COMMUNICATIONS ON doi:10.3934/cpaa.2013.12.2973
PURE AND APPLIED ANALYSIS
Volume 12, Number 6, November 2013 pp. 2973-2996

NON-ISOTHERMAL CYCLIC FATIGUE IN AN OSCILLATING
ELASTOPLASTIC BEAM

MICHELA ELEUTERI

Dipartimento di Matematica, Universita degli Studi di Milano
via Saldini 50, 20133 Milano Italy

JaNA KOPFOVA

Mathematical Institute of the Silesian University,
Na Rybnicku 1, 746 01 Opava, Czech Republic

PavEL KREJCT

Institute of Mathematics, Academy of Sciences of the Czech Republic,
Zitna 25, 11567 Praha 1, Czech Republic

(Communicated by Stefano Bianchini)

ABSTRACT. We propose a temperature dependent model for fatigue accumu-
lation in an oscillating elastoplastic beam. The full system consists of the
momentum and energy balance equations, and an evolution equation for the
fatigue rate. The main modeling hypothesis is that the fatigue accumulation
rate is proportional to the dissipation rate. In nontrivial cases, the process de-
velops a thermal singularity in finite time. The main result consists in proving
the existence and uniqueness of a strong solution in a time interval depending
on the size of the data.

Introduction. Elastoplastic materials subject to cyclic loading exhibit increasing
fatigue, which is manifested by material softening, and material failure in finite
time with strong heat release. The analysis of the so-called rainflow method for
cyclic fatigue accumulation in uniaxial processes [2] has discovered a qualitative
and quantitative relationship between accumulated fatigue and dissipated energy.
Indeed, the rainflow algorithm counts closed hysteresis loops in the loading history,
and with each closed loop associates a number depending on its amplitude — the
contribution of the loop to total damage — taken from an experimental diagram
(the Wohler line). This corresponds to the mechanism of energy dissipation: The
number associated with a closed loop is its area in this case.

In multiaxial loading processes, the concept of closed loop is meaningless, and no
counterpart of the rainflow algorithm is known to the authors. On the other hand,
the notion of energy dissipation is independent of the experimental setting. In [5],
we have proposed a model for fatigue accumulation based on the hypothesis that

2000 Mathematics Subject Classification. Primary: 7T4R20; Secondary: 74K10, 74H35, 74N30.

Key words and phrases. Elastoplastic beam, Prandtl-Ishlinskii operator, material fatigue,
thermo-elasto-plasticity, blow-up.

Supported by GACR Grant P201/10/2315 and by the project MSM4781305904 of the Czech
Ministry of Education. The work of M.E. was partially supported by the FP7-IDEAS-ERC-StG
#256872 (EntroPhase).

2973


http://dx.doi.org/10.3934/cpaa.2013.12.2973

2974 MICHELA ELEUTERI, JANA KOPFOVA AND PAVEL KREJCI

there exists a proportionality between fatigue and dissipated energy in the multiax-
ial case as well, and the model was demonstrated on the example of a transversally
oscillating thermoelastoplastic plate. This idea is perhaps not completely unrealis-
tic. Plastic deformations are manifested on the microscale by moving dislocations
which, at the same time, damage the material cohesion, reduce the stiffness, and
dissipate mechanical energy into heat. Note that in engineering practice, e.g. in
aircraft industry, temperature tests for fatigue estimation are commonly used, and
similar considerations appear also in theoretical engineering literature, going back
e.g. to [11].

In the whole generality, a rigorous existence and uniqueness theory is still missing.
Here, we make a first step in this direction and investigate the well-posedness of the
system describing non-isothermal fatigue accumulation in a transversally oscillating
elastoplastic beam. The equation for transversal oscillation of an Euler-Bernoulli
beam with the single yield von Mises plasticity law was shown in [15] to give rise to a
1D beam equation with a multiyield Prandtl-Ishlinskii hysteresis operator as a result
of dimensional reduction. Here, we allow the hardening modulus to depend on the
accumulated fatigue, couple the momentum balance equation with the full energy
balance involving temperature, and prove that the resulting PDE system admits a
unique solution in the whole existence time interval until a thermal shock occurs. As
the primary goal of the model is to describe material failure in finite time, we cannot
expect to have solutions that are global in time. For some details about modeling
issues, we refer the interested reader to [5]. More generally, the analysis of non-
isothermal problems in mathematical modelling of advanced materials is gaining
more and more importance in the recent years. We refer for instance, without
aiming at completeness, to [1, 7, 8, 18, 19] in the setting of elastic materials, plastic
materials, shape memory alloys and liquid crystals.

Some extensions of our analysis to a higher-dimensional setting and further gen-
eralizations are in progress. A thermodynamic model for fatigue accumulation in an
oscillating elastoplastic Kirchhoff plate based on the same hypothesis, namely that
the fatigue accumulation rate is proportional to the dissipation rate, is considered
in [6]. The existence of a unique solution in the whole time interval before a sin-
gularity (material failure) occurs is proved there under the simplifying hypothesis
that the temperature history is a priori given.

In Section 1, we derive the governing system of equations from the thermody-
namic principles. The main existence and uniqueness results are stated in Section
2. Section 3 is devoted to the analysis of a spatially semi-discrete scheme and es-
timates for the approximate solution, and the proof of the main theorem is carried
out in Section 4.

1. The model.

1.1. Transversal oscillations of a beam. In [15], it was shown that the Euler-
Bernoulli dimensional reduction, applied to the 3D momentum balance for transver-
sal oscillations of a thin elastoplastic body with a single yield von Mises plasticity
law, leads to the system

Bh?
U = g Wi + Plwg,), (1.1)
h? 1
owy — %wrzt = —Uge + %f (12)
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for x € (0,¢) and t € [0,T], where the subscripts , and ; denote partial derivatives
with respect to x and ¢, the function w is the transversal displacement, 2h is the
thickness of the beam, B > 0 is the hardening modulus, P is the multiyield elasto-
plastic Prandtl-Ishlinskii operator (1.12) with a specific form of the density function
v, o is the mass density and f is the time integral of the external load. In fact,
(1.1) results from the strain-stress law, as € = wy, is, up to the factor —z, the only
nontrivial component €11 of the strain tensor at distance z from the midsurface,
and 0 = u; is a weighted average over the thickness of the 017 stress component.
Note that the multiyield character of the Prandtl-Ishlinskii constitutive law in the
beam or plate bending problem, cf. also [9], reflects the fact that eccentric layers are
subject to larger deformations than the central ones, so that plastic yielding propa-
gates gradually from the outer surface towards the midsurface as on Figure 1. The
hysteresis memory state of the Prandtl-Ishlinskii operator P keeps the information
about the time dependent stress distribution across the profile after elimination of
the transversal variable z, see Subsection 1.2 below.

FIGURE 1. Bending of an elastoplastic beam with gray plasticized zones.

In the present paper, we want to include fatigue and temperature effects by
extending the constitutive law into
2
o= @6+P[e]+uet—ﬂ(9—0mf), (1.3)
where m > 0 is a scalar time and space dependent fatigue parameter, v is the
viscosity, 3 represents thermal expansion, 8 > 0 is the absolute temperature, and
07/ is a fixed referential temperature. The function B(m) accounts for material
softening by the action of fatigue.

In fact, physically, € = w,, is the curvature and o in (1.3) is the bending moment.
The hypothesis that one component of the bending moment is proportional to the
temperature with factor 8 can be justified in case that the beam has a layered
structure with mass densities, elasticity moduli, and thermal expansion coefficients
depending on the transversal variable z (e.g. bimetal, say, with two different values
of the material constants below (z < 0) and above (z > 0) the midsurface). A
discussion about the form of the Prandtl-Ishlinskii operator in the case of layered
materials can be found in [15, Remark 2.2].

With the constitutive law (1.3), we associate the free energy operator

B(m)h?
+ 6

Fle,0) = ch(1 —log(6/67T)) 2+ Vel — B(O — 67 )e, (1.4)

where V' is the Prandtl-Ishlinskii potential (1.15), and ¢ (the specific heat capacity)
is a given constant. The entropy operator S and internal energy operator U then
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read
S(e,0) = _9F clog(0/67)) + Be, (1.5)

a0
B(m)h?

U(e,0) = F(e,0) 4 0S(c,0) = cb + e2 4+ Vel + Bo"’¢. (1.6)

We consider the first and the second principles of thermodynamics in the form

Ue,0): + ¢z = €10, (1.7)
S(e.0) + (g) >0, (1.8)
0/
where ¢ = —k#, is the heat flux with a constant heat conductivity x > 0. Note

that (1.7) is the energy conservation law, (1.8) is the Clausius-Duhem inequality.
We rewrite (1.7) using (1.3), (1.6), and (1.17) as
B’(m)h?
6

where B’(m) is the derivative of B(m) with respect to m, and D|e] is the dissipation
operator (1.16). Inequality (1.8) can be formally written in the form

/ 2 2
(- BN o, 4 DL + ve? + n‘)i) > 0.
0 6 0
This is certainly satisfied provided the fatigue rate m; is positive, i.e. fatigue is
increasing in time, and B’(m) < 0, i.e. the elasticity modulus decreases with
increasing fatigue in agreement with experimental observations.

The system has to be complemented with an evolution equation for m. Motivated
by the rainflow method of cyclic fatigue evaluation, we assume, as mentioned in the
Introduction, that the fatigue rate is proportional to the elastoplastic dissipation
rate

s — KOpy = — e2my + |Des| + vei — Boe;, (1.9)

_ %)hzg?mt + |D[e]y| . (1.10)

We assume that the fatigue rate at a point x is proportional to the bulk elastoplastic
dissipation rate in a neighborhood of the point . This means, for a nonnegative
function A with (small) compact support we set

4 "(m, 2
mt(x,t):/o )\(x—y)(—wgmt—f—|D[s]t|>(y,t)dy. (1.11)

The modeling requirement that the system should develop a thermal singularity
at the moment of failure, is clearly satisfied in (1.11). In nontrivial cases, if the
external load is large, 2(z,t) also becomes large on a large set, and m; blows up
to +o0o. Consequently, also the heat supply in the energy balance (1.9) becomes
infinite, producing thus a thermal shock in the system.

1.2. The Prandtl-Ishlinskii operator. Assuming that a nonnegative function
v € LY(0,00) is given, we define the Prandtl-Ishlinskii operator P : W11(0,T) —
W11(0,T) by the integral

PlE|(t) = / s dr (1.12)

where s, is the stop operator with threshold r. The modeling idea goes back to
[10, 17]. In the literature, e.g. [16], it is also called generalized Saint-Venant model.
Let us first recall the definition of the stop operator.
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Definition 1.1. Let e € WH(0,T) and r > 0 be given. The variational inequality
t)+£(t) vt € [0,T],

o
<r vt € [0,T],

f( (o(t)—2)>0 ae V|z|<r, (1.13)

where Q. is the projection of R onto the interval [—r,r|, defines the stop and play
operators s, and p, by the formula, see Figure 2,

oft) =s.[el(t), &(t) =prlel(t). (1.14)

s.[e] A pele] A

s raxvy

FIGURE 2. A typical hysteresis diagram of the stop and play for a
cyclic input.

The stop and play operators were introduced in [12]. The parameter r is the
memory variable, and for each given time tg, the functions r — p,[e](to), r —
s,[€](to) represent the memory state of the system. They keep the information
about important local minima and maxima of the input ¢ in the time interval [0, ¢o],
see [3, Sections 2.3, 2.4]. Let us illustrate the Prandtl-Ishlinskii memory structure
on the example

—r, r €[0,a),
) r—2a, r € [a,b),
se[el(to) = —r — 2a + 2b, r € [b,c),
—2a+42b—c=¢(ty), r>c,
corresponding to an input history of e with an absolute minimum e(t2) = —e¢,
absolute maximum &(t;) = 2b — ¢, and £(t1) > &(t) > e(tg) = —2a + 2b — ¢ for

t € [t1,t0], 0 < ta <1 < tp, 0 < a<b<c The memory curves are represented in
the left part of Figure 3.

The distribution of the stress o at time tg across the beam profile along the
transversal variable z € [0, h] from the midsurface z = 0 to the upper boundary
z = h in case that the elasticity modulus E is constant in (0, k), is given by the
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formula [15, Eq. (44)], that is,

Ra z Z %’
~R+ 2Ez, ce [ BBy
o(z0t0) = Bz s g [el(to) = B’ Ea
R+ (2a — 2b)E ZG[E707E7b)
—Eze(to), e f0.4),

where R is the von Mises yield limit and F is the Young elasticity modulus, see the
right part of Figure 3. The interval [R/FEa, h] corresponds to the plasticized zone
near the outer boundary z = h.

UA i -
R L
I |
L
R | |
NEb Py
0 r Y I
Ec Fa

FIGURE 3. Memory distribution at time ;.

Let us list here some basic properties of the play and stop operators. The proofs
are elementary and can be found e.g. in [3, 13].

Proposition 1.2. Let 1,60 € WH(0,T) and r > 0 be given, o; = s,[g;], & =
g — 0;= pT[Ei], i =1,2. Then

0) (71(6) ~ a)(E(0) ~ &x(1)) > 32t~ o) ace
(i) |62(t) — (t)|+%|0'1(t>_0'2(t)‘ < JE(t) —é()]  aee;
(iii) [o1(t) —o2(t)] < QOIgggiJel(T) ea(T)] Vte[0,T];

(iv) &(D)ei(t) = &i(1)?
It is easy to see that the variational inequality (1.13) can be equivalently written
in the form

000 = 3 (50°0) + e,

representing the energy balance. Indeed, £(t)o(t) is the power supplied to the
system, which is partly used for the increase of the potential %az(t), and the rest

r|€(t)] is dissipated. This enables us to establish the energy balance for the Prandtl-
Ishlinskii operator (1.12). Indeed, if we define the Prandtl-Ishlinskii potential

VIE®) = 2 / T sl dr (1.15)
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and the dissipation operator

DEI® = [ e o) ar. (1.16)
we can write the Prandtl-Ishlinskii energy balance in the form
. d d
E(t)Plel(t) = dtv[ e](t) + dtD[s](t) a.e. (1.17)

As a consequence of Propos1t10n 1.2 (iv), we have

)| <12 |/

We see that Hypothesis 2.1 (1) below enables us to estimate the dissipation from
above in terms of the input velocity. Furthermore, for 1,60 € WH1(0,7T), we
estimate the difference of the dissipation rates using (1.16) and Proposition 1.2 (ii)
as follows:

t
/0

</ () dr / er(r)—en(r)|drt / S i)l ler] - [l (). (118)

d

ot | ot

2. Statement of the problem. The mathematical analysis of the problem derived
in Subsection 1.1 is independent of the exact values of the material constants. For
any T > 0, we denote Qr := (0,1) x (0,7). In an a priori unknown domain Q-
we consider the system

u, = B(m)wey + Plwys] + weer — (0 — 077), (2.1)
Wy — Wygt = —Ugy T f
1
0, = 0Oun— §B’(m)wizmt + | D[weee| + w2, — Owepr , (2.3)
1
1
my(z,t) = / Az —y) (—ZB’(m)wizmt + |D[wm]t|) (y,t)dy (2.4)
0
for unknown functions w, w, 8, m, with initial and boundary conditions
w(z,0) =u(z,0) =m(z,0)=0, (2.5)
0(x,0) =6°), '
w(0,t) =wu(0,t) =w(l,t) =u(l,t) =0, (2.6)
0.(0,t) =6,(1,t) =0, ‘

under the following hypothesis:

Hypothesis 2.1.

(i) P is a Prandtl-Ishlinskii operator (1.12) and D s its associated dissipation
operator (1.16). We assume that its distribution function v € L*(0,00) is
such that v > 0 a.e., and [~ ry(r)dr < co.

(ii) B : [0,00) — (0,00) is a C? function, B'(0) = 0, —1 < B"(m) < 0 for all
m > 0.

(iii) A : R — [0,00) is a C! function with compact support, L := max{\(x) +
N@)l, = €R}.
(iv) f € L*(Qr) is a given function for some fized T > 0, such that fi, for €
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(v) 0° € L>°(0,1) is such that 6° > 0, >0, 6°, € L*(0,1).
(vi) 07¢f is a given positive constant.

The main result reads as follows.

Theorem 2.2. Let Hypothesis 2.1 hold. Then there exists T* such that system
(2.1)—(2.6) has a unique solution in Qg+ with the regularity

® Wrgat, Wratt, et; 0mr7 Uty Uzt S L2 (QT* );
o my € L®(Qp+).

Remark 2.3. As mentioned in Section 1, a global solution cannot be expected
to exist in general. A blowup of m; to +o0 in Eq. (2.4) certainly occurs in finite
time as soon as wy, becomes large. If for example the external excitation f(z,t) is
very strong, w,, reaches the critical value faster and the blowup occurs earlier. In
Subsection 3.2, we derive an explicit lower bound for the lifetime of the solution in
terms of the L'(0,7;L?(0,1))-norm of f;. In particular, if the external load f; is
sufficiently small, the solution will exist globally in [0, T].

Remark 2.4. We restrict ourselves to zero initial conditions for u, w, and m. The
motivation for this choice is twofold. First, in practice, it is impossible to deter-
mine the initial fatigue if we do not know the full loading history. Hence, the only
realistic hypothesis for the problem of estimating the lifetime of a material subject
to cyclic fatigue, is to assume that it is at rest, and completely undamaged at the
beginning. The second reason is that general speculative initial conditions would
require complicated compatibility conditions involving derivatives of hysteresis op-
erators, which do not bring any added value, while the resulting additional technical
difficulties in the proof would make the presentation less transparent.

3. Approximation. We choose a cutoff parameter R > 1 and an integer n € N,
and consider the truncated space discrete approximations of (2.1)—(2.4) for k =
1,...n—-1

i, =B(my)ey, + Plex] + ér — 0 + 077, (3.1)
Wy — Efp = — n2(uk+1 — 2up, + uk,l) + fr, (3.2)
€k :n2(wk+1 — 2wk + Wg—1) , (3.3)

. 1 . . .
O =n(Opy1 — 20k + 0p_1) — §B/(mk)sﬁmk + | D[er)e| + €2 — Orér, (3.4)
mi(t) =m™ (k/n,t), (3.5)

my" (1) = / A =) (= 3B ™) EPm™ ) (5,0)dy

1
+Qn( [ Mo = pIDEVU@.0d) for e (0.1, (3.6)
0
where we denote by Qr(z) = min{R, z} the projection of [0,00) onto [0, R],

o [ ety for wel(k—1)/mk/n), k=1,....n—2,
£ (1) —{ S e melin_2mal, (3.7)

and

k/n
fk(t)n/( f(z,t)da.

k—1)/n



NON-ISOTHERMAL CYCLIC FATIGUE 2981

We prescribe initial conditions for k =1,...,n—1
wy(0) = ux(0) =0,
01(0) = 0°(k/n), (3.8)
m™(x,0) =0,

and “boundary conditions”

Wo = Wy = Up = Uy =0,
b = 01, O = 1. } (3.9

This is a system of ODEs for uy, wyg, 0 with locally Lipschitz continuous right
hand sides, and one integrodifferential equation for m(™). We proceed as follows:
We first check that the system admits a local solution on a time interval [0,T,),
and then establish a lower bound for 0 < T® < T, independent of n. On the
interval [0, T'%), we derive estimates for the approximate solutions which enable us,
on the one hand, to show that the truncation in (3.5) never becomes active if R is
sufficiently large, and can be removed. On the other hand, we select a convergent
subsequence indexed by n and pass to the limit as n — oo to obtain a solution to
(2.1)~(2.6).

3.1. Existence of local solutions to (3.1)—(3.6). For given functions a,r €

LY(97), such that
1
/ a(z,t)dz
0

me(x,t) = /0 Mz —y) (aly, t)(B' (m)m)(y,t)) dy + r(z,t), m(z,0)=0. (3.11)

a(z,t) <0, <A, 0<r(z,t) <R ae, (3.10)

consider the problem

We define an auxiliary function p as the maximal solution to the differential equation

(1= LAp(t) = R, p(0) =0, (3.12)
that is,

1 1 2R \'? R ( 1 2R\'?
= (- = W) = — s — — 1
wt =73 <L2A2 LAt) - MO =73 <L2A2 LAt) (3:13)
We see that () blows up to +oo for ¢  1/(2LAR). We plan to show that the
solution of (2.1)—(2.6) can be continued until the blowup of p occurs. To this end,

we choose an arbitrarily small b € (0,1) that we keep fixed throughout the paper,
and set

PO ey
T =57 am- (3.14)
Then
R 1-b 5
,U(t) S }%7 3 5 ,U(t) S 0, ﬂ for t € [O?TA,b]' (315)

We define the set

M ={me L*Qqr, ): m¢€ L*Qpr ), m(z,0) =0, 0 <my(x,t) < i(t) ael.
(3.16)
We prove the following statement.
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Lemma 3.1. Let Hypotheses 2.1 (i) and (3.10) hold. Then (3.11) admits a unique
solution m € M. Moreover, if (a1,71), (a2, r2) are two sets of data satisfying (3.10),
then the corresponding solutions m', m? satisfy the inequality

Tf,b 1 9 (1 _ b)R Tg',b 1 Tf,b
/ |mt—mt|oo(t)dt§ 1)2714/ |a1—a2|1(t)dt+g/ ’7’1—7"2|Oo(t)dt.
0 0 0

(3.17)
Here and in the sequel, we denote by |- |, for p € [1, 00] the norm in L?(0,1).

Proof. We choose m',m? € M, and define m!', m? € M by the formula

mi(x,t) :/0 Mz —y)a;(y, t)(B' (m)mi)(y, t) dy+ri(x,t), mi(z,0) =0, i=1,2.

(3.18)
We have mi(z,t) > 0, |mi(x,t)| < LAp(t)i(t) + R = fi(t) a.e., hence '’ € M. We
further have

i} — 2l () < LARH| M) — m2|_(1) + LAt |m1—m2|oo<t> (3.19)
+ Lu(t)p( |a1—a2| +‘r1—r2|

< LA— ( /{mt—m2| d7>

+ Lu( |a1 - a2| )+ |7’1 - 7’2| (3.20)

For a1 = ay and r1 = r9 we obtain

/Tf,b
0

so that existence and uniqueness of m is established by the Banach fixed point

T4,
il —md| ()t < (1- b)/o i —m?|_(tydt,  (3.21)

argument. Inequality (3.17) follows immediately from (3.19) with m’ = m’ =
mt. O
This result enables us to conclude that (3.1)—(3.6) admits a local W1> solution in
an interval [0, T, ] for every n and R. First, denoting by w the vector (w1, ..., w,—1),
and € = (e1,...,6,-1), we have —e = Sw with a positive definite matrix S, which
has the form
2 -1 0 0 0 0 0 0 0 ]
-1 2 -1 0 O 0 0 0 0
o -1 2 -1 0 0 0 0 0
S =n? : :
0 0 0 0 O -1 2 -1 0
0 0 0 0 O o -1 2 -1
0 0 0 0 O 0 0o -1 2

Hence, the left hand side of (3.2) reads (I + S)w. Furthermore, the dissipation
rates |Dleg]:| depend Lipschitz continuously on € by virtue of (1.18). Hence, by
Lemma 3.1, Eq. (3.6) defines a locally Lipschitz continuous mapping that with e
and ¢ associates the solution m(™ and m(") By (3.2), € itself is a Lipschitz con-
tinuous mapping of u = (uq,...,up—1). We see that (3.1)-(3.4) can be considered
as an ODE system in wug, wy, 9;€7 with a right hand side, which is locally Lipschitz
in L(0,t) for every t € [0,7], and the existence of a local absolutely continuous
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solution in an interval [0,7),,] follows from the standard theory of ODEs. Conse-
quently, the right hand side is bounded, and we conclude that the solution belongs
to Whe(0,T;,).

In the sequel, we will systematically use the “summation by parts formula”

n—1

> Gk (hsr — 20 +mp—1) +Z (& —E&—1) (e —Mk—1) = & (M0 —Nn—1) —&o(m —mo) -
k=1 k=1
(3.22)

At the end of this subsection, we prove that 6, remain positive in the whole range
of existence. As a first step, we test (3.4) by —0,  (the negative part of ;). We
obtain from (3.22) that

n—1 ne1
(?tz +”229__9;1 + > (6;)% <0,
k=1 =1

and Gronwall’s argument yields 6, (¢) = 0 for all k£ and ¢, hence 6(t) > 0 for all k
and t. Furthermore, we have

. 1
0, — n2(9k+1 — 20, + 9}6,1) > —10,3 .

Let p be the solution of the differential equation

Then
(P — k) = n*((p — Oki1) — 2(p — ) + (p — Ok—1)) +

Testing (3.23) by (p — 0;)" and using (3.22), we obtain

<0 (323)

%dii ((p—0r)* Z((P—ek)Jr—(P—ek—l)ﬂz+%((P—9k)+)2(27+9k) <0,
k=1 k=t (3.24)

hence ;
0t) > (1) = 1o (3.29)

for all k and all ¢ € [0,T5,).

In the remaining four subsections of Section 3, we derive three types of esti-
mates for the approximate solutions of (2.1)—(2.4) defined by (3.1)-(3.6). The
first estimate in Subsection 3.2 is the energy estimate. Its formal “continuous”
counterpart consists in testing Eq. (2.1) by wg,:, differentiating Eq. (2.2) in ¢ and
testing by wy, testing (2.3) by 1, and summing up. This yields estimates for 6 in
L%°(0,Ty; LY(0,1)), wg, wey in L°(0,Ty; L2(0,1)), and wyy in L2(0,T,,; L?(0,1)).
Furthermore, it implies that 7}, are bounded from below by some T > 0.

This is indeed related to the energy balance (1.7). The equations of motion
(2.1)=(2.2) can be formally written as wy — Wyptt = —04e + fi, and the term e,0 on
the right hand side of (1 7, When integrated by parts, yields wy(—wg + Wagte + ft).
Denoting by K(w) = 3 (wf + w?,), we obtain from (1.7) the equation

a4 1
5 [ e s kw)ds= [ fads,
de J, 0
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which has the usual interpretation that the time increment of the total (potential
plus kinetic) energy equals the energy supply.

The second estimate in Subsection 3.4 is the so-called Dafermos estimate. It con-
sists in testing (2.3) by /% and getting upper bounds for w,.; in L(0, T,,; L?(0,1))
and 6 in L33(0,T,; L8/3(0,1)).

Higher order estimates are derived in Subsection 3.5. We first formally differen-
tiate (2.1) in « and square both sides of the resulting equation to obtain

1 1
0 0

1
_ /O (B(m)was + Plwss] + waat — (6 — 67F)) (it — wawst — f1) dr.

In the right hand side, we have integrated by parts and replaced wu; from (2.1) and
Uy, from (2.2). This enables us to estimate the L?-norm of Wy by the L?-norms
of 0; and 0,, which are in turn estimated by testing the heat equation (2.3) by 6;
and using the Gagliardo-Nirenberg inequality. Finally, we differentiate (2.1) in ¢
and test by wyqy, differentiate (2.2) twice in ¢t and test by wy:, sum up the results,
eliminating the terms in u; by integrating by parts, and obtain an L2-bound for

Wy gtt -
We now carry out this programme more rigorously.

3.2. Energy estimate. We test (3.1) by &g, differentiate (3.2) in ¢ and test by
wg, and sum up over k = 1,...n — 1. From (3.3), with a repeated use of (3.9) and
(3.22), we obtain

n—1 n
d 1 .92 n . . 2
@ <2n 2 g 2 ) )

= k=1
1 n—1 1 n—1
— ~ s ref —— ho.
=Y Eu(Blmi)er + Pler] +éx — 0 +07) = =3 fraiy.. (3.26)
k=1 k=1
We add (3.26) to (3.4), which yields, by virtue of (1.17),
n—1 n
d (1 Lo 1 2 ref n : : 2
< (n ,; (0 + 52 + 5 BOM)e + View + 07 er) + 5 ,;(w'“ Wi -1)
1 n—1 .
== ftig . (3.27)
n
k=1

By hypothesis, B(my,) is bounded from below by a constant. Furthermore,
1 n—1 . 1
s < [ fend,
"= 0

hence,
n—1

%Z (9k+w§+gz)(t) +nY (g, —i1)?(t) < C, (3.28)
k=1 k=1

with the convention that here and in the sequel, C' denotes any constant indepen-
dent of n and R. Here, C' depends only on the lower bound for B(my), and on

el Lt o,7;22(0,1)-
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We see that (3.6) is of the form (3.10)—(3.11), with a(z,t) = —3(2")?(z,t) and
with
1 1 1 1 n—1
/ a(y,t)dy| = 5 / EM ) dy < = i (t) <C = A. (3.29)
0 2 Jo 2n P

We conclude that the solution to (3.1)(3.6) exists in the whole interval [0, 77 with
Th .= Tf b-

3.3. Discrete Gagliardo-Nirenberg inequality. Let p, ¢, s € [1, 00| be such that
g > s, and let | - [, denote the norm in L?(0,1). The Gagliardo-Nirenberg inequality
states that there exists a constant C' > 0 such that for every v € W1?(0,1) we have

1
s

Q=

ol < C (Jv]s + [v[;7¢0'[2), e (3.30)

IREE

In fact, (3.30) is straightforward: If we introduce an auxiliary parameter r = 1 4+

s(1 — 1) and use the chain rule —:|v(z)|" < r|v(z)|["~|v/(2)] a.e., we obtain from
p xr

Holder’s inequality the estimate

[0]oo < ol + Clols~ /D'

Combined with the obvious interpolation inequality [v], < |v|as /™ |v|3/" for h = r
and h = ¢, this yields (3.30).

Let now v = (vg,v1,...,v,) be a vector, and let us denote
Lo ; 1/p - B ) 1/p
V], = (nkz_o|vk| ) . |Dv|, = <n kZ:lh)k Vg—1| > . (3.31)
The discrete counterpart of (3.30) reads
1_1
Vly < O (Wl +IvEEDVE) o= ity (3:32)
s p

and can be easily derived from (3.30) by defining v e.g. as equidistant piecewise
linear interpolations of wvy.

3.4. The Dafermos estimate. Following the idea of [4], we test (3.4) by 9;1/3.
The two dissipation terms on the right hand side of (3.4) corresponding to (1.10) are
nonnegative and can be omitted. To deal with the heat flux term 6541 — 260 + 051,

we use (3.22) with &, = 9,;1/3, 1, = 0k, and the elementary inequality
(= )@y V) 2 8 g2

with z = 0, y = 0x_1. We obtain for all ¢ € [0,TF], after summing up from
k=1,...,n — 1 and integrating in time, that

n—1
2/3 . 3 2/3
0,/ ek dr + o kg_l 0,/ (). (3.33)
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The last term on the right hand side is bounded by virtue of (3.28). By Hélder’s
inequality,
1/2

tl'ﬂ*l y tlnfl / 1/2 tlnfl /
LN 02802 1 dr < /7 05/ 4 /7 p-1/3:2 4
/Onkz—lk|5k|7—(0nlg§—:1k T On;k € d7 )

hence,

t 1 n—1 iy n ) 2 ¢ 1 n—1 )
/(Zle/déi—FSnZ(ei/d—Hi/gl) dr <C 1+/ =30 ar)
o \"i=1 k=1 UL

(3.34)

We now apply the inequality (3.32) to the case vy = 9,1/3, s=3,p=2,q9=05,
0 = 4/25, that is (note that |v(t)|3 < C by virtue of (3.28) again),

n—1 n
% S 602 = v <o+ Dv]y®) = 0(1 + (nz (9}/3 - 9;/5"1)2)2/5) . (3.35)
k=1

k=1
which implies that

+ 1 n—1 _ n 2
/0 (n S0 end (60 -0) | ar<c. (3.36)
k=1 k=1

Using (3.32) again with s = 3, p = 2, ¢ = 8, o = 1/4, and with v as above, we
obtain

t 1 n—1
/ LS o3 (mar <, (3.37)
o "3
and, as a consequence of (3.26),
t 1 n—1
/O - Y &(mdr<c. (3.38)
k=1

3.5. Higher order estimates. We define ¢g,¢, as solutions to the differential
equations

B(m0)€o+P[€0] + €9 790+0ref =0, } (339)

B(mn)5n+P[€n} + En _9n+9ref =0,
with initial conditions £0(0) = &,,(0) = 0. Then (3.1) holds for all k = 0,...,n, and

we have
Up—Up—1 = B(mk)é‘k7B(mk_1)€k_1+P[€k]*P[{:‘k_ﬂ+ék*ék_1*9k+9k_1 (340)
forall k =1,...n. By (3.22) we have

n n—1
HZ(Uk —dx_1)?=-n Z U (U1 — 20k + Up—1),
k=1 k=1

hence, by (3.1)—(3.2) and (3.40),
nZ(B(mk)sk - B(mk—l)gk—l + P[sk] - P[Ek_l] +Ep — Ep_1 — O + ek_1)2
k=1
1 n—1 .
= > (i — & — fi)(B(ma)ek + Plex] + & — 0k + 67). (3.41)
k=1
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This yields

n n—1
d/n . . 9 1 5
G SO
k=1 —
n—1 .
1 ' . re . X
- > (i — éx)(B(my)ex + Plex] — Ok + 0 f)) 03— En)? (3.42)
k=1 2
n—1
1 ( 3 Y . .
SC’(ﬁ ’; e — x| | B (mr)erwtig + B(mi)é + Plex]s — 0]
iy
+E I;l |fk‘ |B(mk)5k —+ P[gk] + ék o ak + 07‘€f|
+n ((B(mk)sk—B(mk—1)€k—1)2+(P[sk} _P[Ek—l])2+(9k—9k_1)2) ) (3.43)
k=1

We estimate the terms on the right hand side of (3.43) as follows:

n—1

t
1 . . . . ;
/ ; Z \wk . 5k| |B/(mk)€kmk + B(mk)ek + P[Z—Ik}t . 9k| dr
0 " k=1

tqnz! . 1/2
< —
_C(R+(A7lg;%dﬁ ),
t 1 n—1 ) .
[ A3 el Bme+ Pled + 24—+ 00 ar <,
0 " k=1

where we have used (3.15), (3.28), (3.37), and (3.38). To estimate in (3.43) the
“fatigue” term (B(my)er — B(my—_1)ek—1)%, we notice that

|B(mg)er — B(mi—1)er—1| < Clex — k—1| + |ex—1]lmr — mr_1]-

We have

1, () — rivg—1 (1)
k/n 1

k—1)/n

<o+ | 1610, 1) ). (3.44)

hence
(3.45)

=1Q

m(t) = mi1 (8] < = (u(t) +1) < C
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by virtue of (3.38). This yields

/Otni(B(mk)gk — B(mk_l)sk_1)2(7_>d7_
k=1

SC/t(nn (e, — ek-1)? %i%)

<C 1+// Z (E — éx_1)2(r)) dr’ dT).

Moreover, by Proposition 1.2,

[Pler](t) = Plex—](t)] < max [ex(r) = exa(7)] < /Ot €k (7) = Ep—a(7)|dr.

From the above considerations and from (3.43) we conclude that

3

n 1 . t n
2Zwk—wk1 t)-i-% i -‘r/TLZEk—Ekl T)dT
k=1 0

k=1 k=1
— t n—l. 1/2 n
SC(RJF;X_: (/ik_lai ) +/0 0> (O — 0h1)*(r) dr

// . ek—sk_l)(’)dT’dT)

Gronwall’s argument then yields
1 n—1 t n
g 10+ [ 03— a e
=1 =1

BS tlniléQd S (0 —6 7)d 3.46
<c(r + 2 (/Onkz_l”) + ), n 2O b) (r)dr). (3.46)

We now test (3.4) by 6 and obtain

[}

( 29k>+n29k—9k D<o

1 n—1

=S (R &+ e+ ek))ek),
n k=1

where, by (3.37),

tqnol ¢ nl 1/2 tq 0=l 1/2
— Re20, dr <R /f etdr /f 02 dr

k=1

tln—l 1/2
<CR = etdr ,
on( [ 75 )
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hence
n—1 t n
LYo+ /O 0> (O — 0_1)2(r) dr
k=1 k=1
t g nzl 1/2 1/2
SC’(1+R</O i;é‘%dﬂ' / Zsde )

Finally, we test (3.4) by 0, and obtain from Holder’s inequality that

/ Zek ydr +n Z9k—9k 1)%(t)

=1
) n— 1n714 75171714
C R — = d — 0, dr).
S (1+ A kz /nkz_lgk T+/Onkz_:1k T)
We have

/ 294d7< max max 95/3 / 298/3d7<0max max 0

T€[0,t] T€[0,t] k=1,....n

and, by (3.32) withg=o00,s=1,p=2,p0= 2/37

n

max 6 (7) < C’(l + (n Z(Hk - 9k—1)2(7'))1/3)7

k=1,...,n
k=1

and we can infer from (3.48) that
t 1 n—1 . n
/ LS 0y dr 40> (00 — 00 0)2(0)
- k=1
t 1 n—1 t 1 n—1
<C 1+R2/— 54d7+/— gpdr).
( o n ; k o N ; k )

Combining (3.46) with (3.47) and (3.49) yields

1n71 t
n;éi(t)+/on
tln—l
SC’R(I—&-(/OEZ idr +C/ Zskdr

k=1

(ép — éx_1)?(T)dr

NIE

ES
I

1

2989

(3.47)

(3.48)

5/3( )

(3.49)

(3.50)
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Using the vector notation (3.31), we have by (3.39) and (3.37) that

nl

Zak 5(t) +En(t)

1 - C n—1 1 n—1 -
= :sﬁ(t)+ f(1+ Y em) <C+ -3
n n n
k=1 k=1 k=1
and we rewrite (3.50) as

1/2
max |&(7)|5+ /|D€ )2dr < CR 1+/ le(r |4d7’) —|—C /|E |4d7’) .

T€[0,t]
(3.51)
We estimate the right hand side of (3.51) using (3.32) as follows:

l&(7)|1 < C(Ie(T)]2 + [(n)|y *IDe(r)3/*).

We have fo |€(T)|3 dr < C by virtue of (3.38), hence

/2
/|€ |4dT<c/|e idr + /|€ gar) /\De 3ar)”)

< 0 ma et} + ma 613 [ IDe(ryzar) ")

T€10,t]

an

2 t
/ le(r |4d7 (1+Tr£[%>§ l€(T)]5 /3) +5/0 |De(7)|2dr (3.52)

with some ¢ > 0 sufficiently small. From the inequality
[e(M)la < C(le()la + e(r)ly*[De(r)],"?)
and from (3.28) we then obtain
t 1/8
< (1) |3 :
max le(r)la < 0(1+ ([ Perar) ) (353)
Combining (3.51) with (3.52)—(3.53) yields
t
&(t)[3 +/ |Dé(r)|3dr < C(1+ RY?). (3.54)
0
In (3.6), we thus have in particular

/1>\($ —y)IDEML(y. ) dy < C(1 + R*?).
0

We thus may fix R sufficiently large depending only on the data of the problem
such that
1

1
Qa( [ Ma=nIDE 0 dy) = [ Aw =) DELI 5.6y

for all x and ¢, so that the truncation in (3.6) is never active, we may set T = T%,
and all the above estimates are thus independent of R. In particular, there exist a
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constant C' > 0 such that
n—1 n
1=,
- t - 7)d T)dr <C, (3.55
ng:lsk() / nkEZI €k — Ek—1) T+/ g €k+5k T ( )

/0 % i(eé +07)(r)dr + nZ(Hk —0,1)2(t) < C (3.56)
k=1 k=1

for t € [0,7*]. By comparison, we also have

t n—1
/ n® > (Ops1 — 20, + 0p_1)*(r)dr < C, (3.57)
0 k=1

and similarly for ug. Finally, we differentiate (3.1) once in ¢ and test by &g, (3.2)
twice in ¢t and test by wy, and sum the two equations up. Using (3.55)—(3.56), we
immediately get the estimate

n—1 n
1 2 , ,
=) +nd - E < .
n 2 Wy (t) nk:1(wk Wp_1)? / (r)ydr <C. (3.58)

Notice that the initial conditions for g,y are estimated by the second spatial
derivatives of ° and f.

4. Proof of the main Theorem 2.2.

4.1. Existence. For a generic sequence {¢x : k = 0,1,...,n} we put Agp =
n(pr — Yr—1), and Aicp = n%(prs1 — 20k + ©x_1), and define piecewise constant,
piecewise linear, and piecewise quadratic interpolations
kE—1 k
_(n) Dk for zé[i,f),kzl,...,nfl,
¢ () = ntq " (4.1)
Yn—1 for x € [7, 1] ,
n

1 k

¢ (2) = op 1+ (2= ——)App for z €| - =), k=1,...,n, (42)

1 k—1 1 k—1

5((Pk—1+80k)+($*7n )Ak<p+§( — A2
~(n)() for xe[_17§), k=1,...,n—1, (4.3)
=91 — 1 1 :

5(%07171"’_%077,) (x_n )Ang0+§(x—n )2A2 1P

P
for x € [7 1}
n

For functions &™), () g @) g, 5(”)7 @™, W™ we have derived estimates
(3.55)—(3.58) that we rewrite in the form

. 2 b 4, 4
Emt(T)‘QdT —i—/o (‘8,5(7‘)‘4 + ’8(T)|4) dr < C, (4.4)

()], +

/|9t +’§(7)|i>dr+|éx(t)‘§§a (4.5)

/ Sdr< ¢, (4.6)
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[ ()] +

t
@ztt(t)’§+/ |§tt(7)‘§d7 <C, (4.7)
0

and by (3.2)—(3.3),

/ (e + fimae (1)) dr < C. (18)

System (3.1)—(3.4) has the form
a\™ = B(m™)z™ 4 plem] 4 &™) — (g — grefy, (
™ _ &M — _glm 4 Fo), (4.
e = @), (4
0 = B — SB/ () Pm(™ 4 [DEWL| + (672~ 6. (412

We further have

/Ot |étt(7)|§d7 < /Ot % kzn:_osi(T) dr < /Ot (izz::jei(r) + %(E%(T) —I—Ei(r))) dr.

By (3.39), we have for k=0 and k =n
E(r) < C(L+6i(r) + 63(7))

hence

t t n—1
/ |étt(r)|jd7 < 0(1 +/ %Z (22467 +67)(7) dr) <C. (4.13)
0 0 k—1

From (4.4), (4.13), and from Sobolev embedding theorems it follows that there
exists € € WH2(Qg+) such that 4,64 € L?(Qr+), and a subsequence of {£(™},
still indexed by n, such that

£ s ¢ strongly in C(Qg-), é§") — & strongly in LP(Qr~)
for all p > 1. Furthermore,
e — &P (@ 1) < ek — e P(0)

for x € [(k — 1)/n, k/n], hence

t 1 t n
() A(n))2 1 Y ¢

g, —£ T, T dxdTS/ fE €k — Ehe 7)dr < ,
/0/0|t t‘( ) Onk:1( 1)() n2

so that
E,E") — &; strongly in L*(Qp~).

Similarly,

slQ

6 — M2 (a,1) < Jep —en—aP(1) <D (en —ern1)*(t) <
k=1

hence
g™ ¢ strongly in C(Qr-).
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We check in the same way that there exist u,w,0 € C(7+) such that, selecting
again a subsequence if necessary,

B, > & =waar, 1) > Ugy strongly in L2(Qg-),

0 —0,, 0 = 0,, weakly in L*(Qp+), 6" — 6 strongly in C(Q7v).

Finally, by Lemma 3.1, using also the estimate |m£c") (z,t)] < C analogous to (3.45)
to control the difference m(™ — m(™) we obtain

m{™ — m, strongly in L'(0,T*; L>(0,1)),

where m satisfies (2.4). This enables us to pass to the limit in (3.6) and (4.9)—(4.12)
and conclude that (u,w,0) is a strong solution to (2.1)—(2.4) with the regularity
indicated in Theorem 2.2 and satisfying the initial conditions (2.5). It remains to
check that the boundary conditions (2.6) hold. We have w,(t) = 0, hence

~(n _ 3 1
[ (1,8)] = [20n(t) = Swn-1(t) + Sun—(t)
= fun(t) = wn-1(0) = 5 (wn-1(6) — wn-5(1)

n 1/2 C
<2( ) lun—waP) < —=,
(X ) <

and similarly for w(0,t),u(1,¢),u(0,t). To complete the existence proof, we only
have to verify the homogeneous Neumann boundary condition for 8. In other words,
we have to check that for every ¢ € C1(Q7+) we have

T 1
/ / (Outby + Onth) (@, ) dadt = 0. (4.14)
0 0

A straightforward computation yields

* 1 ~ _ t
| [0+ a0 @ = - [ 60000 -0 @415)
0 0 0
We have
t t
/ n2(0p_1 — 0,_2)*(t)dt = / n2 (0, — 20,1 + 0,2)*(t) dt
0 0

¢
n

)

t n—1
< / 023" Ons1 — 200+ 01)2(1) i <
0 k=1
hence

n—oo

* 1
lim / / (05 4py + 6 ) (2, t) dzdt = 0
0 0

and (4.14) follows.

4.2. Uniqueness. Let (u,w,0), (i, @,0) be two solutions of (2.1)~(2.6). We in-
tegrate the difference of (2.3) for 6 and € in time and test by 6 — #. Taking into
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account the estimates derived in the previous section and Proposition 1.2, we obtain

/01|9—é| (=, t)dx—f—%% 1(/;(990—990)(95,7)(17)2(13;

1 t
SC/ (/ (‘m_m|+|mt—mt|+|ng—w§x|)(x77)d7—)2dx
0o “Jo

1 t 2 1 t 9
JrC'/ (/ |Waat —Waat| (2, T) dT) dx+/ (/ \wfcwtfﬁ)?tha:,T) dT) dx
0 0 0 0

+ /01(/0t 0 — 0] |weet|(z, 7) d7)2 dz. (4.16)

We estimate the terms on the right hand side as follows. Using Lemma 3.1, Propo-
sition 1.2, and the fact that w,, belongs to L>°(Qp+), we have

t t 1 pt
/ |m—fn|ood7'§C/ |mt—ﬁzt|ood7'§6’/ / [ Wt — Wae| (z, 7) dT d .
0 0 0 Jo

For the last two integrals in (4.16), we obtain from Hélder’s inequality

/1 /t [0t _withfﬂﬁ)dT)zdm

/ (/ | Wt — wmt| (x,7) dT / |wmt+wmt| (z, T)dT)d

[ ([0 0.7y 0r)" a

/ (/ 0 — 0 (x T)dT)(/O |wmt|2(x,7)d7) de. )

We have Wapt, Wezer € L?(Qr+). Hence,

t
max / |wmt\2(a¢,7)d7§0,
0

z€[0,1]

and we finally obtain

/O 10— 0, t)dx+%%/ (/0 (9m—ém)(x,T)dT)2dx
< C/o /0 (|wawt — Woat|* + 10 — 0]?) (2, 7) dzd7. (4.18)

In the next step, we test the difference of the time derivatives of (2.2) for w and @

by w; — Wy, the difference of (2.1) for u and @ by Wyt — Weet, and sum up. Arguing
as above, we obtain

1d ! ~ ~ 1 )
9 dt ((wy — Wr)? + (wae — th)Q)(J:,t) dz + / [Wept — Weet|* (2, 1) do
0 0

1 t 1
SC(/ |9—é|2)(g;,t)dx+/ / |wmt—wmt|2(m,7)dxd7). (4.19)
0 0 JO
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From (4.18)—(4.19) it follows that

/01 (|wxzt — W] + 160 — 9~|2)(:L',t) dz
+ %% 01((/;((% —0,)(z,7) d7-)2  (w — 00)? + (e — th)2>(x,t) da

t 1
gc/ / (Jwzzt — Waat|* +10 — 07) (z,7) dzd7.
0 0

Gronwall’s argument now yields that w = @, # = 8, and the proof of Theorem 2.2
is complete.
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