()] 12 (@mom)
(@Y = @) ()l @y + CN@Y = @) 7p @

+ QLI = PO ez + 1@ = 5O }

H™ 3 (QR")
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for some constant C(¢) depending on ¢. The term containing (a" — a®)(t) is
bounded from above using Poincaré-Korn’s inequality. Collecting all terms, we
end up with

[ O] -
< C (@ = )O3z + 1Y = PO+
HI@ = GV g + 1Y = 5O agery) (44)

H™ % (QR™)
We recall (3.34), the identity p™(t) = pY(¢) at a grid point ¢ of the (fine)
N-grid, and obtain, at that point t,

1™ = B) O 2 g@merey < 1Y = 55Vl 2oy + 16" = 5) )| 20preny
t

) + 1" - pK)<t>|’L2(Q;R?X")
L2(QRYX™)

t
< 5‘1L/0 1E™ = ) (Pl 2@z d + 1" = ) ()| 2 mpny -

The norm of (p& — p¥)(¢) is estimated using time tX > ¢ =tV of the K-grid,
th —t < Atg, where Aty := maxp< g (t — 5 ).

(P = PV Ol 2 qppeny = 18" () = O orny

< AtgL||% ()

ti

' op’ (1)dr
t

< Atk ||¢(o
L2(QR*™)

t )HLZ(Q;RQX")

|2 @mpeny -

Inserting the two estimates above into (4.4) finally yields
5||(éN &) ()72 qzmem < (@Y = @) O @pey + 1Y = F) O 72@zn
_N _ -K 2
6 = PVOP, g

t
Lo / 1 = &) (T) s gpen, 47

We can now apply the Gronwall inequality of Lemma 4.2. With a new constant
C, we obtain

+ 2L At ||lo (¢ Hi?(n;mxn)

5“6 7K||L2 (0,75 L2 (SHREX™Y) < ||wN - wK“%Q(O,T;Hl(Q;R"))

rK N K 2
I = 202y 1 18 17, 201:H-} (@) (4.5)

+ Aty ||0KHL2 0,1;L2(RT*™)) -~
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Since, by Lemma 4.1, 6% is bounded in L?(0,T; L?(£2; R™")), letting K — oo in
(4.5) we conclude that [|e™ — || .2 p.p2qmnmy) — 0 for N > K — oo,
Relation (3.33) and the Lipschitz continuous character of ¢ then imply the cor-
responding strong convergence %V — o in L2(0,T; L?(£2; R™™)). This concludes
the proof. n

With the above results, we have all necessary ingredients to conclude the proof
of Theorem 2.4.

Lemma 3.5 provides the existence of a solution sequence (@, ", p",5") of the
time-discrete system (3.31)—(3.35). Lemma 4.1 provides a subsequence N — oo
and limit functions (u, e, p, o). Lemma 4.3 provides the strong convergence e — e
and 7V — 0. We take a further subsequence N — oo, such that the convergence
also holds pointwise almost everywhere.

It remains to show that the limit functions (u,e,p, o) is a weak solution of
(2.1)—(2.8). This is immediate, except for (2.4). To obtain (2.4), we must pass to
the limit in (3.34). We obtain

Oip = (o).

In order to conclude that (2.4) holds true, we must have p = p. The strong
convergence of the right hand-side in the evolution equation (3.34) implies that

Op™ — Oyp, strongly in L*(0,T; L*(Q; R™*™)).

Since p(0) = H(0) = po,
5V = b strongly in L2(0,; LH(Q: ™))

Lemma 4.4 below permits to conclude p = p.
The proof of Theorem 2.4 is complete.

The following lemma is taken from [4], where it is shown for equidistant dis-
cretizations. We repeat the simple proof for the reader’s convenience.

Lemma 4.4 (Comparison of interpolations). Let X be a Hilbert space and T > 0.
Let with points 0 =t < )Y < ... <tN =T be such that maxo<y<n_1 |[thy; —th | <

Aty — 0 for N — co. Let fY € X be given values fork =0,1,..., N. We consider
the piecewise affine interpolation fN and the piecewise constant interpolation f¥

of the point values, fN(tN) = fNEN) = fN. If
N = g in L*(0,T; X)
then,

N — g in L*(0,T; X). (4.6)
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Proof. First,
17N 22020 < 6 1F¥ 220 (4.7)

The computation is elementary: we omit the superscript N and use hy 1=t 1 —tk,
1
AN N N |2
1P o = S [ 105 + (=012
k
1 1
= th/ I + =02 1%) +2hk/ HL =) i)
k 0 0

>

1"
(VA FETANESES Y ATATS
k

=

Given g € L*(0,T; X), we construct the averages
N

= — t) dt
9k I - g()

1
and the corresponding piecewise affine and constant interpolations g% and g%.
The interpolations ¢~ and g converge strongly to g in L?(0,T; X). By assump-
tion,

1/ = V200 < I = gllrzorax + g — 3V lz2 o0 — 0.
Inequality (4.7) implies that

1Y = 3 122 o) < 61 = 9V 220 = 0.

Another application of the triangle inequality yields

1FY = gllz0mx) < Y = g% 2rx) + 19" = gll2o,r.x) — 0,

and hence the claim. O]
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