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1 Introduction, dynamics of micromagnetism

The evolution of the magnetization vector m in rigid ferromagnets is stan-
dardly considered as governed by the Gilbert equation [16]:

v = mx (heg = 1). (1.1)

Here m denotes the time derivative of m, and “x” is the vector product in R3.
The constant v > 0 is proportional to the gyromagnetic ratio. The effective
field heg is the negative (partial) Gateaux derivative of a possibly nonlocal
and time dependent free energy £(t, m), i.e.:

9 et m). (1.2)

heﬂr(t, m) = —am

The relaxation field r is usually proportional to m through a positive constant
«. This kind of viscous-like friction effectively accounts for dissipation mecha-
nisms that dominate at resonance or during relaxation; it is not clear, however,
whether it is appropriate to capture the rate-independent response observed
during quasistatic evolution, when the system, driven by a slowly-varying ap-
plied field, evolves through a series of states of equilibrium, alternated with
a series of irregular random bursts, the so-called Barkhausen jumps, resulting
from the pinning of domain walls by impurities and lattice imperfections.

Baltensperger and Helman suggested in [2] that rate-independent dissipa-
tion mechanisms may be phenomenologically accounted for by adding a dry-
friction-like term to the standard Gilbert damping. Using the notion of subdif-
ferential of a convex function, the prescription for the relaxation field proposed
in 2| can be written as:

r € ORas(m)  where Ry s(a) i= %]a|2 +Bla| VaeR:. (1.3)

Dry-friction dissipation was also proposed by Visintin in [36] as a device to
model properly hysteresis in ferromagnets. Visintin [36] modified the Landau-
Lifschitz equation [23] by augmenting the effective field hog with a maximally
responsive term (in the sense of [14], i.e. having a positively homogeneous
potential describing rate-independent dry-friction-like effects). Although the
original Gilbert’s and Landau-Lifschitz’ equations are equivalent with each
other, the resulting augmented equations proposed in [2] and [36] are no longer
mutually equivalent. This has been pointed out by Podio-Guidugli in [29],
where the conceptual differences between the Gilbert and the Landau-Lifschitz
formats have been elucidated, and where several constitutive prescriptions,
including (1.3), have been given a precise significance from the standpoint of
Continuum Thermodynamics. From this standpoint, the non-negativity of «



and (3 is a requisite of consistency, in the sense of Coleman and Noll [10], with
the Second Law of Thermodynamics.

The standard Gilbert equation with viscous dissipation (that is, with a > 0
and 3 = 0) has been the object of an impressive amount of mathematical
work. Here, we limit ourselves to mentioning a handful of references concerning
existence [1,6,17,35], regularity [8,9,17,25] and qualitative behavior of solutions
[18,19,38], and we refer to the survey [22] for a more detailed bibliographical
account. However, the mathematical literature for micromagnetics with dry-
friction-like dissipation appears to be much less developed [21,30,31,33,37].

In this paper we study existence of weak solutions to (1.1) with r given by
(1.3), and we identify £ with the following Gibbs free energy:

E(t,m) = /Q ;u|Vm($)|2 +¢Y(m(z)) —h(t,x) - m(x) dz, (1.4)

where Q2 C R? is a bounded open set representing the region occupied by the
ferromagnet, ;> 0 is the exchange constant, 1 : R® — R is any smooth
extension to R? of the anisotropy energy (defined on the unit sphere), and h
is a time dependent applied field.

In the integral on the right-hand side of (1.4) the first term accounts for ex-
change effect of quantum-mechanical origin and it penalizes spatial variations
of the magnetization; the second term accounts for anisotropy effects which
tend to align the magnetization with some favorite directions; the last term
accounts for the interaction of the magnetization with the external magnetic
field. For simplicity, we neglect the demagnetizing field, whose energetic con-
tribution would not affect the main technical points of our proofs. We point
out that the demagnetizing energy is mostly relevant for the explanation and
description of magnetic microstructures [11,12].

The reader may consult [5,7] for a detailed explanation of the physical signif-
icance of (1.4). With the choice (1.4), the effective field (1.2) becomes

heff(ta ) = MAm - w/(m) + h<t7 ')7 (15>
where 7 : R> — R3 denotes the derivative of 1 : R? — R.

The precise strong and weak formulations of the initial-boundary-value prob-
lem we study are given in Section 2. Here we point out two important features
of solutions to (1.1), which are unaffected by the choice of the free energy
or by that of the relaxation field. The first feature is that the norm of m is
preserved during evolution. In particular, if |m(0,-)| = 1, then

Im(t,2)| =1 Vo eQ,Vt>0, (1.6)



which is the so-called saturation or Heisenberg constraint. Equation (1.6) can
be obtained by taking the scalar product of both sides of (1.1) with m, which
gives m - m = 0, whence 2|m|* = 0. An even more important feature of (1.1)
is its Lyapunov structure [29]. To get an insight, let us take the scalar product
of both sides of (1.1) with mxm, and use the identity

(mxw) - (mxv) = [m*(w-v) — (m-v)(m-w), (1.7)

along with (1.6) to get (heg — r) - m = 0. Integrating over €2, using (1.4) and
(1.5), and then applying the divergence theorem, we obtain:

d . dm

Lett,m(t / 4 h- d—/ IM  hdS =0, 18

dt(m())+ Qr mhomdr 80 On m (18)
where g—z is the directional derivative of m with respect to the unit outward

normal n at the boundary 0€2. Now, observe that, from (1.1), setting w =
v(hegr — r), we have

Om . Om om
a—n-m:%-(mxw):—(mx—>-w (1.9)

(the last equality uses a standard property of the mixed product). Thus, if
(1.1) is complemented by the boundary condition mx 2™ = 0 on 0, we have

from (1.8)-(1.9), using also (1.3), the following energy balance

d . . .
L e, m@) +/ alml? + G| da::—/ hom da; (1.10)
de . , Q. , Q. ,
Gibbs’ energy specific dissi- “dual” power
at time ¢ pation rate of externa]i) forcing

the adjective “dual” refers to the fact that this power contributes the time vari-
ation of Gibbs’ energy, as opposed to the standard power which contributes to
the time derivative of the Helmholtz’ free energy h-m. Infinitesimal variations
of m consistent with the condition |m| = 1 have the form mxv, with v an
arbitrary vector field. These are the natural “test functions” for (1.1). Indeed,
testing (1.1) by mxv, using (1.5), and employing the identity (1.7) we find

—y 7 'mxm = pAm —¢'(m) +h —r+ Am, (1.11)

where A is the Lagrange multiplier associated to the constraint (1.6). This
multiplier is needed because, unlike (1.1), equation (1.11) does not imply (1.6).
From the standpoint of Dynamic Micromagnetics, (1.11) is a balance between
doublet forces [13]. In particular, the left-hand side of (1.11) is an inertial
doublet force that expends null power over actual motions of the system. The
fact that the energetic balance (1.10) does not contain v~! is a consequence
of this null expenditure of power.

Due to the non-smoothness of the constitutive prescription (1.3) for the relax-
ation field, the notions of weak solution provided, for instance, in [1] and [6]



cannot be used. Instead, one must formulate (1.1) as a variational inequality;
see Section 2, Proposition 2.2 and Definition 2.4. In particular, the case a = 0
needs a weak formulation of its own; see Section 3, Theorem 3.2. In fact, if
a = 0 the best regularity we can expect is that m be a function of bounded
variation in time, as suggested by the estimate (1.10). In this case, the dis-
sipation must be expressed in terms of an appropriate notion of variation of
m, which we provide in (3.7) below. This having been said, we point out that
the strategy we adopt to prove existence of weak solutions in Theorem 3.2 is
inspired by [6]: we penalize the non-convex constraint |m| = 1 and, in order to
have sufficient compactness to handle the resulting additional nonlinearity, we
augment the relaxation field with an exchange-type dissipation eéAm. Then,
we pass to the limit as ¢ — 0. This regularization itself is physically moti-
vated, namely, as discussed also in [29], it may be interpreted as a physically
relevant “dissipative counterpart” of the energy-storing mechanism associated
to exchange interactions.

The asymptotic behavior of solutions when o — 0, or v~! — 0, or both, is
discussed in Section 3, where we also discuss existence of weak solutions for
the corresponding limit cases. In particular, the limit o — 0 and v~ — 0 can
be interpreted as infinitesimally slowing the loading rate, and we will show
that indeed all rate-dependent effects disappear in the limit. The limit o = 0
and 7! = 0 itself fits within the theory of rate-independent processes pro-
posed by Mielke and Theil in [28]. In this case it is possible to prove existence
of a special class of weak solutions, the so-called energetic solutions, which
are particularly suitable for handling nonlinear problems and for performing
numerical calculations. Energetic solutions are only a subset of the class of
weak solutions. Moreover, explicit examples (in the contest of crack propaga-
tion) provided in [20,34] show that the weak solution obtained by the limit of
some viscous parameter is different from the energetic solution, and suggest
that, also in the present contest, the weak solution obtained by taking the
simultaneous limit @ — 0 and v~ — 0 may differ from the energetic solution.
As uniqueness of the energetic solution still cannot be expected because of the
non-convex constraint |m| = 1, also uniqueness of weak solutions cannot be
expected.

2 The model and its weak solutions.

Let Q C R3 be an open bounded Lipschitz domain and let T" > 0 be a fixed
time horizon. We use the following notation:

I:=(0,7), I:=100,T], Q = IxA.



Given a Banach space X, we denote by C,(I; X), BV (I; X), and BM(I; X)
respectively the space of weakly continuous functions, functions with bounded
variation, and the space of bounded measurable functions I — X. For p > 1,
we also denote by LP(I; X) the space of LP-Bochner integrable functions I —
X. We denote by W'P(I; X) the corresponding Sobolev space. We also denote
by m;, i = 1...3 the Cartesian components of m.

In this section we consider the following initial-boundary-value problem:

v im =mx (uAm —'(m) +h —r)

in Q, (2.1)
r € OR,3(m)
mx(;:: =0 on Ix0Q, (2.2)
m(0,-) = mg(+) in Q, (2.3)

where the pseudopotential R, s has been defined in (1.3). In this section we
make the following assumptions:

a>0, 08>0 ~v1>0, u>0; (
¥ : R®* = R is convex and of class C'; (
3C, >0VaeR?: o(a) > Cy(1+]al®) and [¢'(a)] < Cyp(1+]al’); (
mg € WH(Q;R?) and |mo| =1 a.e. in Q; (
h € WHH(I; LY(Q; R?)). (

ORISR
0 ~1 O Tl
N’ N e N N

Remark 2.1. Typical examples of anisotropy energies conventionally used in
models of micromagnetics are ¥(m) = ,(m) := K(m? + m3) with K > 0
for uniaxial anisotropy and ¥(m) = t.(m) := K(mim3 + m?m32 + mim3)
for cubic anisotropy with either 3 axis (for K > 0) or 4 axis (for K < 0)
of easy magnetization [5]. Neither v, nor v satisfy the convexity, coercivity
and growth assumptions in (2.5) and (2.6). However, due to (1.6), and since
m X ¢'(m) is perpendicular to m, the right-hand side of (2.1) depends only
on the tangential derivative of 1) on the unit sphere. Thus, we can replace ¥,
and 1, by gy (m) + [K|(|m[? + m[*) and v (m) + [K|(|m]? + |m|°) respectively,
which satisfy (2.5)-(2.6).

The notion of a weak solution we are going to introduce stands on the following
characterization of smooth solutions to (2.1)-(2.3):

Proposition 2.2. Assume m € C*(Q;R?) satisfies the initial condition (2.3)
with |mg| = 1. Then m satisfies (2.1) in Q and the boundary condition (2.2)
if and only if Im| =1 in Q and

//Q R, s(mxv) — p(mxVm) : Vv — (fy_lrh + mxy'(m) — m><h) -vdadt

2//QRa,g(rh)dxdt—i—S(T,m(T,-))—5(0,m(0,-))+//@ﬁ-mdxdt, (2.9)



for every test v.e CH(Q;R?), with £(t,m) as in (1.4) and with the algebraic
operator “x” meaning that, for a matrix A € R3*3, the expression mx«A €
R3*3 s defined by

(mxA)a:=mx(Aa)  VaeR’ (2.10)

Remark 2.3. We will use mxA from (2.10) always only for A = Vm as
in (2.9). We draw the reader’s attention to the following interesting calculus
needed in what follows:

V(mxv) = mxVv —vxVm, (2.11)
Vm: (mxVv) = —(mxVm) : Vv, (2.12)

as well as to the integration-by-parts formula

om
/Q(mxAm)wdx——/Q(m»KVm) : Vvdx—i—/mmxa—n-vdx. (2.13)

The latter follows from the identity (mxAm)-v = —Am - (mxv), along with
(2.11), (2.12), and the divergence theorem.

Proof of Proposition 2.2.

(i) The “only if” implication. Assume that m € C?(Q;R?) is a classical solu-
tion of (2.1)-(2.3). From (2.1), we have m - m = 0 hence |m| =1 in @ because
Imo| = 1. Let v € C'(Q; R?) and define

W= 7<uAm —'(m)+h— r), (2.14)
so that, by (2.1),

m = mxw. (2.15)
Taking the vector product of both sides of (2.14) with m, we obtain, rearrang-
ing terms,
mx (Y 'w — gpAm + 1)’ (m) — h) = —mxr. (2.16)
Taking the scalar product of both sides of (2.16) with v — w, and making use
of the identity (axb)-c= —b- (axc), we obtain
—(v'w — pAm 4+ ' (m) —h) - (mxv —mxw) =r- (mxv —mxw). (2.17)

By (2.1) and (2.15) r € OR, g(mxw) and from (2.17), using the definition of
subdifferential, we have

Ros(mxv) =Ry s(mxw) > —(v 'w—pAm+1/(m)—h)-(mxv—mxw). (2.18)



We integrate (2.18) over @) to obtain:

//Q —mx (v 'w — gAm + ' (m) — h) - v+ Ry g(mxv) dz dt

= //Q(_MAm +¢'(m) —h) - (mxw) + R, g(mxw)dxdt. (2.19)

By (2.15), we replace mxw with m in both sides of the previous inequality.
Using then the identity (2.13) with the boundary condition (2.2), we see that
the left-hand side of (2.19) coincides with the left-hand side of (2.9); while the
definition of £ (1.4) provides the coincidence of the right-hand side of (2.19)
with the right-hand side of (2.9).

(ii) The “if” implication. It follows from the assumption |m| = 1 that there
exists w € C?(Q;R3) such that (2.15) holds with w replaced by w. Let

Fi=—Pn(y "W — gAm + ' (m) — h), (2.20)

where P,(v) := —ax(axv) is the orthogonal projector on the 2-dimensional
linear subspace perpendicular to a € R3; note that Py, in (2.20) depends on
(t,z) since m = m(¢,x). Since Vv € R?, mxv and mxw are orthogonal to m,
it is immediate from (2.20) that

—(v"'W — pAm 4+ ' (m) —h) - (mxv — mxWw) =F- (mxv —mxw), (2.21)
hence by the arbitrariness of v one verifies that mx (v 'w—puAm+1'(m)—h) =
—mx¥t, and therefore, by m = m x w,

v im =mx (,uAm —'(m)+h— F). (2.22)

Comparing (2.22) and (2.1), we see that the proof is concluded if we show
that

F € OR, 5(m). (2.23)
Starting from (2.9), and reversing the argument that leads from (2.18) to (2.9),
we obtain (2.18) with w replaced by w, namely:

Ros(mXv) =Ry s(mxw) > —(y 'W—pAm+4/'(m)—h)-(mxv—mxw). (2.24)

Combining (2.24) with (2.21), and using the fact that ¥- Am = 0, we find that,
for all A € R,

R, s(mxv) — Ry g(mXxw) > 7 - (mXv+ Am) —F - (mxXW). (2.25)

From the mutual orthogonality in R? of m x v and Am it follows that |mxv +
Am| > |mxv|; moreover, by (1.3), R, 3(z) is monotone increasing with respect
to |z|; hence

R, g(mxv + Am) — R, 3(mxv) > 0. (2.26)



As )\ varies in R and v varies in R3, the vectors mxv 4+ Am span all R3, hence
from (2.25), (2.26), and the identity m = mxw we obtain the inclusion (2.23),
as claimed. O

Definition 2.4 (Weak solutions with o > 0). Assume that (2.4)-(2.8) hold.
We say that m € Cy(I; WH2(Q; R3)) N WEY2(T; L2(; R?)) is a weak solution
to (2.1) with boundary conditions (2.2) and initial conditions (2.3) if:

(i) m satisfies (2.9) for allv € C1(Q;R3);

(i) |m| =1 a.e. in Q;

(#i) m(0,-) = mq.

For all w € L?(Q2; R?) we define

Reap(w) Z:/QRa’g(W)dl’:/Q%|W’2—|—6’W‘dl‘. (2.27)

Proposition 2.5. Under the assumptions in Definition 2.4, problem (2.1)-
(2.3) has a weak solution m € Cy(I; WH*(Q;R?)) N W2(I; L*(Q; R?)). More-

over, for every s € I,

/SRa,B(mXV) dt — /S/ p(mxVm):Vv + (7_1&1 + mxe'(m) — mxh) ~vdax dt

0 0/

> /SRQ,B(m) dt + E(s, m(s, ) —S(O,m(O,-))—i—/s/Qﬁ-mdxdt, (2.28)
0 0

for all v € CHQ;R?), and there exists a constant Cy > 0, which does not
depend on a and vy, such that

Im{| Lo (w1 2(r3)) < Co, (2.29)

M|z @) < Co, (2.30)
. C

Iml[z2Qms) < —=. (2.31)

Ja

Before giving the proof, which for the reader’s convenience will be divided
in seven steps, let us first outline the strategy we follow. In the first three
steps, we prove the existence of some m. solving the following “penalized”
and “regularized” version of (1.11):

7_1msxrhs + NAms - w/(ms) - éfl(ms) +h= Fe

in Q, (2.32)
re € OR,3(m.) — 2eAm,
with the boundary condition
%T: =0 onl x o9, (2.33)



where
€a) = (1— |a|2)2 Va € R?, (2.34)

and 0 < € < 1. We emphasize that (2.32) is a classical formulation and later
will be treated only in a weak form. In the fourth step, we perform a test
of (2.32) by m. to obtain energy estimates which yield the uniform bounds
(2.67)-(2.70) displayed below. In the fifth step, integrating by parts on (0, s),
and using the strict positivity of the regularizing term £|Vm.|? and of the
penalization term 1£(m.), we obtain from (2.32) that the weak form of (2.32)~
(2.33), i.e. inequality (2.71) below, holds true. Then we select z := m_xv, a
choice that allows us to get rid of the term ég’ (m.) and, in the sixth step,
we let € tend to 0 and we show that m. converges to a limit m that satisfies
(2.28). All the previous steps will be done by considering a W12(I; L*(Q; R?))-
regularization of h € Wh(I; L'(Q; R?)) from (2.8). In the seventh and final
step, we will make a limit passage for such h to get rid of this regularization.

Proof of Proposition 2.5.

Step 1: time-discrete problems. Let h, € W12(I; L*(Q;R?)) with h, — h in
WH(T; LY(Q; R?)). To obtain a solution to (2.32), we use the Rothe method.
We fix € > 0 and n € N, and introduce a uniform discretization of the time
interval I = [0,T] with a time step 7 = T/N, with N € N. For every w €
W12(Q; R3) we define

= w) ::/QRM(W)+g|va’2dx:Raﬂ(w)+/gg|wy?dx. (2.35)

We look for an approximating solution of (2.32). To construct such solution,
we let m? = mg and by recursion we look for a solution m* € W1H2(Q; R3) of
the following variational inequality:

k_ k-1 k_ k-1
(W) — Zﬁ(rm:y) > —/Q,uVm’TC : V(W - mTT> dz

k k—1
m-—m
# [ (77 Tl ()

for all w € C*(;R?). Here the time samples h* := h,(k7) are well-defined
thanks to the qualification h, € W2(I; L?(Q;R?)). Existence of at least one
solution m*F € WH2(Q;R3) follows standardly by monotonicity arguments,
compactness of lower order terms, and coercivity.

10



Step 2: a priori estimates. Let us define:
1
£ (w) = /Q SHIVWE +b(w) —hEowde vw e WRAQRY). (2.37)

For the remaining part of this step it is convenient to split the function &,
given by (2.34), by

§=6+& with & 1= co(§) and & ==& — & (2.38)

where co(&) denotes the convexification of €. In case of (2.34), we have simply
&1(a) = &(a) for |a] > 1, while & (a) = 0 for |a] < 1. We are going to use the
facts that & is convex and &, is bounded.

Observe that

Vmk : (Vmt — V) > ;|Vm 2 f\ mE-112, (2.39)

(¥'(m}) + & (m})) - (my— 5>>¢(>+&m®—¢m$5—&m?%
(2.40)

hE . (mf —mP 1) = hE P — WL P (hE ) Rt (2.41)

where (2.40) follows from the convexity of ¢, which we assume in (2.5), and
of & (cf. (2.38)). Also, note that

(m’;—lxmi_mf ) T o, (2.42)

Using (2.39)-(2.42), and recalling (2.37)-(2.38), we obtain the following in-
equality:

k(mkY _ ck—1(nk—1 kE_ pk—1
Z gr(mT) 57' (m’T ) / hT hT mic_—l dz
T Q T
1L &(md) —&mb ) 0 mb—mi!
- T T T T d 24
+€/Q . +&(me) - ————de (2.43)

11



Combining (2.36) and (2.43) we arrive at:
w) +/ pVm? : Vwdr
Q

k__ k-1 1

= (T e vy < Lent) ) wat
Q T 15

- <mk—m¢—1) SHmt) £ ) i

T Q T

k-1
-m; dx

-1

L O Z8mT) gy meme gy, (2.44)

for all w € C'(;R?). By Young’s inequality, | fo, 25 (m¥) - mi%mﬁ_l do| <

C% + 9 Ja ]"’E%WP dz (where C' > 0 is such that [, |€,(m*)[2dz < O); also,
by (1.3) and (2.35) we have R, 5(w) > [ §|w|*+&|Vw|*dz; therefore, choosing
w = 0 in (2.44) and using Holder’s inequality we obtain:

ko k—1]2 ko k—1 k(k\ __ ck—1( k-1
O Z / g m’T m’T + 6 vm’T m’T dx + 5T<m7’) gT (m’T )
o4 T T
kY k—1 1 |hE —pk-1 2 1 18
+/ gl(mr) gl(mr ) e _ 7|ml;—1’2 doe — — (245)
0 eT 2 T 2 oe?

Henceforth C' denotes a positive constant which may change from line to line.
By (2.37) and (2.6),

/ Imt 1P de < C (gf—l(m’;-l) +/ |h§—1|2dx>. (2.46)
Q Q
Multiplying both sides of (2.45) by 7, and using (2.46), we obtain:

Ex(my) — & H(my ™)

B\ k—1 ko k=1 koo k—1
+/ é—l(mT> él(mr )+Tg m-—m_ +7e VmT m. dx
Q € 4 T T
hk _Rk-1 2 ~
<O (& mi ) + [ par) + D[R d+ s (247)
Q Q

Given any 1 < /¢ < N, summing (2.47) for k = 1...¢ gives:

0+ f S (5]

2
)dx

-1
< Cr+7C Y EX(mE), (248)

k=0

k: k—1]2
mT

k_ k-1
m;—m?

+¢e|V

T

12



where

2

(-1 1
= + C|hF12 dx). (2.49)

c hk _hk—1
C., = &(0, Ir—— / s
’ (0,mg) + Ta82+7-l;)< 5

Using a discrete version of the Gronwall’s lemma we get, from (2.48)-(2.49),
EL(mt) < C. . exp(CTY) < C., (2.50)

where C is some positive constant independent of 7. The existence of such C.
is ensured by the assumption h, € Wh2(I; L*(Q; R?)), which gives a bound
(uniform in 7) to C. ;.

Now, we introduce interpolants m,, m_, and m, defined by:

m.(t) := m¥
m, (t) := mF! for t € ((k — 1)1, k7). (2.51)

Using (2.51) and recalling (2.37), the bound (2.50) and formula (2.48) imply
that there exists a positive constant C. (independent of 7) such that

Mz || oo (rwrziray) < Ce, (2.52)
HrhTHLQ(I;WLQ(Q;R?’)) < (.. (2.53)

Step 3: limit passage as T — 0. By (2.52)-(2.53) there exists a sequence
{ Ny }ken such that

m, = m in L®(L; W2 (; R?)), (2.54)
m, — m in L*(1; W?(Q; R?)). (2.55)

Here and henceforth we write 7 as a shorthand for 7'/ Ny. We also have

m € Cy(I; W"(Q;R?)), m(0) = my, (2.56)
m.(t) = m(t) in WY (Q;R?) Vt € I, (2.57)
m, — m in L'(I; LS7Y7(Q;R?)) V1 <5 < +oc. (2.58)

Indeed, from the identity m,(¢) = mo+ [y m,(s)ds, using (2.54) and (2.55) gives
(2.56) and (2.57), while (2.58) is a consequence of the Aubin-Lions theorem.

Now we pass to the limit in (2.36). Let z € CY(Q;R?) and z*(-) := z(7k, ).
We define the interpolants z, and h, in terms of z* and of h*, respectively, as
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n (2.51). For each t € I, we substitute w = z,(¢, ) in (2.36), and we integrate
with respect to ¢t over I to obtain

/R & dt+// UV, Yz, — (v m, <, +h, — g (/) — - §(m7)) 7, dedt

1
> /Raﬁ , dt+//QuVmT Vit — (R, — /() = —€/(m,) - e ot
(2.59)

Note that [[o(VmM,—Vm,) : Vm,drdt = O(7) because [ VM. —Vm_||12r3) =
%vaTHLQ(Q;RS), hence

hmmf// Vi, : Vi, dzdf = hmmf// Vm. : Vi, da dt

+ lim // (Vi, — Vm,) : Vi, dz dt
Q

7—0
o 1 1
= hrTn_%lf/Q§|VmT(T)|2dx—/Q§|Vm0|2dx
1 1
> /Q§|Vm(T)|2dx—/Q§|Vm0|2dx

= //Q Vm : Vmdzdt, (2.60)

where we have used (2.57). Using (2.54)—(2.58) and (2.60) we can pass to the
limit as 7 — 0 in (2.59) to obtain

/0733”3(2) dt + //Q pVm:Vz — (v *mxm +h, —1'(m) — ig’(m)) .zdz dt

> [Re () dt+//@ VM : Vi — (h, — ' (m) — if’(m)) cdzdt. (261)

The inequality (2.61) provides the weak formulation of problem (2.32) with
the initial-boundary conditions (2.3) and (2.33). Note that, by density, we can
assume z € L*(I; W2(Q; R?)) in (2.61).

Step 4: estimates independent of €. To stress the dependence on &, we now
denote by m. the function m obtained in the previous step. In (2.61) we can
choose z such that z=m. on (s, T). Carrying out the integration with respect
to time in the second term on the right-hand side of (2.61), and then using
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(2.56) together with £(mg) = 0 which follows from assumption (2.7), we obtain:

/Os RE ,(z)dt + /O/Q uVm. : Vz — (v 'm.xr.
Fhy — (M) - 2+ 1g’(me) zdz dt
> /OSRaﬁ(ma)diH—S(s m.(s)) — (0, mo)

—|—/Qi§(m€(s))dx+/0/ﬂﬁn-msdxdt, (2.62)

for all s € I and for all z € L2(I; WH2(Q;R?)). Choosing z = 0 in (2.62) and
recalling that RE, 5(w) > R, 3(w) we obtain, for all s € I,

(5, m.(s +/ (m.(s da:—i—/ R (o) dt < E(0, my) //h ‘m. dzdt .
(2.63)
By the non-negativity of £ and R, s, it follows from (2.63) that

5('9’ mE(S)) S 8(07 mU) +/O ||Hn||L2(Q;]R3)||m€||L2(Q§R3)dt
s ] .
< £0.mo) + [ LRulliresn (0 4 It (264
Note that

() ey < Co (EGsme() + gz < Ca(EGs ma(s) + C)
(2.65)
for some C; > 0, Cy > 0 (the last inequality follows from the assumption
h, € WH2(I; L*(€;R?))). By using (2.65) we can apply the integral version of
Gronwall’s lemma to (2.64) to obtain

max (s, m.(s)) < C, (2.66)

sel

where C'is a positive constant. Using (2.66) and (2.63) we obtain
IMell zoe (w2 rsyy < Co, (2.67)

Ime |21 (@irs) < Co, (2.68)

Va|me| rzorsy < Co, (2.69)

ma;(/ E(m.(s,x))dx < eCy, (2.70)

sel JQ

where the constant Cy > 0 does not depend on « and ~.

Step 5: selection of test functions. Our argument is based on an appropriate
choice of the test functions, see (2.72) below. By the non-negativity of £ and
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by R;, (W) > Rap(w), from (2.62) we have

/0 Roéﬁ(z)dt—l—/o/QuVm6 : Vz
— (v 'moxm. +h, — ' (M) -z + iﬁ’(ms) -zdxdt
> [ Rasling) dt + (s, m.(s) = £(0,mo) + [ [ by modedt. (271
0 0

We do not pass to the limit in (2.71) as it is, because we do not have control
over the term %5’(m5) -z. However, by (2.34), {'(z) and z are parallel vectors,
hence the term that we do not control vanishes for all tests z of the form

z=m.xv with v e C'(Q;R?). (2.72)

Note also that, by (2.11)-(2.12) we have
/QVmg V(M. x v)de = — /Q(ma>3€<Vm5) . Vvda. (2.73)
Thus, substituting (2.72) in (2.71), and using (2.73), along with the identity:
(mexre) - (mexv) = [m[*(m. - v) — (M. - m.)(m. - v),
we obtain
/OS RE_,(mexv)dt + /O/Q v Y. - me)(m. - v) de dt
— /OS/Q p(maxVm,) : Vv + (7_1|m5|2rh6 —m.x(h, — @/}’(ma))) ~vdrdt

Z/OSRaﬂ(rhs)dt—l—S(s,mg(s))—5(0, m0)+/os/ﬂ hy-modzdt. (2.74)

Step 6: limit passage as ¢ — 0. By (2.67)-(2.69) there exists a subsequence
(not relabeled) such that

m. = m in L>®(1; W' (Q; R?)), (2.75)
m. — m in L*(Q;R?), (2.76)

as € — 0. Moreover, by the same argument used in Step 3, (2.75)-(2.76) imply

m € Cy(I; WH(;R?)),  m(0) = my, (2.77)
m.(t) — m(t) in W"2(Q;R?) Vit € I (2.78)

By the Aubin-Lions theorem we have, for all 5 < n < 400,

m. — m in L"(I; L°~Y7(Q; R?)), (2.79)
Im.|?m, — |m|?m in L>Y7(1; LYY/ (Q; RY)), (2.80)
m, -, — 0 in L2Y7(1; L3/27Vn(Q: R?)). (2.81)
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By (2.70) and (2.79), and recalling (2.34), we also have
Im| =1 a.c. in Q. (2.82)

By (2.76) and the convexity of R, 3, and by (2.78), we have, for all s € I,

lim inf /O Res(i.) dt > /O R () dt, (2.83)
lim iglfé'(s, m.(s)) > E(s,m(s)). (2.84)

Moreover, by (2.11) we have |V(m, x v)|? < 2|m.xVv|? + 2|vxVm_|?, hence
by (2.67) we have

lim // £V (m. x v)|>dz dt = 0. (2.85)
e—0JoJQ

By (2.85) and (2.78)-(2.82), the left-hand side of (2.74) converges to the left-
hand side of (2.28), with h replaced by h,,, as € tends to 0. Thus, taking the
liminf as e tends to 0 of the right-hand side of (2.74), using (2.83)-(2.84) and
(2.57) with the compact embedding W*'2(Q; R?) C L?(2;R?), we obtain (2.28)
with h and h replaced by h,, and Hn, respectively.

Step 7: limit passage as n — oo. Let us denote by m,, the iunction obtained
in the previous step. This function satisfies, for all v.e C*(Q;R3?),

/Os Rap(my,xv)dt —/OS/Q p(my,xVm,) : Vv
+(fy’1rhn +m, xy'(m,) — mnxhn) ~vdxdt
> i - [, L@
> /0 R (1) dE+E (5, My (5))—E (0, mo) + /0 /Q by - mudzdt. (2.86)

Having |m,| = 1 a.e. on @, we can now improve the estimate (2.64). In
fact, from (2.86) we deduce E(s,m,(s)) < £(0,mg) + [y ||ﬁn||L1(Q;R3)dt for
all s € I. Arguing as in Step 4 of this proof, we conclude that m, satis-
fies the bounds (2.67)—(2.69). Since these bounds are uniform with respect to
n, there exists a subsequence of {m,},en (not relabeled) and a limit function
m € Oy (I; WH2(Q;R3)) such that m, = m in L=(I; WH2(Q; R3)), m, — m
in L2(Q;R3), m(0) = mg, and m,,(t) — m(t) in W2(Q;R?) for all t € I, as
n — oo. Using the strong convergence h, — h in Wh1(I; L}(Q;R?)), we can
pass to the limit in the integrals [Jfg(h,xm,)-v dz dt and [jf, h,-m,, dz dt
in (2.86). Arguing as in the previous step for the other terms, it follows in

conclusion that the limit function m satisfies (2.28) as well as the estimates
(2.29)-(2.31). O

Remark 2.6. The time discretization used in Proposition 2.5 may be ex-
ploited to construct approximate solutions to (2.1)-(2.3). However, for numer-
ical purposes a more appropriate approach should be based on the finite-
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element scheme proposed in [4] for the standard Landau-Lifschitz/Gilbert
equation. Denoting by h > 0 and 7 > 0 respectively the mesh size in the
spatial domain and the time step, and by m{ the discretized initial datum,
the scheme proposed in [4] gives approximating magnetization fields mﬁj,
with & € {0...T/7}, satisfying m} (&) = mj(2) for every nodal point &
of the mesh. If the initial datum satisfies the saturation constraint at nodal
points, then the approximate solution my,, : @ — R? obtained from mj _ by
piecewise-affine interpolation (with respect to time) converges, as h,7 — 0,
to a limit m satisfying [m| = 1 a.e. in (). Thus the saturation constraint is
recovered in the limit without introducing any penalization. An interesting
question is how to adapt the scheme proposed in [4] to account for the addi-
tional rate-independent term we consider in this paper.

3 The regimes a — 0 and/or v~! — 0.

In the Introduction we pointed out that the limit @« — 0 and v~! — 0 is
expected to describe the behavior of the system for slowly-varying applied
fields (see also [32, Section 6]), that is: taking the limit @ — 0 and y~' — 0
corresponds to taking the limit of the “frequency” w — 0 in a system where
a,7~ 1 > 0 are fixed, while the external field h is scaled in time by wt. More
precisely, let us fix h € WhL(I; LY(€; R?)), and let us consider the family of
loadings

ho(t,) := h(wt, ), (3.1)

with w > 0. When the “frequency” w tends to 0, the applied field h,, exhibits
a slower and slower rate of variation. We denote by m,, the solution to

7_151“, = my X (/LArﬁw — ' (my,) + hy, — r)

. in Q; (3.2)
r € 0R,3(my)

see (2.1)-(2.3) with applied field h,, = h,(t).

To show the equivalence between this system, where o > 0 and y~! > 0 are
fixed while the applied field h,, varies as w — 0, and the system where h is
fixed, and o and v~! tend to 0, we need to perform some scaling in time. For
any fixed w > 0 let us define, for all times t,

my(wt) = iy (t). (3.3)

By using (3.1), (3.2) and (3.3), and then defining s := wt, it is easy to see that
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m,, solves

(wy—l)rhw =m, X (IuAmw _ ¢/<mw> +h— r)

r e 8R(wa),ﬂ(rhw)

in Q, (3.4)

since OR, g(wmy,) = OR,a p(m,). Hence, taking the limit w — 0 in (3.2) is
equivalent, thanks to (3.4), to taking the limit o — 0, v~ — 0 in (2.1).

Since the constant Cj in (2.29)-(2.30) does not depend on « neither on 7!, we
expect that weak solutions obtained in Proposition 2.5 will converge weakly
to some limit m, which we would like to identify with a weak solution of

0= mx(uAm —'(m)+h— r)
r € Ry s(m) in Q. (3.5)

Im| =1

Note that, at variance with (3.4), the first equation in (3.5) does not imply
(1.6), even if the initial condition satisfies (2.7). This motivates the additional
condition |m| = 1 in (3.5). For the sake of completeness, we consider three
cases: @ — 0 with y~! > 0 fixed; a > 0 fixed with y~! — 0; and eventually the
announced “slow-loading limit” o — 0 and v~! — 0. In the third case, since
the system is rate-independent, an alternative way to prove existence of weak
solutions is to show that there exist special weak solutions (called “energetic”
in the sense of [28]) by limiting directly the time-discrete problems without
any vanishing-viscosity approach, which we briefly touch at the end of this
section, too.

Motivated by this scaling, 3 > 0 will be kept fixed thorough the whole section.

THE LIMIT a — 0.

For purpose of limiting «, let us denote a weak solution to (2.1)-(2.3) by m,
and investigate the collection {m,},~0. Using the uniform estimate (2.29), we
obtain

m, — min L®(1; W2(Q; R?)) (3.6)

as a — 0, in the sense of subsequences. Of course, we cannot identify the limit
m with a weak solution in the sense of Definition 2.4 with a = 0. In fact, the
upper bound in (2.31) blows up as @ — 0, and the L'-type estimate (2.30) gives
only a weak* convergence of m, in the space of L'(Q;R3)-valued measures
with support on I. Consequently, Jloy~'m - vdz dt and [f, Rop(m) da dt
may lose sense as Lebesgue’s integrals. Yet, the limit m can be interpreted
as a weak solution to (2.1), provided that, in Definition 2.4, the regularity
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assumptions on m are weakened, and (2.9) is modified suitably, inspired by
the definition of weak solution introduced in [31]. To this goal, given m : I —
{z € L>*(;R?); z(-) € S(2) a.e. on Q}, where S(2) denotes the unit sphere
on R3, we define the geodesic variation of m over the time interval [¢, ] by

k
Vargz)(m;t, 1) := sup Z/ distg(a) (m(ti,x),m(ti,l,x)) dz where
t=tg<t)<--<tp=t ;—1 /&
keN
(3.7)
' arccos(my - my) if [my| =1 = |my|,
distg(ay(my, my) := (3.8)
+00 elsewhere.

The function distg) : R* x R* — RTU{+o0} is called a geodesic distance; a
notion similar to (3.8) can be found in [26, Section 7.4] and [27, Section 5.6].
Note that Vargp)(m;t,t) < 400 implies in particular that m(t,-) € S(2) a.e.
on Q2 for all ¢ € [t,].

A generalization of Helly’s principle to separable, reflexive Banach spaces, see
[3, Chap. 1, Theorem 3.5], states that if a sequence of f,, : I — X is bounded in
BV (I; X), then there exists f € BV (I; X) and a subsequence (not relabeled)
such that f,,(t) — f(t) for all t € I. It can be shown that the same result ap-
plies to (not linear) sequentially compact topological Hausdorff space instead
of the Banach space X, see [24, Theorem 3.2] or, under additional continuity
of f, also [?, Theorem 7.1]. Here the topological space we consider is

M={zc W (Q;R?) : z€ S(2) a.e. in Q} (3.9)

equipped with the weak topology of W12(Q;R3). Although M itself, being
unbounded in W2(2;R3), is not sequentially compact, its intersections with
the balls {z € WP (4 R?) : [|z]lwrzrs) < C} enjoys this property for any
C < 4o0.

Lemma 3.1. (Mainik & Mielke [24], special case) Let {my : [ — M}aen C
Co(I; WE2(Q; R?)) with

Hma“Loo([;le(Q;RS)) —+ Varg(g)(ma; 0, T) S O, (310)

for some positive constant C' (independent of ). Then there exists a subse-
quence {mq, }jen such that

Ma, (t) = m(t) in M for allt € I. (3.11)
Proposition 3.2. For each a > 0, let m, be a weak solution to (2.1)-(2.3)

in the sense of Definition 2.4. There exists a sequence o — 0 such that
m,, converges, in the sense of (3.6), to m € BM(I; W'(Q;R?)) satisfying
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Varg(2)(m;0,T) < +o0. Moreover,

Im(t, )| =1 a.e. on Q for all t € [0,T], (3.12)

m(0,-) = my, and

/OsRog mxv) dt_/s/ (mxVm) : Vv + (mx(¢/(m)—h>)-vdxdt
+//7 m-vdzdt — /771 v(s,2) —mg-v(0,2))dx
> B Vars(z)(m;0,s) + £(s,m(s, ) — £(0, mg +/0/Qﬁ-mdxdt (3.13)

for all s € I and for allv € C*(Q;R?).

Proof. By assumption, each m, satisfies (2.28). Integrating by parts in time
the term v~ 'm,, - v, and using R, 3(a) > S3|al, we obtain

La(s /Rag ma X V) dt
—//u m*Vme) : Vv + (max¢/(my) — maxh) -vdadt
OSQ
—I—/O/Qv_lma-\'/da:dt—/ﬂy_l(ma(s,x)-v(s,m)—mg-v(O,m))dx
> // Blra] de dt + E(s, ma(s, )
— £(0,m( +// h-mo dedt =: Lo (s) (3.14)

for all s € I and for all v € C*(Q;R?). By (2.29) and weak* compactness,
there is a sequence {o; }jey such that o; — 0 and (3.6) holds. By the estimate
(2.30), and by the Aubin-Lions theorem, we have
Mg, — m in L7(1; LSV R3)) V1 <1< +o0. (3.15)
By (3.15) and (3.6) we have, passing to the limit as o; — 0,
L10,(s) //B\mxv\ m>zs<Vm):Vv—(mxw’(m)—mxh)-vdmdt
+//”y mvdxdt—/’y v(s,x) —mg-v(0,z))dz. (3.16)

For every fixed partition of 0 = t; < t; < ...#; = s of the interval [0, s, we
have

s k-1 tiv1 k—1 tiv1
no |z dt = / / n | dedt = // n ldtd
/O/Q|m]\:1: got [ I, | da ;Qt g, | dt da

ZO /Q dists(z) (maj (t:), ma]( z—H)) dz, (3.17)

v
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because |mq,(t,-)] = 1 a.e. on Q for all ¢ € [0, s]. Fixing j, and taking the
supremum over all partitions, and using (2.30), we obtain

Vargz)(mq,;0,5) < Cy VjeNandVse[0,T]. (3.18)

Using (2.29) and (3.18), assumption (3.10) is satisfied and we can apply
Lemma 3.1 to obtain (3.11). An immediate consequence of (3.11) is that,
due to the convexity of £(s,-),

lim iI&fE(s, M, (s,)) > E(s,m(s,-)) Vsel. (3.19)
Now, we fix the partition in (3.17) and we let j — oco. By compact embedding,
(3.11) implies that mq, () — m(t) in LS~/7(Q; R?), n as in (3.15), and for every
chosen s € I, hence passing to the limit in (3.17) we find, by the Fatou lemma,

s k—1
lim inf / /Q g, |dzdt > S /Q dists(z)(m(t;). m(tis) ) da. (3.20)
0 i=0

a;—0

Taking the supremum over all possible partitions of the interval [0, s] in (3.20),
we obtain

liminf// Imq, | dodt > Varg)(m; 0, s). (3.21)
0/

a;—0

By (3.19) and (3.21) we have

lim irolf Iro,(8) > B Varga)(m;0,s) +E(s,m(s,-)) — E(0,mg) + //Q h-mdzdt.
Qj— 0

(3.22)
Combining (3.14), (3.16), and (3.22) we obtain (3.13). Note that the limit
satisfies (3.12) because the left-hand side of (3.21) with s = T is finite (indeed,
as already observed, Varg(s)(m;0,7T) < +o0c implies that m(¢,-) € S(2) a.e. on
Q for all t € [0,T]). O

Remark 3.3. A discussion of the format (3.13) in the context of weak solu-
tions for rate-independent systems may be found in [32]. A similar notion may

be found in [37].

THE LIMIT 7! — 0.

The case o > 0 fixed and v~! — 0 is much easier to handle, because the
estimates (2.29)-(2.31) do not involve . Moreover, the only term containing
v in the weak formulation (2.9) depends linearly on m. Indeed, let o > 0
and 3 > 0 be fixed. For each v > 0, let m, be a solution to (2.1) with
boundary condition (2.2) and initial condition (2.3). Due to the bounds (2.29)
and (2.31), one can select a sequence {7 }xen such that ;' — 0, m,, = m in
Le(I; W2 (;R?)), and m,, — m in L*(Q;R?) as k — co. Then [[, v 'm,, -
vdr dt — 0 for all v.€ C*(Q;R3) and, by an application of the compactness
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arguments used in Steps 56 of the proof of Proposition 2.5, one can show
that m satisfies (2.9) with y~! = 0.

As a matter of fact, the strict positivity of y~! is not essential, and we can
extend the notion of weak solution to the case y~! = 0. However, for y~1 = 0,
(2.1) alone does not guarantee [m| = 1 and the strong formulation correspond-
ing to (2.9) is

0= mx(uAm —'(m)+h— r)
r € OR, (M) in Q. (3.23)

Im| =1

THE LIMIT 7! — 0 AND o — 0.

We consider two sequences o — 0 and 7;,* — 0, and for each k we let m; be
a weak solution in the sense of Definition 2.4 with a = aj and 77! = ;.

Proposition 3.4. There exist subsequences (not relabeled) ay — 0 and v, * —
0 such that, with my being as specified above,

my, = m in L®([; WH2(Q; R?)) (3.24)

with m € BM (I; W'2(Q;R?)) and Varg()(m;0,T) < +oo. Moreover, every m
obtained by this way satisfies (3.12), m(0,-) = mq, and (3.13) with v~ = 0,
i.e. m is a weak solution to (3.23).

Sketch of the proof. The estimate (2.29) (which does not depend on ) gives
Il Y tmy-vdzdt — 0 as ;' — 0. The proof follows now the same arguments
as in the proof of Proposition 3.2. O

The considerations made so far lead to the following existence result.

Corollary 3.5. Let a =0 and v~' > 0. Assume that (2.5)—(2.8) hold. There
exists m € BM (I; W'2(Q;R?)), satisfying Varg)(m;0,T) < 400, that solves
(2.1) (or (3.23) if y~' = 0) with boundary/initial conditions (2.2)-(2.3) in the
weak sense, i.e. m satisfies (3.12)~(3.13) and m(0,-) = my.

ENERGETIC SOLUTIONS.

The notion of energetic solutions [24,28] associated with an energy functional £
and a dissipation distance D is based on two ingredients: a Stability Condition
for a configuration on M at current times and an Energy-Balance Condition
along a trajectory t — m(t) € M. In the present context, the energy functional
E : IxM — R is the one defined in (1.4), while the dissipation distance
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D : MxM — [0,00) is given by
D(ml, m2) = 6/Qdist5(2)(m1, m2> dz (325)

with distg(e) from (3.8). A state m € M satisfies the Stability Condition at a
given time t if

E(t,m) < E&(t,m)+D(m,m) ¥Yme M. (3.26)
A trajectory t — m(t) satisfies the Energy Balance Condition on I if

E(t,m()) + B Varg(m:0,£) = (0, m(0)) — /Ot/QH-mdxds vteT. (3.27)

Definition 3.6 (Energetic solutions). We say that m : [ — M is an energetic
solution to (3.5) with boundary conditions (2.2) and initial conditions (2.3)
(i) the function t — %E(t, m(t)) belongs to L*(I);

(i) m(t) satisfies the Stability Condition (3.26) for allt € I;

(7ii) the trajectory t — m(t) satisfies the Energy Balance Condition (3.27).

Energetic solutions are a subclass of weak solutions [32, Proposition 5.2].

Using the existence results of Mainik and Mielke [24, Theorem 4.5], or Franc-
fort and Mielke [15, Theorem 3.4], it is relatively easy to prove existence of
energetic solutions under the additional assumptions:

my is stable at t = 0 in the sense of (3.26); (3.28)
h € Who(I; L' (Q; R?)). (3.29)

Proposition 3.7. In addition to the assumptions made in Corollary 3.5, sup-
pose that (3.28)-(3.29) hold. Then there exists an energetic solution t — m(t)
to (3.5) with boundary conditions (2.2) and initial conditions (2.3).

Outline of the proof. We endow the manifold M defined in (3.9) with the
weak topology of W12(Q;R?). To apply Theorem 4.5 of [24] it suffices to ver-
ify that conditions (A1)-(A9) listed in [24] hold true. It is easy to verify that
the dissipation distance D defined in (3.25) satisfies the triangle inequality,
i.e. Condition (A1) in [24]. Also, due to (3.29), the map 2&(-, m) is Lipschitz
continuous, i.e. Condition (A2) in [24] holds. Since distg(y)(-,-) is continuous
on S(2) x 5(2), we have that D is continuous on M x M. Moreover, the
energy functional &, by its definition and assumption (2.5), is lower semi-
continuous. Therefore Condition (A3) (lower semicontinuity of D), Condition
(A9) (€ is lower semicontinuous), and Condition (A6) (lower semicontinuity
of £(t,-)+D(m,) for all ¢ € [0,T] and all m € M) are satisfied. Since 2&(t,-)
is continuous for a.e. ¢ € [0, 7], also Condition (A8) holds true.
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Further conditions involve the stability and the reachable sets

S(t) = {m € M : m is stable at time ¢ in the sense of (3.26)},
R(t):={me M: E(t,m)+D(m,mg) < E(t, mo) + Lt + 1},
where L = esssup,; ||h|| Li(or3). Also, we have conditions involving the sets
8[07T] = U {t} X S(t), R[Qﬂ = U {t} X R(t), V[QT] = S[QT} ﬂ'R,[O’T].
te[0,T] t€[0,7)

Condition (A4) in [24] reads as

(te, mi) € Vo
te — t = m; — min WH(Q;RY),

D(mg, m) — 0

and follows easily thanks to the definition of Vi 71 and the definition of D, by
using also the fact that m, € R(ty) = ||mi|lwr2(rs) is bounded uniformly
with respect to k. From this property and the lower semicontinuity of £(T, ),
we also deduce that R(T) is compact, which corresponds to Condition (A5).
By using in addition the continuity of D on M x M, the remaining Condition
(A7), i.e. the compactness of Vjo 1, is satisfied. H
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