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ABSTRACT. A thermodynamic model for fatigue accumulation in an oscillating
elastoplastic Kirchhoff plate based on the hypothesis that the fatigue accumu-
lation rate is proportional to the dissipation rate, is derived for the case that
both the elastic and the plastic material characteristics change with increasing
fatigue. We prove the existence of a unique solution in the whole time interval
before a singularity (material failure) occurs under the simplifying hypothesis
that the temperature history is a priori given.

Introduction. In this paper, we pursue the study of cyclic fatigue accumulation
in oscillating elastoplastic systems started in [6, 7]. The main goal of our project
is to model the most important experimental features of fatigue, such as material
softening, heat release, and material failure in finite time. The analysis of the so-
called rainflow method of cyclic damage evaluation carried out in [2] has shown a
qualitative and quantitative correspondence between the damage accumulation rule
and the energy dissipation. On the other hand, experimental measurements at the
point of material failure confirm strong temperature increase, which manifests an
energy dissipation peak. In fact, temperature tests are regularly used in engineering
practice for damage analysis in high frequency regimes (e.g. in aircraft industry).
Our substantial modeling hypothesis thus consists in introducing a scalar fatigue
parameter m, assuming that its time derivative (the fatigue rate) is proportional
to the dissipation rate, and that the material parameters depend on m. We be-
lieve that this assumption is realistic. Plastic deformations are driven by moving
dislocations and ruptures of interatomic connections, which at the same time dissi-
pate energy, and reduce the cohesion of the solid. Note that in the Gurson model
for void nucleation and growth in elastoplastic materials, see [10], the elasticity
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domain shrinks, being parameterized by the plastic dissipation rate. For a more
detailed discussion about the modeling issues, see [6]. In the previous papers, we
have considered the case that only the hardening modulus depends on m, and that
the plastic characteristics are not altered by fatigue (but may possibly depend on
temperature). Here, we include the fatigue dependence into the plastic constitutive
law as well.

The PDE system of momentum and energy balance equations for transversal
oscillations of an elastoplastic plate under fatigue is derived in Section 1. The
unknowns of the full problem are w (the transversal displacement), 6 (absolute
temperature), and m (fatigue). In this paper, however, we do not prove the well-
posedness of the complete system resulting from a thermodynamic analysis. We
only make a first step in this direction and solve the momentum balance equation
coupled with the fatigue accumulation equation, assuming that the temperature
history is known. An existence and uniqueness theory for the full system will be
the subject of a subsequent paper.

It cannot be expected that solutions of the system with fatigue exist globally
in time. The material failure in finite time is an integral part of the model. We give
an efficient lower bound for the existence time.

The paper is organized as follows. In Section 1, we derive the model equations
from thermodynamic principles. The mathematical problem is stated in Section
2. Some new properties of the vectorial Prandtl-Ishlinskii operator are proved in
Section 3, and the proof of the main existence and uniqueness theorems is carried
out in Sections 4—6.

1. The model. An elastoplastic plate subject to bending exhibits plasticized zones
occurring first on the boundary and propagating towards the interior. Assuming
a single yield von Mises plasticity criterion in the original 3D setting (cf. [16]),
the Kirchhoff dimensional reduction to 2D carried out in [9] was shown to give rise
to a Prandtl-Ishlinskii (also called “generalized St. Venant”, see [16]) constitutive
relation with a continuum of yield surfaces that are successively activated in agree-
ment with natural expectations: The midsurface of the plate is subject to smaller
deformations than eccentric layers, therefore plastic yielding occurs earlier far from
the midsurface.

This emerging multiyield character of the elastoplastic plate bending problem
does not seem to have been taken into consideration before. For instance in [1] there
is no direct reference to plates; in [3, 13, 18] the yield condition is still described
by one sharp surface of plasticity. The methods of the papers [8, 19, 14] based on
I'-convergence of energy minimizers have been only recently refined in [15] to obtain
the Prandtl-Ishlinskii model in the I'-limit as well. The drawback of the I'-limit
technique is that it cannot be extended to the study of oscillating systems, and of
nonequilibrium problems in general.

After dimensional reduction and integration over the thickness, the strain and
stress tensors are transformed into functions of the space variable z from a do-
main Q C R? and the time variable ¢t € (0,T), and have only three independent
components. The elastoplastic plate problem is derived in [9] in the form

/Qg dz  (1.1)

| (ewnte. 00 — 580)(@) + o(2.0) - Dapla
Q

Vo € W22(Q) N W, 2(Q),
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wwfl}'
e=Dow=| wy |, (1.2)
Way
oc=Be+ / ~v(r) Kx,dr, (1.3)
0

where w is the transversal displacement, ¢ and o are weighted averages of strain
and stress tensors over the thickness of the plate (i.e. bulk moments), ¢ > 0 is
the constant mass density, h > 0 is the thickness of the plate, B, K are positive
definite symmetric matrices, g is the external load, v € L*(0,00) is a given Prandtl-
Ishlinskii density function, and yx,. for r > 0 are solutions of the family of variational
inequalities

xr(z,t) €rZ forall z€Q, te(0,T), r>0,
Se—xr) Kxr—2) >0 forall zerZ a.e., (1.4)
Xr(xao) = QTZ(E(Ivo))7

constrained to the system of convex closed sets rZ, where Z C R? is a referential
set, and 7Z = {rz € X : z € Z} for r > 0. We denote by Q,z : R® — rZ the
projection onto rZ, orthogonal with respect to the scalar product (£,7) = K¢ - n.
The mapping P which associates to each e (in some suitable space) the integral
part of (1.3) is called the vectorial Prandtl-Ishlinskii operator, see (3.7).

In [6], we have included the fatigue and temperature dependence into the model
by introducing a scalar fatigue parameter m(z,t) > 0, assuming that the matrix B
depends on m and the Prandtl-Ishlinskii density v depends on temperature. Here,
we let both the matrix B and the function v depend on m, and complement the
constitutive law (1.3) with viscosity and thermal expansion terms to obtain

o =B(m)e + /OO y(m, ) Kx, dr + Cey — 5(0 — 6p)1, (1.5)
0

where 0 > 0 is the absolute temperature, 6y > 0 is a given referential temperature,
1 is the vector (1,1,0), g is the thermal expansion coefficient, C is the viscosity
matrix, and B(m),y(m,r) are functions specified below in Hypothesis 2.1. By
analogy to [6, 9], we associate with (1.5) the free energy F defined by the formula

Fle, 0] = 009(1—10g(9/90))+%B(m)€-€+% /000 y(m, r) Ky, xrdr—5(0—0p)e-1,

(1.6)
where ¢y is the constant specific heat capacity. The internal energy U and the
entropy S thus have the form

1 1 [
Ule, 8] = cob + §B(m)5 -+ 5/ y(m,r) Ky, - xrdr + B0pe - 1, (1.7)
0

Sle, 0] = colog(0/6p) + Be - 1. (1.8)

The equations for the state variables # and m are derived from the first and the
second principles of thermodynamics in the form

%L{[e, 0] +divg=o0-¢e, (energy conservation) (1.9)
%S [e,0] + div% >0, (Clausius-Duhem inequality) (1.10)
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where q is the heat flux vector that we assume in the form
q=—kV0, (1.11)

with a constant heat conductivity coefficient > 0. Then (1.9) reads

1 oo
coby — KAO = Cegy - &4 — 3t (B’(m)s e+ / Y (e, 1) K - X dr)
0

+/ 'y(m,r)%(s —xr) - Kxpdr —ple, - 1. (1.12)
0

The notation is slightly ambiguous, and we hope that the reader will not get con-
fused. For simplicity, we denote by ; and ,, partial derivatives with respect to
the corresponding variables. The index ,. is not a partial derivative. There is no
differentiation with respect to r in the paper.

In view of (1.11), we see that the Clausius-Duhem inequality (1.10) is certainly

satisfied if
0 8[8,9] g - &t tL{[E,@] 0, (1 13)

that is,
o0

1
Ce, g4 — 3 <B’(m)5 e+ Y (M, 1) KX - X dr)

0
+/ ’Y(m,r)%(s —xr) - Kxpdr>0. (1.14)
0

The last integral term in (1.14) is nonnegative by virtue of (1.4). The assumption
that the fatigue accumulation rate m; is nonnegative (that is, fatigue can only
increase in time) is therefore compatible with the second principle provided

B’(m) is negative semidefinite, 7,,(m,r) <0 a.e. (1.15)

In other words, material softening takes place under increasing fatigue in agreement
with experimental evidence similarly as in [10].

We close the system by assuming that the fatigue accumulation rate m; at a
point x € ) is proportional to the dissipation rate averaged over a neighborhood
of the point x, that is,

me(x,t) = /Q)\(:,E —9) /OOO W(m,r)%(s —xr) - Kxr(y,t)dydr (1.16)

-3 /S e =m0 (B’(m)e et /0 () K e dr) (y.1) dy,

where \ € L>°(IR?) is a given nonnegative function with compact support. The full
system then consists of Egs. (1.1), (1.2), (1.4), (1.5), (1.12), (1.16), and its solutions
satisfy the thermodynamic principles (1.9), (1.10).

2. Statement of the problem. As a first step towards the full system (1.1), (1.2),
(1.4), (1.5), (1.12), (1.16), we assume that a function 6 : Q2 x (0,T) — R? describing
a combined action of thermal expansion and external load is given, set the physical
constants to 1 for simplicity, and consider the problem

/Q (we(x,t) (¢ — Ap)(x) + CDywy(z,t) - Dap(x)) d

= /Q (6 — Plm,e])(z,1) - Dop(a)dz Vo € W2(Q)nWEAQ), (2.1)
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e =Dow = ij: , (2.2)
P[m,e] = B(m)e + /000 y(m,r) Kx,dr, (2.3)
miat) = [ Aa=9) [ amn K- € edrdy (2.4

o0

-3 /Q A — y)ma(y,t) (B (m)e < + /0 T 1) Ko xr ) (1) dy

w(z,0) = wy(z,0) =m(xz,0) =0 VzeQ, (2.5)
where we denote &, = ¢ — x,.. The following hypotheses are assumed to hold.

Hypothesis 2.1. We fiz a Lipschitzian domain Q C R?, and denote by |- |, the
LP(Q2) norm for p > 1. We assume that there exists a constant v > 0 such that for
all o € W»2(Q) N W,*(Q) we have

D2l < v[Aplz, (2.6)
and for T > 0 we denote Qp = Q x (0,T). Furthermore,

(i) C, K are symmetric positive definite 3 x 3 matrices, and there exist constants
c*,ce > 0 such that Ce-e > c.e|?, Ke-e > cilel?, |Ke| < c*le| for all
ceR3;

(ii) A € L*(R?) is a given function with compact support, and A > 0 is a constant
such that 0 < X< A a.e.;

(iii) B(m) for m > 0 is a symmetric positive semidefinite 3 X 3 matriz, and there
exists b, > 0 such that |B(m)e| < b.|e| for all e € R®. Moreover, B'(m) is
negative semidefinite and depends Lipschitz continuously on m, B'(0) = 0;

(iv) 7 :[0,00) x (0,00) — [0,00) is a given C?-function such that v, (m,r) <0
a.e., ym(0,7) =0 a.e., and there exists a constant T' > 0 such that

/Om(y(m’r) +’)/m(m,’l") + ’Ymm(mﬂ"))(l + T2) dr <T Vm> 0;

(v) 0 € L?(Qr;R3) is a given function for some T > 0;
(vi) Z C R? is a bounded convex closed domain with boundary of class W*>,
0eIntZ.

We prove in the next sections the following existence and uniqueness results.

Theorem 2.2. Let Hypothesis 2.1 hold and let R > 0 be given. Then there ex-
ists T® € (0,T] and a unique solution (w,m) such that wy € L*(Qrr), w; €
L2(0, TR, W22(Q) N W, %(Q)), m € L®(Qpr),my € L®(Qpr), equations (1.4),
(2.1)—(2.3), and (2.5) are satisfied almost everywhere, and (2.4) is replaced by

() = Qn ( [ X0 [ )i dy) (2.7)

_ %/Qk(x —y)my(y,t) (B'(m)g e+ /OOO Yo (0, 7) KX+ X dr) (y, 1) dy,

where Qr(z) = min{R, max{z, —R}} is the projection of R onto [—R, R].
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Theorem 2.3. In addition to Hypothesis 2.1, assume that 0; € L*(Qr;R3). Then
there exists T* € (0,T] and a unique solution (w,m) to (1.4), (2.1)~(2.5) with the
additional regularity wy, € L*(0,T*; Wy > (Q)), w, € L2(0, T*; W>2(Q)NW, () .
Furthermore, there exists a constant C > 0 such that if 6%,0° are two functions
satisfying the hypotheses and if w¥, w® are the corresponding solutions, then the
differences @ = w! —w®,0 = 0% — 0° satisfy the inequality

t t
|wt|§(t)+|th|§+/ | Dot 2(7) dr < o/ G3(r)dr  vte 0,77 (2.8)
0 0

3. Vectorial Prandtl-Ishlinskii operator. We list some basic properties of the
vectorial Prandtl-Ishlinskii operator. The original Prandtl-Ishlinskii construction
([20, 11]) is one dimensional. A vector Prandtl-Ishlinskii model is based on the
concept of stop operator introduced in [12], which we recall here in an abstract
framework for the reader’s convenience.

Consider a real separable Hilbert space X endowed with a scalar product
(-,-) and norm |-| = /(-,-). For each function ¢ € WhH(0,T; X), we define
x € WH1(0,T; X) as the unique solution of the variational inequality

x(t)eZ vtel0,T],
x(0) = Qz(£(0)), (3.1)
(er(t) — xe(t),x(t) —2) > 0 a.e. VzeZ,

where @z : X — Z is the orthogonal projection onto Z. The solution mapping
sz WHH0,T; X) — WHH0,T; X) : e — x (3.2)

is called the stop with characteristic Z .
The variational inequality (1.4) fits with the framework of (3.1), provided we
choose in (1.4)
X = RS ) <€7 77> = Kg 1, Xr = 5TZ[€] . (33)
We rewrite Hypothesis 2.1 (vi) in this abstract setting as follows.

Hypothesis 3.1. The set Z is bounded, convex, closed, and there exist C > c¢ > 0
such that

B.(0) C Z C B¢c(0) (3.4)
where B,(z) for p >0 and z € X denotes the open ball centered at z with radius
p. The boundary of Z is smooth in the sense that the unit outward normal mapping
is Lipschitz continuous with respect to the norm in X .

Analytical properties of the stop operator were studied in detail in [5, Chapter
2], and we list here without proof some of them that are needed in the sequel.

Proposition 3.2. Assume that a set Z satisfies Hypothesis 3.1. Then the mapping
sz defined by (3.1)-(5.2) has the following properties.

(i) sz is locally Lipschitz continuous in W1(0,T; X);
i) (ee(t) — (sz[e])e(t), (sz[e])e(t)) = 0 ace.;

(i)
(iii) sz can be extended to a continuous mapping C([0,T); X) — C([0,T]; X);
)

(iv) The mapping sz is monotone in the sense that
1d 2
(s2[E91(t) = s2[")0), €5(8) = €4(0)) = 5 [sz[F1(0) —s2[(0)| ae.  (35)

for every e, e” € WH1(0,T; X).
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As an immediate consequence of (3.5), we have for all ¢ € [0,T] that

2[6(8) = 3210 < [s2100) s 10)| + [ RE R CT)

Given a nonnegative function v € L'(0,00), we define the vectorial Prandtl-Ishlin-
skii operator P with characteristic Z and density ~ by the formula

PlE|(t) = / () e (0) dr (3.7)

for e € WH1(0,T; X). The definition is meaningful due to the fact that, setting
€oo = max{le(t)| : t € [0,T]}, we have s,z[¢](t) = €(t) for all r > e /c and all
t € 10,77, where c is as in (3.4).

By virtue of Proposition 3.2, both P : WhY(0,T; X) — WHY(0,T; X) and
P:C([0,T]; X) = C(]0,T); X) are continuous with respect to the strong topologies.

We need here a special Lipschitz continuity result (Theorem 3.3 below) which
is not explicitly stated in the literature. Let us introduce first some necessary
concepts.

With the convex closed set Z, we associate the Minkowski functional My :
X — RT defined by the formula

1
MZ(X)inf{s>0:ser}, (3.8)
and the polar set Z* to Z
Zr={neX:{x,n <1 VxeZ} (3.9)

By [4, Lemma 3.1], we have

B1(0) c Z* C B1(0),
and the inequalities
X X
M catz0 <D eyt < aze ) < (3.10)

hold for every x,n € X.

The Minkowski functional of a convex closed set containing 0 is proper, convex,
and lower semicontinuous. The smoothness assumption in Hypothesis 3.1 implies
that its subdifferential dMz(x) for all x # 0 contains a single vector parallel to
the unit outward normal vector nz(x/Mz(x)) taken at the point x/Mz(x) on the
boundary of Z. We define the duality mapping Jz : X — X by the formula

Jz(x) = Mz(x)OMz(x) - (3.11)
By Hypothesis 3.1 and [4, Lemma 3.1], there exists L > 0 such that
[Jz(x) = Jz(m)| < LIx —nl,  Yx;neX. (3.12)

The Minkowski functionals Mz and M, for r > 0 are related through a simple
scaling formula. Indeed,

1 1 1
M,z (x) inf{s >0: X € TZ} = inf {s >0: X € Z} = ;Mz(x), (3.13)

and

E€OMz(x) <= (&, x—n) = Myz(x) —M,z(n) VneX
= (r€,x —n) > Mz(x) — Mz(n) VneX
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< r& € IMz(x), (3.14)
hence OM,; = %8M 7. We thus conclude that
1
Jrz = 7-72JZ' (3.15)
Formula [5, (3.35)] can be written here in the form
Mz-(Jz(x)) = Mz(x) VYx€X, (3.16)
hence, by (3.10),
Mz« (J
|X| _ |X| A ( Z(X)) S C2 VX c X\{O} (317)

[Jz001 Mz(x)  [Jz(0)|
In terms of the Minkowski functional, putting £(t) = €(t) — x(¢), we can represent
the variational inequality (3.1) by the differential inclusion x(t) € 9Mz«(&(t)), or,
equivalently, by the identity

EOx0) = 5 (5hOF ) + Mz (60) o (3.18)

This is the so-called energetic formulation, see [17]. The energetic interpretation
of (3.18) is that (e4(t), x(¢)) is the power supplied to the system, part of which
is used for the potential increase < (3|x(¢)[>), and the other part (&(t), x(t)) =
Mz (&(t)) is dissipated.

We now prove the main result of this section, namely the Lipschitz continuity
of the dissipation functional.

Theorem 3.3. Let &f,e” € WH1(0,T; X) and r > 0 be given, and let x%, i = 1,b,
be solutions of the variational inequalities

XiL(t)erz Vte|0,T],
X(0) = Qrz((0)) (3.19)
(eb(t) = (Xb)e(@®), x4 () —=2) > 0 ace. VzerZ.

Set & =¢e' — x'. Then we have

[k (68) = (X0 (€ )+ 2%, [0 0) = M)

<rLjet = 10 + 1+ 220200 /Ot € —l(r)dr ae,  (3.20)
where ¢,C, L are the constants in (3.4), (3.12).
Proof. Set
N(O) = [ 0¢0) - 5ME 00 (3.21)
Formulas (47) and (51) of [4] state that
(&) #0 (3.22)

(Jrz(X: (1), (§()r)

| Tz (XE(1))]2 Jrz (X (1)) a.e.,

= (Jrz00(1): (1)) > 0, (&(1)e =

d

‘ <J7~Z(X§~)7 (f£)t> — <J7’Z(X3)7 (fi)t> ’ + EN(t) (3.23)
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< (B0 el) = (Toz()e0) | ae.
The substantial step consists in proving that
Ok (€)= (3 (€)0)] < 7€ (T2 6. (€)n) = (Jr2 8- (€0)r)| - (3:24)
+ 1+ LC?|E|IxE — x| ace.

This is obvious if (££(t)); = (£2(t)); = 0. If for instance (£4(t)); # 0, (€2(t)): = 0
then

E(eh),) — oy oy (Irz0d): (€)e)
<Xr’ (ér)t> <J7"Z(XT-), XT> |JTZ(X§)|2

by virtue of (3.15), (3.17), and we obtain (3.24) in a straghtforward way. It remains
to consider the case (££(t)); # 0, (€2(t)): # 0. Then

[k €)= (s (€n)
(Jrz(X5), X M_@Tz(ﬁ) b>w

<r?C2(Joz(xh), (€)e)

rhAr |JTZ(X£)|2 L Tz (3)P
< OB | 0 E0) - (e )

b b < rZ Xr > o <JTZ(XE“)’XE">
+ ‘<JT‘Z(XT‘)7 (gr)f> |JrZ(Xr>|2 ‘JT‘Z(XE“)P

< L8100 - (1200 €))

|J7"Z(X7u“)|
| <J7~Z(X2)a - X” |
(200 @) =

JTZ(XT) JTZ(X';)

|JrZ(Xr)|2 |JTZ(XE“)|2 .

We now estimate the three terms on the right hand side of (3.25) as follows. Notice
first that by Proposition 3.2 (i), we have |(£%);| < |€?| a.e. Furthermore, we have
the elementary vector identity

:

+ (T2 (), (€0)0) (3.25)

z z' 1 , ,
W_‘Z/P W|Z—Z|, VZ,Z GX\{O}
Hence,
b g b
o oo \| [ {Trz00) X —xa) | b
‘<J’I"Z(XT‘)7 (57-)1‘> < |J7'Z(Xb)‘2 > S |€tHX1ﬁ” - Xr| I
and

Jrz(X) Jrz(X2)

i
[z ez (002

[(208). (€)r)

X
ez ()]
In view of (3.15) and (3.12), we thus obtain (3.24) from (3.25).

|5tHJrZ(Xr) JrZ(vaﬂ” .
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Combining (3.24) with (3.23), we obtain

d
Boety N /AP (eP 22 ¢
|, (€e) = (3 (€)0)| + 12C2 2N ()
< 2%z (B)lef — el + (1 +2LC%) et |t — x7 - (3.26)
We now refer to (3.16) which yields

relJrz ()| < My« (Jr2(E) = Mrz(x3) < 1,
and (3.20) follows from (3.26) and (3.6). O

We now apply this result to our plate problem.

Corollary 3.4. Let Hypothesis 2.1 hold. Then there exists a constant C7 > 0 such
that for every €, e € L*(Qr), the corresponding solutions X' of (1.4), & = &' —x%,
i =14,b, satisfy for all t € (0,T) and r > 0 the inequality

/Ot/ﬂ ‘KXB" (&), - Ky - (ﬁr)t‘ (,7)dzdr (3.27)
< 01(r+/0t |85|2(T)d7) /Ot b — 2o (r) dr.

Proof. We integrate (3.20) over Q and obtain
b b
[ [k (), - K- (@),

weens | \;Mfmﬁ(t)) EESVERNIO)

(z,t)dx

2 t
Sr%\eg—si\1(t)+(1+2L02)/ /|5§|(x,t)|s§—e§|(x,7)dxdr
0 Q

02 t
< 7“7\65 —eth(t) + (1 + 2L02)|€i|2(t)/ lef — efla(r) dr, (3.28)
0

and it suffices to integrate over t. O

4. The plate equation. In this section, we investigate first the decoupled problem
(1.4), (2.1), (2.3), (2.5), (2.7), with the goal to obtain (2.2) by means of a fixed point
argument.

Here, we assume that ¢ is known, and ¢; € L?(Q7;R®). More specifically,
under Hypothesis 2.1, we define for ¢ € (0,7) the functions

p(t) = (002 + T, (a.1)
_ 2 M e ar
=7 [ p(r) dr, 4.2

and for T € (0,T] consider the set

Ep = {s € L2 R%) : g € L3 RY), (4.3)

e(z,0) = 0,/0 les(T)|3dr < q(t) for t € (O,T]}
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The definition is meaningful, as by Hypothesis 2.1, p € L*(0,T). We fix the number

A :=sup ‘1 /Q Mz —y) (B”(m)s e+ /OO Y (M, 1) KX - X dT) (y:1) dy’ )

2 0

(4.4)

where the supremum is taken over all € € Ep and m € L*(Qr) (it is indeed finite),
and define p(t) as the solution of the ODE

i(t) = Ap()pt) + R, p(0) =0, (4.5)
that is,

u(t) = % - % - %t for t€[0,1/(24R)]. (4.6)

We see that fi(t) blows up to +o0 as t /' 1/(2AR). We choose a small § € (0,1)
that we keep fixed throughout the paper, and set

T = min Tﬂ (4.7)
N " 2AR [ '

Eq. (2.7) cannot be expected to have global solutions for the same reason as in [7].
We state the intermediate result in the following form.

Proposition 4.1. Let ¢ € Epr be given. Then system (1.4), (2.1), (2.3), (2.5),
(2.7) has a unique solution with the regularity as in Theorem 2.2, and we have
Dow € ETR .

Proof. We first check by a fixed point argument that (2.7) has a unique solution m
in [0, T%]. We define the set

Mg ={m € L>*(Qq¢r) : my € L= (Qpr),m(z,0) = 0,0 < my(z,t) < a(t) ae.},
(4.8)
and for m € Mg define m(z,0) =0, and

a(2,1) == Qr ( /Q Az — ) /0 T m ) K (6)edr dy) (4.9)

1

=5 [ M@=l (Blme e+ [ mm ) K e dr) ) dy

for ¢t € (0,T%]. Note that B’(0) = 0,7,,(0,7) = 0. Hence,
e(,t) < Ap(®)it) + R = i)
that is, m; € Mp. Furthermore, for mf, m” € Mg, we have
R (t) = 1m0} (8) oo < Ap()mi(8) = mg(D)|oe + Afs(D)|m (£) = m’ (D)o (4.10)
+ Clea(®) 1 m* (1) —m’ ()] ,

where C' > 0 is a constant which comes out from the following computation:
‘QR < MMz — y)/ y(mf, ) Ky, - (&) dr dy)
Q 0
~an ([ Ma=o) [Tawe K- @dray) |
Q 0

< [ Xe-w) / " hymt r) — (P )| Kxe - (6 dr dy
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S/Qk(x—y)

SFC*C/ Mz = y)lmP = m’[lee|(y,t) dy < AT Cleg(t) |1 |m# () = m” (t)] oo,
Q

m’(y,t) poo
/ / |Ym (m, ) |rCc* dr dm| |e¢| dy
mh(y,t) JO

that is, C = AT¢*C. On [0,TF], we have Au(t) <1 — 4. Inequality (4.10) is thus
of the form

b(t) < (1= 8)a(t) + alt)u(t), (4.11)
where we set v(t) = i [ (T) = (7)o dr, u(t) = [§ [mf(r) =m}(r)|oe dr, alt) =

Put
1/t
a(t) = - / a(r)dr, (4.12)
9 Jo
and test (4.11) by e2%(") | This yields
™ —24(t) - o\ [T —24(t) -
e 200 (1) dt < (1 - 7) e~ 26y (t) dt, (4.13)
0 27 Jo
that is,

TR sy [T
[ oo -niokas (1-5) [ e Omio -miokd. @1

We see that the mapping that with m associates m is a contraction on Mp, hence
Eq. (2.7) has a unique solution m for every € € Epr.

Eq. (2.1) with a given € € Epr is linear in w and the existence and uniqueness
of a solution can be easily proved e.g. by Galerkin approximations. The required
regularity follows by testing (2.1) successively by ¢ = w; and ¢ = (I — A) Lwy,
using the assumption (2.6). To complete the proof, it remains to check that Dow €
Err. Choosing again ¢ = w; in (2.1) and using Hypothesis 2.1, we obtain

1d
gaﬂwt@ + [Vwi?) + e Dawls < (0]2 + balela + T)[Dawels
1 Cx
< :<p(t) +07el3) + §|D2wt|§7 (4.15)
hence
¢ 9 ot
[ pawoBar <3 [ (o) + 2B ar (1.16)
0 * J0

We have |e(z,t)] < [ (2, 7)|d7 ae., so that |=(t)3 < ¢ [y |e(r)3dT < tq(t).
From (4.16) it follows that

/ \Dzwt(T)\g dr < %/ (p(T) + szq(T)) dr = q(¢), (4.17)
0 Cx Jo

*

which we wanted to prove. O

5. The coupled system. This section is devoted to the proof of Theorem 2.2. We
start with an auxiliary result on the solution mapping of (1.4), (2.3), (2.7) which
with a given € € Err associates m € Mp.
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Lemma 5.1. There exists a constant Cy depending only on R and on the data of

the problem such that for all €%, € Epr , the corresponding solutions mf, m’ € My
to (2.3), (2.7) satisfy the inequality

TR Tk
/ Imf — m?| o (t) dt < CQ/ e — 2], (t) dt . (5.1)
0 0
Proof. With the notation of Section 4 we have
t
olmi(6) = mi ()] < S(t)(J4(6) — £ (B)]2 + / ef — elfa(r) dr) (5.2)

a0 - O+ A [ 00|k (€), - K- (€),] (0.

where S > 0 is a constant, and where we have used the fact that (mq,r) < ~(0,7)
by Hypothesis 2.1 (iv). Testing (5.2) by e~*®)  with & from (4.12), yields that

555 (e [ = i) ar) <O (5300 (140) ~ 20

t 00
+/0 |e§—sz|2<f>df)+A/0 10,7 | Ko - (€), -~ K- (&),

® dr). (5.3)
Integrating from 0 to ¢ and using (3.27) we obtain the assertion. O

Lemma 5.2. The mapping defined in Proposition 4.1 that with € € Epr associates
Dyw € Epr is a contraction with respect to a suitable norm.

Proof. We test the difference of Eqs. (2.1) written for £f,&” and the corresponding
solutions wf, w” by w; = wf —w?, and obtain

d , _ B B 1 2
a(lﬂ)tl% + ‘VU}t|2) + C*|D2’U)t|§ S Z‘P[mu,aﬁ] — P[mb,€b]|2. (54)
We have

[Plm#, 2] = Plm?,£’]|a(t) < Cs (Im¥ = | (t) +[F — o (1) + /Ot €}~ ella(r) dr),

(5.5)
hence, by Lemma 5.1,

d t
(w4 1Vf) + D2l < € [ Jafir)dr (56)
0

with a constant Cy > 0, and with the notation & = &f —¢”. Testing (5.6) by e~ 24!

and integrating from 0 to 7%, we get the inequality

TR 1 TR
\/0 672C4t|D2@t|§ dt < 5 /O 672C4t|€—t‘§(t) dt, (57)

which completes the proof. O
We are now ready to finish the proof of Theorem 2.2.

Proof. In order to prove Theorem 2.2, it suffices to combine Proposition 4.1 with
Lemma 5.2 and apply the contraction principle. O
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6. Proof of Theorem 2.3. The main goal of this section is to remove the cut-off
function Qg in (2.7). This will be done by establishing additional estimates, where
the dependence on R is explicitly taken into account. The constants Cs,...,Cqg
which appear in the formulas below are independent of R.

We assume here the additional regularity 6; € L?(€27) of the right hand side
of (2.1). Testing Eq. (2.1) by wy (for the Galerkin approximations first, and then
passing to the limit) and integrating by parts we obtain

t
/0 (Jweel3 + [Vwne[2) (7) dr + [ Doy (1) 2 (6.1)

< Cs <|9<t)|§ +|Plm, €](t)13 + (/Ot (16:]3 + [Plm, ]e[3) () dT)l/Q) :

Using the inequality
|P[m, elila < Co(Imiloo + letl2),
we infer from (6.1) that
|Dawy(t)]3 < C7(1 + R) (6.2)
for all ¢ € [0, 7%]. On the other hand, we have

\/m— / 3(m. 1) K, - (6 drdy| < CslDawy (0], < CovI T B

Choosing R = R* sufficiently large, we see that the truncation in (2.7) is never
active in the interval [0, 77"] =: [0, 7], and the solution to (2.1)~(2.3), (2.5) (2.7)
in fact satisfies (2.1)—(2.5) as well. The additional regularity follows from (6.1).
To complete the proof of Theorem 2.3, it remains to prove inequality (2.8). As
in the proof of Lemma 5.2, we take the differences of Eqgs. (2.1) written for ef, &’
and the corresponding solutions w?, w”, this time with possibly different 6 and 6”.
We obtain
(@B + (V) + Dzl < = (108 + FI) - FIIB)

Exploiting (5.5) and Lemma 5.1, we obtain, for a constant C19 > 0, that

cu (10 + [ el )dv)
Cro (|e| / Dyinf3(r ) ,

where in the last line we used (2.2). The Gronwall lemma now yields the assertion.

H~

IN

d, _ _ _
a(lwtlg + [V ?) () + cu| Dawe [3(2)

IN
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