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ABSTRACT. In this paper, we consider spin-diffusion Landau-Lifshitz—Gilbert equations
(SDLLG), which consist of the time-dependent Landau-Lifshitz—Gilbert (LLG) equation cou-
pled with a time-dependent diffusion equation for the electron spin accumulation. The model
takes into account the diffusion process of the spin accumulation in the magnetization dy-
namics of ferromagnetic multilayers. We prove that in the limit of long times, the system
reduces to simpler equations in which the LLG equation is coupled to a nonlinear and nonlo-
cal steady-state equation, referred to as SLLG. As a by-product, the existence of global weak
solutions to the SLLG equation is obtained. Moreover, we prove weak-strong uniqueness
of solutions of SLLG, i.e., all weak solutions coincide with the (unique) strong solution as
long as the latter exists in time. The results provide a solid mathematical ground to the
qualitative behavior originally predicted by ZHANG, LEVY, and FERT in [44] in ferromagnetic
multilayers.
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1. INTRODUCTION AND PHYSICAL MOTIVATIONS

In the last decades, the study of ferromagnetic materials and their magnetization processes
has been the focus of considerable research for its application to magnetic recording technology.
Below the Curie temperature, ferromagnetic media possess a spontaneous magnetization state
(which is the result of a spontaneous alignment of the elementary magnetic moments in the
medium) that can be controlled through appropriate external magnetic fields. The magnetic
recording technology exploits the magnetization of ferromagnetic media to store information.

The giant magnetoresistance effect (GMR), for which FERT and GRUNBERG have been
awarded the Nobel prize in 2007, has introduced new solutions in the design of magnetic
random access memories (MRAMs). In a typical MRAM device, the binary information is
stored in elementary cells that can be addressed via two perpendicular arrays of parallel
conducting lines, called word lines and bit lines. A schematic of the MRAM architecture is
depicted in Figure 1.

The GMR allows for a giant change in the resistance of a conductor in response to an applied
magnetic field, and it is the primary mechanism behind the reading process in MRAMs.
Furthermore, the switching (writing) process of an MRAM cell can be achieved by magnetic
field pulses produced by the sum of horizontal and vertical currents. The magnetic pulse
induces a magnetic torque, whose strength depends on the angle between the field and the
magnetization, which permits the switching of the cell.

This behavior is conceptually simple, but it is tough to realize in practice on the nanoscale.
One of the fundamental issues connected with the downscaling of magnetic storage devices is
the thermal stability of magnetization states. In principle, the problem can be circumvented
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FIGURE 1. (Left) In a typical MRAM device, the binary information is stored in elemen-
tary cells that can be addressed via two perpendicular arrays of parallel conducting lines,
called word lines and bit lines. (Right) A schematic picture of an MRAM cell. In its sim-
plest form, an MRAM cell consists of two ferromagnetic layers wr (the free layer) and wp
(the pinned layer), separated by a thin insulator wg (the tunnel barrier). Such a multilayer
structure is compatible with the GMR effect. The logical states ‘0’ and ‘1’ are coded into the
direction of the magnetization in the free layer wr. Note that MRAM cells usually have an
ellipsoidal cross-section. This is quite common in applications because ellipsoidal particles
support single-domain magnetization states [4,10,13,17] which allow for a qualitative analysis
of the system dynamics in the framework of ODEs.

by increasing the magnetic anisotropy of the material, but as a consequence, higher magnetic
fields are required to reverse the magnetization states. However, these magnetic fields typically
act on a long-range, whereas the desire is that the field produced by the two currents can
switch only the target cell. For this reason, considerable attention has recently been paid
to design new strategies of magnetization switching in which the applied field is assisted
by additional external actions. Examples of these new approaches are heat and microwave-
assisted switchings [12,28].

Fairly recently, SLONCZEWSKI [40] and BERGER [7] proposed a novel model for magneti-
zation reversal based on the use of spin-polarized currents injected directly in the magnetic
free layer. The new mechanism proved extremely valuable to overcome the difficulties im-
posed by the use of strong magnetic fields. Since its introduction, it has been the object of
much research work in the spintronics community as a candidate to assist the switching of the
magnetization in MRAMSs cells. In this new approach, each MRAM cell hosts a multilayer
structure, called magnetic tunnel junction, which in its simplest form consists of two ferromag-
netic layers wg (the so-called free layer, where the magnetization can change freely) and wp
(the pinned layer, where the magnetization is pinned by exchange interactions), separated by
a thin insulator wg (the tunnel barrier). A current is injected perpendicular to the multilayer.
The electron spin is polarized in the pinned layer wp. When the electrons reach the free layer
wg, the spin exerts an additional torque on the underlying magnetization, which assists the
switching process.

The model proposed by SLONCZEWSKI [40] does not take into account the effects of spin
diffusion, which have been found to be important in understanding magnetoresistance in
magnetic multilayers. This motivated the work of ZHANG, LEVY, and FERT [44] (see also [39]),
where a new spin-transfer model for the relaxation of the coupled system spin-magnetization
is proposed. Their model includes spatial variations in both spin and magnetization, but is
derived under the assumption that the magnetization is uniform in each of the layers and,



THE SPIN-DIFFUSION MODEL FOR MICROMAGNETICS IN THE LIMIT OF LONG TIMES 3

therefore, essentially one-dimensional. Later, GARCIA-CERVERA and WANG (cf. [23], see
also [1]) generalized the model to the three-dimensional setting.

1.1. The spin-diffusion Landau—Lifshitz—Gilbert equation. In this section, we intro-
duce the model proposed in [23]. For that, we set Q := wr Uwp, @ C R3, and denote by
= QUuwg, ¥ C R3, the region occupied by the multilayer. The spin accumulation S
is defined on €, and the magnetization M is supported on the region Q occupied by the
two magnetic layers. The magnetization is zero in wg (i.e., outside the magnetic samples).
We assume that the temperature is constant and well below the Curie temperature so that
the magnetization M is of constant modulus in Q, i.e., M| = M, with M; € R} being the
saturation magnetization in Q. To shorten notation, we set s = S/ M, and m := M /M.

The spin-diffusion Landau-Lifshitz—Gilbert equation (SDLLG) consists of a quasilinear

diffusion equation for the evolution of the spin accumulation coupled to the well-established
equation for magnetization dynamics. In strong form, SDLLG reads as (cf. [1,21,22])

2D 2D

Os = div [J (Vs,mxq)] — /\—205 - )\—205 X myq in xR,, (1)
st J

om = —ym X (heg[m] + jos + f) + am x Oym  in Q x R,. (2)

Here, s : ' x R, — R3 is the spin accumulation, m : Q x R, — S? is the magnetization,
and myq denotes the extension of m by zero to the whole R?. From now on, to simplify
the notation, we will identify m with its extension myq as long as no ambiguities can arise.
The first equation (1) models the spin-polarized transport in the multilayer Q' as a diffusive
process [23,39,44]. The second equation (2) is a variant of the Landau-Lifshitz—Gilbert
(LLG) equation [24,29] and describes the relaxation process of the magnetization. Since the
modulus of the magnetization is preserved by LLG, we have normalized the magnetization to
take values on the 2-sphere S2. The system (1)—(2) is supplemented with the initial /boundary
conditions
m(xz,0) =m*(z) in Q, s(z,0) = s*(z) in &,
{ Onm =0 on 002 x R4, { Ons =0 on 0 xRy,

for some given initial states m* : @ — S?, s* : ' — R3. A detailed description of the terms
involved in SDLLG follows.

The spin-diffusion equation. In the spin-diffusion equation (1), J (Vs, m) is the spin current,
Dy € L*>®(Q) is the diffusion coefficient, Asf € Ry is the characteristic length for spin-flip
relaxation, and Ay € Ry is related to the electron’s mean free path. The spin current is given
by
J — / /BMJ 1
(Vs,m):=2Dy[Vs — 35 (Vs-m)®@m|— - Je ®m,

where j, is the applied electric current, 0 < 3, 3’ < 1 are the dimensionless spin-polarization
parameters of the magnetic layers, up > 0 is the Bohr magneton, and e > 0 is the charge of
the electron. With given v € Ry, the diffusion coefficient Dy € L>(Q2) satisfies Do(z) > ~ for
almost all z € ). The last term in (1) represents the interaction between the spin accumulation
and the background magnetization, and it is responsible for the transfer of angular momentum
between them.

The Landau—Lifshitz—Gilbert equation. In (2), 79 € Ry is the gyromagnetic ratio, jo models
the strength of the interaction between the spin and the magnetization, and « is the dimen-
sionless damping parameter. The first term on the right-hand side of (2) describes a precession
around the field heg[m] + jos+f, whereas the (phenomenological) second term accounts for
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dissipation in the system. The time-dependent vector field f is the so-called applied field,
and it is assumed to be unaffected by variations of m. The effective field heg includes con-
tributions originating from different spatial scales and is defined by the negative first-order
variation of the micromagnetic energy functional Gq, i.e.

heg[m] == —0mGa.

For single-crystal ferromagnets, the micromagnetic energy functional reads as (cf. [9,27])

Cex
Go(m) i= 2 [ 1Vml k[ Gun(m)=2 [ ha[mxa)-m (3)
2 Jo Q 2 Ja
=:£o(m) =:Aq(m) =:Wq(m)

with m € H'(Q,S?), and recall that myq is the extension by zero of m to R3. Combining
(1.1) and (3), we obtain the following expression for the effective field:

heg[m] = cexAm — KNV ¢an(m) + pohg [mxa) - (4)

In (3), the exchange energy £ penalizes nonuniformities in the orientation of the magnetiza-
tion, and cex > 0 is the exchange stiffness constant. The magnetocrystalline anisotropy energy
Agq accounts for the existence of preferred directions of the magnetization: its energy density
Gan : S? — RT vanishes only on a finite set of directions (the so-called easy directions); k is the
anisotropic constant. The third term Wq is the magnetostatic self-energy, i.e., the energy due
to the demagnetizing field hq generated by m. The operator hq : m — hgq[m] provides, for
every m € L?(R3 R3), the unique solution in L?(R?,R?) of the Maxwell-Ampere equations
of magnetostatics [8,15, 35]:

divb[m] =0,
{ curl hy[m| =0, (5)
b[m] = pio (ha[m] + m),

where b[m/| denotes the magnetic flux density, and pg is the magnetic permeability of vacuum.

REMARK 1.1. In what follows we assume that Q = Q' (see, e.g., [25] and [36]). This permits to
simplify the notation and to state the weak-strong uniqueness result in a more elegant form.
Everything we are going to prove still holds in the case Q C '. However, slight modifications
may be required depending on the degree of smoothness one agrees to impose to a weak
solution in order to elevate it to the rank of a strong solution (cf. Lemma 1 and Remark 3.1).

1.2. Contributions of the present work: SDLLG in the limit of long times. Already
ZHANG, LEVY, and FERT [44] observed that in the non-ballistic regime, the time scales
involved in SDLLG (1)-(2) are very different. For the spin accumulation s the characteristic
time scales are of the order of A%/ (2Dg) and A%/ (2Dy). Given the typical spatial scales
involved in spintronic applications, these quantities are of the order of picoseconds. On the
other hand, the characteristic time scale for the magnetization dynamics depends on the
inverse of the modulus of the precessional term yom. X (heg[m:] + jose + f). In typical
spintronic applications, this time scale is of the order of nanoseconds. Therefore, «as long as
one 1is interested in the magnetization process of the local moments, one can always treat the
spin accumulation in the limit of long timesy [44].

Formally, the observations in [44] can be summarized in the claim that as long as the main
interest is in magnetization dynamics, one can forget about the term 0;s in (1) and focus on
the analysis of the SLLG equation

Orm = —yom X (heg[m] + jos + f) + am x Oym  in Q x Ry,



THE SPIN-DIFFUSION MODEL FOR MICROMAGNETICS IN THE LIMIT OF LONG TIMES 5

with the spin accumulation s satisfying the steady-state equation

2Dy 2Dy

div [J (Vs,mxq)] — =585 — —5sxmxq=0 in Q xRy,
)\Sf >\J

One of the aims of this paper is to turn this observation into a quantitative statement.

For that, one has to rescale the original domain €2 by a scaling factor £ to be of size one
(without relabelling) and treat Do/A%, Do/A%, upj./e, and Dy/¢? as quantities of the same
order. Moreover, we also assume that jo, f, cex/f? are of the same order and Ypcex/f? <
Dy/0?. We introduce the small parameter ¢ = ygcex/Dp and note that in typical spintronic
applications ¢ < 1 is of the order 1072...107%.

After rescaling the time of the system by the order of Yocex/#? (see [1, sec. 2.2] for a detailed
analysis), one can rewrite the SDLLG equation (1)—(2) under the form

edse = div [T (Vse,me)] — 718 —728: X me  in Q x Ry, (6)
om. = —mg X (heg[me] + jose + f.) +am. x Om. in Q xRy, (7)

with the spin current given by
J (Vs,m):=Dy[Vs— BB (Vs-m)®m|— gje ® m. (8)

Here, 1 and 2 are positive constants of order one, while £ < 1 is a small parameter. In (6)
and (7), to avoid introducing new notation, we denoted by the very same symbols the rescaled
version of the physical quantities appearing in the SLLG equation (1)—(2).

For the diffusion coefficient Dy € L*(2) we assume, as always, the existence of a positive
constant v € Ry such that Dy(x) > « for almost all x € Q. However, without loss of generality
in our arguments, we assume that 1, 72 are positive constants.

We note that, formally, if s, — s, m. — m, and 0;s. — 0 then we recover the SLLG
equation predicted in [44], i.e.,

om =m X (heg[m| + jos+ f) +am x Oym in Q x Ry, (9)
with the spin accumulation s satisfying the steady-state equation
div [J (Vs,m)] — s —ynsxm=0 in Q xRy, (10)
and the spin current J given by (8).

The main aim of the paper is to show that this is indeed the case, i.e., that in the limit of
long times, the rescaled SDLLG (6)—(7) reduces to the simpler SLLG (9)—(10), in which LLG
is coupled to the nonlinear (but still nonlocal) steady-state equation. The result provides
a solid mathematical ground to the qualitative analysis of ZHANG, LEVY, and FERT [44] in
the context of magnetic multilayers. Besides, the argument shows the existence (but possibly
nonuniqueness) of global weak solutions of SLLG.

We complete the paper by proving the weak-strong uniqueness of the solutions of the re-
duced SDLLG, i.e., weak solutions coincide with the (unique) strong solution as long as the
latter exists in time. Weak-strong uniqueness results are of particular relevance in the nu-
merical integration of LLG systems. Indeed, available unconditionally convergent integrators
assure that subsequences of the computed discrete solutions converge weakly towards a weak
solution of LLG. Weak-strong uniqueness results guarantee that all these numerical schemes
will converge towards the same limit (even for the full sequence of computed solutions), at
least as long as a strong solution exists. We refer to [3, 6] for some seminal works on the
numerical analysis of plain LLG and to [1,16] for the analysis of some coupled LLG systems.
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In [2,38], the observations in [44] are empirically validated through a comparative numeri-
cal analysis of SDLLG and SLLG models: It is underlined how SLLG can be more effective
in describing magnetization dynamics, since it leads to the same experimental results as for
SDLLG, but allows for larger time steps of the numerical integrator.

1.3. State of the art. Many research works contributed to the study of solutions of LLG.
Existence and nonuniqueness of global weak solutions to LLG (2) date back to [5]. In [42]
(see also [43]), the Maxwell-Landau-Lifshitz equation coupled with spin accumulation is
considered, and a suitable regularization procedure is used to obtain the existence of global
weak solutions. For the system we are interested in, the existence (and nonuniqueness) of
global weak solutions is proved in [23] (see also [1]). SDLLG (6)—(7) is a rescaled version of
the three-dimensional model introduced in [23].

The uniqueness of weak solutions depends on the regularity class they belong to. Indeed,
in the class of smooth functions, there exists at most one solution of LLG (see, e.g., [11]).
Therefore, a natural question is whether existing smooth and weak solutions coincide, rather
than coexist, i.e., whether a weak-strong uniqueness result holds for LLG. Such a question is
ubiquitous in the analysis of PDEs since the positive answer given by LERAY for the Navier—
Stokes equations [34]. For LLG, weak-strong uniqueness has only been investigated recently.
In [18], weak-strong uniqueness is proved in the simplified setting where Q = R? (i.e., possi-
ble boundary conditions are neglected) and heg consists only of the leading-order exchange
contribution. Despite the simplified setting, the proof already involves much tedious algebra.
In [14], weak-strong uniqueness for the solutions of LLG is obtained for the full relevant 3d
setting. In particular, the analysis accounts for the Dzyaloshinskii—-Moriya interaction, which
is the primary mechanism behind the emergence of magnetic skyrmions, as well as for the
demagnetizing field hq from (5). However, no coupling of LLG with other nonlinear PDE
systems is taken into account. In section 4, we show how the approximation argument in [14]
can be used to derive weak-strong uniqueness of solutions of the reduced SLLG.

From the above discussion, there emerges the need for regularity results for LLG. In that
regard, we recall that LLG is intimately related to the harmonic map heat flow from 2 into
S? and stationary harmonic maps, for which one cannot expect to have general regularity
results in dimensions higher than two [37]. For sufficiently small initial data, there exists a
(unique) strong solution which is global in time [11,20], whereas for general initial data, even
in 2d, solutions may develop finitely many point singularities in finite time [26]. In [25], the
authors prove the existence of global smooth solutions of the spin-polarized transport equation
(SDLLG) in dimension two for small initial data. For general dimensions, partial regularity
has been investigated in [31,33,41] for LLG, and, more recently, in [36] for SDLLG.

1.4. Outline. The paper is organized as follows. In section 2, we state our main results:
Theorem 1 concerns the analysis of SDLLG in the limit of long times, whereas Theorem 2
states the weak-strong uniqueness result for the limiting equation. The proofs of Theorems 1
and 2 are given in sections 3 and 4, respectively.

1.5. Notation. For O C R3? open and bounded, we denote by H!(Q)* the dual space of
H'(Q) and by (-, -)q the corresponding duality pairing, understood in the sense of the Gelfand
triple H'(Q) ¢ L*(Q) ¢ H'(Q)*. In particular, if u,v € L?(2), then (u,v)q denotes the
usual inner product in L?(Q) and || - ||q is the induced L?(£2) norm. Vector-valued functions
are denoted in boldface, but we do not embolden the function spaces they belong to; the
context will clarify what we mean. Instead, we use the symbol H'(£2,S?) to denote the metric
subspace of H'(f2) consisting of S%-valued functions. When dealing with time-dependent



THE SPIN-DIFFUSION MODEL FOR MICROMAGNETICS IN THE LIMIT OF LONG TIMES 7

vector fields u : Q@ x R, — R3, we will often use the symbol u(t) to denote the section
u(-,t) : x € Q> u(z,t) € R? again, the context will clarify the meaning. Finally, for every
T € Ry we set Qp :=Q x (0,T).

2. STATEMENT OF MAIN RESULTS

We recall the definition of a global weak solution of the SDLLG system (6)—(7) as given
in [1,23], where also existence results are shown. The definition naturally extends the notion
of global weak solution of LLG introduced in [5]. To simplify the notation, we neglect the
contributions from crystalline anisotropy and the external applied field f. It is straightforward
to include them in the analysis, and details are left to the reader.

Definition 1. Let Q2 C R? be a bounded domain, m* € H*(Q,S?) and s* € H'(Q). Fore > 0,
the pair (m.,s.) € L®(Ry, H'(2,S?)) x L>®(Ry, L*(2)) is called a global weak solution of
the SDLLG system (6)—(7) if for every T' > 0 the following properties (1)—(v) are satisfied:

(i) me € H'(Qr,S?) and m.(0) = m* in the sense of traces;
(ii) se € L2(Ry, HY(Q)),0s. € L*(Ry, H'(2)*), and s.(0) = s* in the sense of traces;
(iii) for every ¢ € H'(27), there holds

T T
/O <8tmsa¢>Q = /0 a<atm€790 X m€>Q + Cex <Vm5,V((p X ms)>Q

o [ (halme), o x madg [ olsesp xmaes ()

(iv) for all € L*(Ry, H'(R2)), there holds
T

5/0T<8ts€,<p>g = —/(]T<J (Vse,m:),Vp)a —’Yl/ (8e, )0

0
T T
i [sexmegla=5 [ mo)Gem), (2)

where j, € L*(Ry, H(Q)) is a prescribed current and J is given by (8);
(v) the following energy inequality holds:

T T
Fa (m. (T))+a/0 [0smec |5y, < ]:Q(m*)+/0 (Ovmc, jose)q, (13a)

with
Cex
Fo(mo (1) = 5 [V~ B [ homoxal - me.
Q 2 Ja
REMARK 2.1. If (m,, s.) is a weak solution of SDLLG, then standard results guarantee that
m. € C(0,T; L)) and s. € C(0,T; L*(Q)), cf., e.g., [19, Section 5.9.2, Theorems 2 and 3].

REMARK 2.2. Since the seminal paper [5], the definition of global weak solutions of LLG
includes the energy requirement (v), which even holds with equality for strong solutions of
LLG. However, in the definition of weak solutions of SDLLG given in [23], the condition (v)
has been omitted. It was later shown in [1, Thm. 24] that this requirement can be satisfied.

REMARK 2.3. Here Vs = (815]-)%:1 stands for the matrix whose columns are the gradients
of the components of s, i.e., the transposed of the Jacobian matrix of s. In our notation,
the Jacobian matrix is thus denoted by V's. The same remark applies to Vm. The vector
div operator acts on the columns of Vs: If A : Q — R3*3 is a matrix-valued function, then
divA = Y3 div (Ae;)e;, with (e;)_, the canonical basis of R3, is the vector having for
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components the scalar divergence of the columns of A. In particular, divVs = As. Also, if
@ : Q — R3 is a vector field, then
3 3
divA. - ¢ = Z idiv (Ae;) = Z [div (pide;) — Vi, - Ae;] = div (Ap) — A: V. (14)
i=1 i=1

According to the divergence theorem, this leads to

/divA‘cp:/ A(p-n—/A:VLp. (15)
Q o0 Q

From the previous considerations, it is clear that (12) is the natural weak formulation of (6).
Indeed, applying (15) and (14) to (8), we have

/div[(Vs~m)®m]-<p:—/(Vs-m)@m:Vgo—l— (Vs -m)@m)p-n
Q Q 00

and the last integrand gives
(Vs-m)@m)p-n = (m-¢)(Vs-m)-n = (m-¢)(0,s-m)=0 on Q.

Similarly, integration by parts of the term div (j, ® m) - ¢ gives the boundary term

Je@m)p-n=(m-@)(j. n).

For future reference, we collect here the mathematical assumptions on the physical param-
eters of the SDLLG system (11)—(12) that will be assumed throughout the paper:

Assumptions on the physical parameters of the system. In what follows, we assume

that «, cex, Jo, o are positive constants (cf. (11)). Also, we assume that Dy €
L>(Q) as well as the existence of a positive constant v € Ry such that Dy(z) >~ (HI)
for almost all z € Q. The coefficients 1, 2 are assumed to be positive constants

(cf. (12)). Finally, we assume that 0 < 3,38’ < 1 (cf. (8)).

Our first contribution is the following result concerning the behavior of the spin transport
equation in the limit € — 0. For the sake of clarity, we will often write the equations in strong
form, although their weak counterpart is meant.

Theorem 1. Let 2 C R? be a bounded Lipschitz domain, and assume (H1). For every e > 0,
let (mg,s:) € LRy, H(,S?)) x L™®(R4, L3()) be a weak solution of the SDLLG system
(11)—(12). Then, there exists a vector field my € L?(Ry, H'(Q,S?)) such that
m. —mg  weakly in L, (Ry, H'(Q,S%)),
and mg € HY(Qp,S?) for every T > 0. Moreover, the vector field mg satisfies the SLLG
equation
Oymg = —myg X (heﬁ[mo} +j07'[5[m0] + f) +amg X Oymygy  in Q X Ry, (16)

with

mp(0) =m*(z) in £,

8nm() =0 on Of) x R+.
Here, Hs : m € HY(Q,S?) — Hsm] € HY(,R3) denotes the nonlinear operator which

maps every m € H'(Q,S?) to the unique solution s := Hs[m] € H'(Q,R3) of the stationary
spin-diffusion equation

—div [J (Vs,m)] +718+728 xm =01in Q, subject to dps =0 on ON. (17)
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We have written the reduced equations (16)—(17) in strong form to improve the readability
(their weak formulation is immediate to derive). As for the system (6)—(7), uniqueness of
weak solutions is, in general, out of the question. In fact, when j, = 0, the system SLLG
reduces to the classical LLG equation for which possible nonuniqueness has been shown in [5].

In the statement of Theorem 1, we assumed that €2 is a Lipschitz domain. Our second
contribution is the following weak-strong uniqueness result, for which higher regularity of the
domain 2, as well as regularity assumptions on the diffusion coefficient Dy become essential.

Theorem 2. Let Q C R3 be a bounded domain with a smooth boundary, and assume that

(H1) holds with Dy € C®(Q). Let m* € C®(Q,S?) and T > 0. Suppose that m,my €
L®(Ry, H'(9,S?)) are two global weak solutions of (16). If mi € C=(Qr,S?), then

mi =msy a.e. in Q.

REMARK 2.4. A closer look to the proof of Theorem 2 shows that it is sufficient to assume
m* € C3(Q,S?), Dy € C3(2), and m; € C3(Qr,S?), but we do not dwell on this. Also, we
provide a proof of the weak-strong uniqueness result in a more general form (see section 4.2).

In the proof of Theorems 1 and 2 we will make use of some properties of the demagnetizing
field operator hq that we recall here (cf. [15]). If Q is a bounded domain, m € L?(2,R?), and
halmyxaq] € L?(R3,R3) is a solution of the Maxwell-Ampere equations (5) then, by Poincaré’s
lemma, hq[myxq] = V., where v, is the unique solution in H'(R?) of the Poisson’s equation

— Avy, = div(myg) in R3. (18)

Therefore, the demagnetizing field can be described as the map which to every magnetization
m € L?(R3,R3) associates the distributional gradient of the unique solution of (18) in H!(R3).
It is easily seen that the map —hq : m € L*(Q,R3) — —Vu,, € L?*(R3,R3) defines a self-
adjoint and positive-definite bounded linear operator from L?(R3, R3) into itself:

—/ ha[mixq] - ma = —/ ha[maxal - my (19)
Q Q
and

~ [ halmaxal-mi = [ halmixal P < [ mal® (20)

for every my, ms € L%(Q,R3). Is the constant in the last inequality equal to one?

3. FroM SDLLG 170 SLLG: PROOF OF THEOREM 1

For convenience, we split the proof in three steps.

Step 1 (Uniform estimates). For T > 0, we test (12) against ¢ = s, to obtain

T T T 9
6/ <8t85, Sg> = —/ / J (v357 ms) Vse —m / Hs‘iHQ
0 0 Q 0

BT ;
_5/0 ag(ma‘sf)(h'")' (21)

An integration by parts gives

T 1 /T 9 1 9 1, .9
| s =5 [ aulsalg = S ls DR - 515°13-
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On the other hand,
/Qj (Vse,m.):Vs. = /QDO |vss|2 - D(]ﬁ/@/ms ® (Vs.-m,):Vs,

2 (4. @ m.):Vs.

2
- 2 / 2 5 . .
= | Do (IVsel’ = 88'[Vse - mel’) = 5 (. © me):Vse. (22)
Recall that 83" < 1 (see [44]). Let 75 := (1 — 88’) > 0 and ~ := essinfg Dy > 0. With
B
Vsl = B8 |Vse - mef* > 75| V.|, (23)

the estimates (21) and (22) lead to

£ 2 T 2 4 2
S o @G+ [ Nseld+77s [ 195l

*12 B r . . /B T .
I+ 5 [ [ Geemava 5 [0 [ (m.-s)G.om)
T T
<Slsla+ s [ idolVsdo—5 [ [ tnesiom, @y

The continuous embedding of H'(€2) into L?(09) implies the existence of § > 0 such that (we
use Young’s inequality)

<

(LI NN

T
2 2 * . .
|5 (D) +mllselRy + s /0 Vs [18, < ells*[B + 8 (ldellixe, + l7clBoxr,)  (25)

for some constant ¢; > 0 which depends only on 4, 3,7, v3, and €2. Taking the supremum over
T > 0, we infer that

2 * . .
llsellaxr, + Ca/R IVselig < ells™lB + 6 (liclBnr, + liclBaxe, ) - (26)
—+

Therefore, (s.) is uniformly bounded in L*(Ry, H(Q)).

Step 2 (The steady-state limit). The uniform bound on (s.) implies the existence of a (not
relabeled) subsequence (s.) in L?(R; H'(Q)) such that s. — so weakly in L?(R,, H'(Q)) as
¢ — 0. In particular, for every T > 0, we have s. — sg weakly in L?(Q7,R3) as ¢ — 0. Next,
for every ¢ € C*(Qr,R3), equation (12) reads, in expanded form, as

/QJ(VSa,me):VsoJr’h/Q se-<p+72/Q(sa><me)-<p

+§/0T/89(m5-<p)(je~n) (9)5/0T<sg,atgo> —c[(s:(T). (D)) — (s 0(0))]  (27)
with

/Qj (Vse,me): Ve (i) /Q Do (Vs::Vep — Bp (Vse-m.) @me: V)

—C [Geomave.  (29)
Q

Now, we use the energy inequality (13a). By Young’s inequality, we can absorb a part of
|(Oym., s.)| into the left-hand side of (13a). With positive constants ag, ; > 0, we find that

T (13a)
fﬂ(me(T))+040/0 lomelld < Fa(m®) + aullse||fr, - (29)
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Thus, from the uniform bound (26) on ||35H£2)XR+ and (20), we infer a uniform bound on the
family (m.) in L®°(Ry, H'(£2,S?)), as well as a uniform bound on (9ym.) in L*(Ry, L?(12)).
By the Aubin-Lions-Simon lemma, there hence exists mg € L (R, H'(£2,S?)) such that,
up to a subsequence,
m. — my strongly in CY(0,T; L*(Q,S?)), (30)
om. — Omy weakly in L*(Ry, L*(2)). (31)
In particular, m. — my strongly in L?(Qr), from which it follows that m. ® m. — mo®mg
strongly in L2(Qr). Indeed, |m.| = 1 = |mg| a.e. in Qr guarantees that
[m: @ m. —mp®@mg| < |m. ® (me —mo)| + |(m- —mo) @ my|
<

2lm. — my|. (32)

Hence, for every ¢ € C=(Qr,R3), we have

T T
| (7 (Fseme) Tl = [ (7 (Vaoma) Tl (33)
Overall, using that m. — mq weakly in L?(0,T; L?(0f2)), we obtain
. en (T r
~lime (s (1) (Mg Z [ (7 (Vs0,mo), Vedo + [ (50 -+ 7080 x mo, o)

T
W [ @m0

since lim._,q f0T<s€,8tcp> = fOT(so,atcp>.
It remains to compute the limit on the left-hand side of (34). To this end, we observe that
D) _ . . . . .
(25) leads to ||sc (T)|lg < IIs*]|3 +¢ 15(”%”?sz+ + HjeHgng+). This gives the estimate

D=

ells- (Dllg < [?l1s* B + 28 (ldelBcr, + ldelBaxe. )] (35)
from which it follows that

£ |(s: (T) .0 (T))g] < & 5= (Dllg 0 (Dllg, — 0.

Summarizing, for every ¢ € C°°(Q7,R3), the family (s., m,).cr, converges, for e — 0, to a
solution of the equation

T T
/0 (J (Vso,m0),Ve)q +/0 (7180 + 7280 X Mo, P)a

T
w5 [ [ mo @) m =0 (30

By density, the previous relation holds for every ¢ € L?(Ry, H'(f2)). This gives the limit
equation (17).

Finally, (16) follows by a standard application of the convergence relations (30) and (31)
to the weak formulation of LLG given in (11).

Step 3 (Unique solvability of the limit spin diffusion equation (17). The proof is
completed as soon as we show that for every m € H'(Q,S?) there exists a unique solution
s := Hs[m] of the stationary spin-diffusion equation (17). This is the content of the next
lemma, which also provides some details on the regularity of the operator Hs that is exploited
in the proof of the weak-strong uniqueness theorem.
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Lemma 1. Let Q C R? be a bounded Lipschitz domain. For any m € H*(Q,S?) and J given
by (8), there exists a unique solution s := H[m] € H'(Q,R?) of the stationary spin-diffusion
equation

—div [J (Vs,m)] + 718 +728 xm =01in Q, subject to dps = 0 on . (37)

Moreover, the operator Hs : HY(Q,S?) — H:(Q,Rg’) maps the space C*1(Q,S?) into the
space C*(Q,R3) provided that Dy, j, € C*1(Q) and Q is of class CF+11,

REMARK 3.1. Lemma 1 is the only point where a difference arise if one assumes that € is
strictly included in . In this case, since m = 0 in Q' \ , a similar result on the regularity
in  (but up to the boundary 02) of the solutions of (37) cannot be inferred due to the
jump discontinuity of the m-dependent coefficients. This is the reason why, when dealing
with partial regularity results for weak solutions of the SDLLG equation, one assumes that
Q= (cf. [25,36]). That said, everything we state still works in the case Q C Q' as soon
as one agrees that strong solutions have a smooth induced spin accumulation on the interface
onNnNq.

Proof. First, we note that the spin-diffusion equation can be rearranged in a more convenient
form. The weak formulation of (17) gives the relation

/Do [Vs — B8 (Vs -m)®m)] :V(,o+/(713+723><m)~<p
Q Q

= Dldivi em)lele  (39)
for every ¢ € H'(2). We observe that
Dy [Vs— B3 (Vs-m)@m]:Ve = Do |V's—pf(mam)V's|:Vie
= Do[(I- 55 (mem)V's| Ve (39)

Therefore, (17) can be written as

3
=3 0,(Do (1 B (m ©m)) dhs) + s + s xm =~ div (G, om). (40)
=1

For every &€ € R3, it holds that
-8B (mem)E-E=I£ - BB (m-£)°=(1-BB)EP+B881Exm|*. (41

Therefore, the matrix A, := D[l — S6'(m ® m)] is uniformly positive definite, i.e.,

Am(2)€-€ > 11— BFE[ for all € € R? (42)
with v := essinfg Dy > 0. Hence, if we set f,, := —(5/2)div (j. ® m) and denote by K,
the matrix in R3*3 such that K,;,m = 711+ Y2m x m for every n € R3, we can rearrange (40)
into the form of a strongly elliptic system:
3
i=1
Note that K,,m-n > 0 for every n € R3. Therefore, the bilinear form on the left-hand
side of (43) is uniformly elliptic in the sense of the Lax—Milgram lemma. It follows that, for
every m € H'(Q,S?), there exists a unique s, € H'(f) that satisfies the elliptic system
(43) and, therefore, (38). Moreover, by elliptic regularity [32, Thm. 4.18, p. 137], we obtain
Sm € H*2(Q) provided that Ap,, K, € C*1(Q) and f,,, € H*(Q). Thus, if m, j, € C*1(Q)
then f,, € C*(Q) and s, € H**2(Q). Eventually, by Morrey’s inequality in dimension three
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[30, Thm. 12.55 p. 384], we conclude that s, € C*(Q) provided that m, j,., Dy € C**1(Q).
This completes the proof. O

4. WEAK-STRONG UNIQUENESS OF SOLUTIONS (PROOF OF THEOREM 2)

4.1. A regularity result. The proof of the weak-strong uniqueness of the solutions of LLG
is given in section 4.2. Our argument allows us to obtain weak-strong uniqueness for a class
of nonlinearities more general than that one introduced by Hs. A precise definition of the
type of nonlinearities covered by our result is given in the next section and is motived by the
following result.

Lemma 2. For my € C%(Q,S?) and ms € H(Q,S?), the following estimate holds:
[Halima] = Halmall2 ) < ¢ (IMbmull2 g + Do) lma = mald gy, (44
with c% depending only on Dy, 8, 5,71, 72, and Q.

Proof. With s1 := Hs[m1| and s := Hs[my], the following relations hold in a weak sense:

—div [DgVs1] +88'div [Dy(Vs; - my) ® my]

+ 7181 + 7281 X My = —gdiv (Je ®my), (45)
—div [DyV s3] —I—ﬁﬁldiv [Do(Vs2 - ma) @ my]

+ 7182 + 7282 X My = —gdiV (Je ®ma2). (46)

We recall that the div operator acts on columns. In a weak sense, it follows that
—div (DgV(s1 — 82)) + BB'div [Do((Vs1 - m1) @ my — (Vsy - ma) @ my)]
+71(81 — 82) + 72(81 X M1 — 83 X M) = —gdiv [Jo® (M1 —my)]. (47)
We note that s; X my — s2 X mg = 81 X (m1 — ma) + (81 — S2) X Mg, where the last term
disappears when dot multiplied by (s; — s2). Hence, we have
/Q|[s1 X — 83 X M) - (81— 82)| = /Q |51+ [(m1 — ma2) x (51 — 82)]|
< lstlle@llme — maflalst — s2flo

Is1llcqe »
< g tllma = mallf + Flls = sall. (48)

Also, we have
(Vs -my) @my — (Vsy-mao) @my]| = (my @my)V' s1 — (mg @ my)V ! sy
= ((m1 —my) @m)V' 81+ (ma®@m1)V 81 — (M2 ®@ma)V ' sy
= ((m1 —m2) @m1)V ' 51 + (M2 ® (M) —m2))V ' 81 + (Mo @ma)V ' (51 —s3).  (49)
Multiplying (49) by ¢ := s1 — s2 and applying the Young inequality shows for any ¢ > 0 that
|(Vs1-myi) @ my — (Vsa - ma) @ ma]:V(s1 — s2)|
< 2(|Vsillogqy Im1 — ma| [V(s1 — s2)| + |[V(s1 — 52)[°
- [Vs1

I2¢
D s (145 [V (51— 52) (50)
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It follows that
|V(s1 — 82)]> — BB'[(Vs1-m1) @ my — (Vs - ) @ ma]:V (s — s2)
/
> V(1 — )2~ D5 V1[0 lma — mal? = 51+ 82) V(51— 52)]
6/3

HV31||C imy — mg|?.

=(1-BB'(1+0%)|V(s1 —s2)|* -

The first term on the right-hand side is positive for 62 sufficiently small. Also, the following
estimate holds:

[(div [j, @ (m1 —mg2)], 51— S2)g
/ |7e ® (M1 —my):V(s1 — s2) +/ (Je- —mga) - (s1 — 82)|
< ldelle@llme —mallo [V(s1 — s2)llg + HJeHc Q) Hm1 — mzllanlls1 — s2flan
I7ellZ g ) ) )
S T M= mallng) + caad”llst — sallz g

for some positive constant C%Q arising from the continuity of the trace operator.

Next, we observe that equation (47) gives
/QDU (’V(Sl - 82)’2 - Bﬁl[(vsl : ml) KXKmp — (VSQ . mg) & mg]:V(Sl — SQ))

s = salfy 2 1 [(m1 = ma) x (31— )]

_g (div [j. ® (m1 —my)], 51— s2).

Taking into account estimates (48) and (50) and recalling that infg Dy > ~,
BB

/!
(L= B8 (1+6%) [V(s1 — s2)llg 1Polle@) 52 7 1Vs1llE ) lma = malld +nllsi — s20l3

7l @
< 5 l 52 Hml mQH%-[l(Q) + 6%952”31 — SQH%N(Q)‘|

2

Hsl”zc@) 2 0 2
——||my _mQHQ"_?”Sl — 59|l | - (51)

Collecting the terms in the previous expression, we have

(=914 82) = o] V(s = sl + (1 - 0 (Gebo + el ) ) sn — salf

1 (hellsil g 5
<5 (2” - 1D0ll oy B8 11V 8111y + G ldel | lmma = mallfp gy (52)

Since 0 < 83" < 1, there exists § > 0 such that
Is1 = sall3 00y < e (Is1llZa) + 1951130 + 15clZq) ) Imn = malfng — (53)

with c% depending only on Dy, 3, 3,71, 72, and cyq. This concludes the proof. O
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4.2. Weak-strong uniqueness (energy estimate). Our proof of the weak-strong unique-
ness of solutions of LLG relies on Lemma 3 stated below. Our argument permits us to prove a
more general form of the weak-strong uniqueness result that we explain now. First, we deduce
from the self-adjointness of hq (cf. (19)) that

T T
;/0 Oy (m, hq[m])q, :/o (Oym, hqlm])q, . (54)

Hence, integrating by parts (in time) the energy inequality (13a), we infer that weak solutions
of SLLG (16) satisty, for every T > 0, the following form of the energy inequality:

Cex T
E[m|(T) = =~ [I[Vm (T)I1g +/0 al|dsm @

T
¢ .
< Tm [ @mepohalm) + it ml)g. (55)
Second, due to Lemma 2 and (20), we know that if m; € C?(Q,S?) and my € HY(Q,S?),
then the nonlinear operator w[m| := pohg[m]+ joH[m] satisfies the Lipschitz-type condition

I7e[ma] = wlmal||72q) < callmi —mal|f ). (56)

We stress the fact that here ¢, may depend on the smooth vector field m; (other than the
physical parameters of the system) and, therefore, condition (56) is weaker than the classical
Lipschitz condition.

Our proof of weak-strong uniqueness works in this more general setting. Therefore, for the
rest of the paper, we will assume that our LLG equation has the more general form

om = —m x K[m) (57)

with K[m] := cexAm + w[m] — adym, and 7 : HY(Q,S?) — L?(2,R?) a nonlinear operator
satisfying the following two properties:

(a) The operator 7w maps C*°(Q,S?) into C>°(Q, R3).

(b) For every m; € C*®(€,S?) and ms € H(Q,S?) the Lipschitz-type condition (56) holds
for some c¢; which may depend on mj but not on ms.

It is important to stress that condition (56) is not symmetric in m; and msg because of the
special role played by the smooth vector field m.

It has been already pointed out that the operator puohg[m]+ joHs satisfies (b). But it also
satisfies (a): this is a consequence of Lemma 2 for what concerns H, and of [14, Lemma 8| for
what concerns hq. Other than for SLLG, the present framework covers in particular the case
in which, as in (4), the effective field comprises an external applied field f and the crystal
anisotropy contribution £V ¢an(m).

Generally speaking, the precise form of the LLG equation depends on the type of inter-
actions involved in the magnetic system. Such interactions are accounted for through the
effective field heg. In its basic form, the effective field takes into account exchange interac-
tions only, and further interactions can be described by suitable linear/nonlinear/local/non-
local terms into the effective field. In that respect, the current setting promotes a unified
treatment of weak-strong uniqueness results for LLG.

We give the following definition.
Definition 2. Let Q C R3 be a bounded domain, and let w : H'(,S?) — L%2(Q,R3) be a

nonlinear operator satisfying the properties (a) and (b) above. Let m* € H'(£,S?) be the
initial value of the magnetization at time t = 0. We say that m € L®(Ry, HY(Q,S?)) is
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a weak solution of the LLG equation (57), if the following properties (i)—(iii) hold for every
T>0:

(i) m € HY(Qp,S?) and m(0) = m* in the sense of traces,
(ii) for every ¢ € HY(Qr),

T T
/0 (Orm, ) = /0 a(0im, ¢ x m)q + cex (VM, V(p x m))

T
- /O (n[m],  x m)q, (58)

(iii) the following energy inequality holds:
Cex 2 T 2 Cex %112 T
Elm)(T) = |Vm @D+ [ alomlh < 5 V- [ om.mm)a. (59
We prove Theorem 2 in this more general setting. The main ingredient is contained in the

next result.

Lemma 3. Let my be a global weak solution of the LLG equation (in the sense of Definition 2).
Let my € C®(Qp«,S?) be a strong solution of the LLG on Qp« for some T* > 0. Set
v:=mo —my. Fora.e. T € R such that 0 < T < T%, it holds that

E|(T) < —cox /0 " (v x VKmal, Vo),

T T
+ [ s lo] = adhv,v x Ko + [ (O, v)g. (60

Here, v x VK[m] := (v x 01K[m;],v x 02K[m;], v x 3K[m4]), K[m] := cexAm + w[m] —
adym, and Ty, [v] := w[m; + v] — w[m4].

Proof. Note that ms = my + v. Since 7 is nonlinear, it is convenient to write
w[my + v] = w[my] + 7, [v]. (61)
By the energy inequality (59) as well as the boundary condition d,m; = 0 on 95, it holds
for every T" > 0 that
T
E[U] (T) = S[ml](T) + S[mz](T) — Cex <Vm1 (T) 5 Vm2 (T)>Q — 2/0 a(@tml, 8tm2>9
(59) ) T
< e (V1 (1), Yy () + o [V + [ (O, wlm )
T
+ (Oyma, w[mal)g — 2/0 a(Oymy, Oyma)q. (62)

Let 0 < T < T*. Since mg € H L(Q7,S?), there exists a family of vector-valued functions
m. € C®(Qr,R3) such that m. — my strongly in H'(Q7,R3) as € — 0. Since both m; and
m. are smooth, integration by parts yields that

Cex <A8tm17 m6>Q = —Cex <V8tm1> vma>Q
== bl,a + Cex <atm17 Ams)ﬂ . (63)
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where by ¢ := —cex(Oym1, Opme)aq. Hence, the first two terms on the right-hand side of (62)
read as

T
cex/o O (Amy,my) g = —Cex (Vmy (T), Vima (T))q + Cex | Vm||3
T T
= / <(9th, ceXAm1>Q + Cex lim / (A@tml, m€>Q
0 e—0Jo

T T
(:3) / (Oym, CexAm1>Q + lim/ (<8tm1, CexAma>Q + bl,E) :
0 e—0Jo

Thus, we can rearrange (62) to obtain

(62) T T
E|(T) < /0 (O1ma, cox )+ Tim [ (Dam, coxme) + b1.2)

+ /OT<8tm1,7T[m1]>Q + (8ymg, w[ma))o — 2/0Ta<atm1,aatm2>9. (64)

Collecting the terms in the previous expression, we arrive at

(64) T
EW|(T) < ;1_% ; (O, cex Am + w[my] — adyma) + b1 )
T
+ / (Orma, cex Ay + T[Mo] — adymy) . (65)
0
Define K[m.] := coxy Am, + m[mg] — adyma, where the tilde script is used to emphasize that

the Laplacian acts on m. and not on my. Since dym; satisfies the strong form of LLG (57)
with K[m1] = cexAmy 4+ w[my] — adymy and w[m;| = w[mg] — my, [v], the previous estimate
leads to

(65) T

£tl() <ty [ (0ums, coxme + wlmal — adms o]} + b1
T
+ /0 <(9tm2, ,C[ml] + Ty [UDQ
= 21_13(1) OT ( <8tm1, Ie[ms] — TTm, [U]>Q + bLE)
T
+ /0 <(9tm2, ’C[ml] + Tm, [UDQ ’
- 21—13(1) OT ({(=mu x Klmu], K[me])o + (9yma, Klmi])a + b )

T
+ [ (0 T o) (66)
On the other hand, mg is a weak solution of LLG (58). From the relation

Cex <vm57 v(‘P X ma)>Q = —Cex <m5 x Amy, SO>Q + b2,5[90}7 (67)
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where bg [p] == Cex (M X Opme, ) aq, we infer that
r 8) .. [T
| 0ma,phe @ i [ ((00ma, 0 x majo — (wlmal. o x m)a
0 e—0Jo
+ Cox (VMe, V(g x m2)) g )
] T
= lim | ((me x (adms — cocAm. — wma)) @) + boc[e])
T ~
= lim | ((=me x Klme], @)a + ba[]). (68)

To further estimate the energy E[v|(T), we use ¢ = K[my] in (68) and plug the result in
(66). To shorten the notation, we collected the two boundary terms into the term

be 1= bl,z—: + bQ,E[K[mln
= _Cex<atm17 8nms>8(2 + Cex<m€ X anmz-:y K[m1]>89 (69)

With v, := m. — m; (and observing that v. — v strongly in H'(Q7,R3)), we find that

(66) T . _
E)(T) < lim | ((=m1 x Klma], Kme))a + (—m. x Klme], K[mi))o
+ (000, Ty [0])g + b
= hH(l) T((—m1 x K[my], K[m.))q + (m. x K[m4],K[m.])q
E— 0
+ <atva Ty [UDQ + bz—:)
T _
= lim i ((ve x K[mu], K[m:])q + (00, mm, [v])g + b:)
T -
=ty [ (e % Kbl Kime] — Klmala + @, mm ol)g +) . (70)

We now expand the quantity K[m.] — K[m,]. Since 7y, [v] = 7[my] — 7[my], we have

Klme] — K[mi] = cexAme + w[ma| — adima — cexAmy — w[my| + adymy
= CexAV: — a0V + T, [V].
Summarizing, we have reached the following estimate:
(70) T
EW)(T) < lim ((ve X K[mu], cex AV: — 000 + T, [V]) g + be)

e—0Jo

T
+ [ 0w mm o))

T
= lim ((ve x K[my], CexAva>Q + be)

e—0Jo
T T
+ [ Kl —00 + ms oo + [ @, mn oo (71

Now we have to take care of the boundary terms in b, defined in (69). An integration by
parts gives

(Ve X K[my], cexAvz)q = —cex (V(ve x K[my], Vug)q + cex /89 Onve - (v X K[my)). (72)
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Next, we expand the boundary term in the previous expression. Recalling that 0,m; = 0,
we find that

/ Onve - (Ve X K[my]) / Onme - (( —mq) x K[my])

— [ Kjmi]- (8am. x me) / Klmi] - (Oume x m1)
o0

= [ Klma) - (@ume xm) = [ o - (ma x Kfm)

= —/ (me X Opyme) - K[my] +/ Opme - Oy
o0 0N

%) —be/Cex. (73)
By (72) and (73), we can rewrite (71) into the form
(71) T

EW)(T) < lim —Cex (V(ve X K[m], Vue)q

e—0Jo
T T
+ [ wxKimil,—a0w + m oo+ [ @0 mm o)y (74)
0 0
Finally, we observe that, as ¢ — 0,
(V(ve x K[my], V) = (ve x VK[my], Vo) — (v x VK[my], Vo), . (75)

This concludes the proof. O

4.3. Proof of Theorem 2. Thanks to the energy estimate stated in Lemma 3, the weak-
strong uniqueness result follows from a classical argument based on the Gronwall lemma and
the Poincaré inequality. We start by the energy inequality (60). In expanded form, it reads
as follows:

T T T
SN @I+ [ alowld < [ @ blo—co [ (0x VKLY (76)
T

T
+/0 (0 x K[ma], o, []) g —/0 (v x K[ma], adyw)q.

We recall that by hypothesis

e o]l = llelms + 0] — wlmallle < cxllollane (17)
Setting ¢ = ||IC[m1H|Cl(m), we obtain, for every 0 < § < 1, the following estimates:
2 2
O ool < 00l + 5ol + 25 Vol (78)

2
(v x Kl adw)a] < % ol + 55 o],

1
(v x Klma], o, [v]) o] < creallvllallvlm@ < arexllvlé + geace| Vol (79)

c1 c
(v x VKlmal, Vo)l < Zlold + 2 Vol (30)
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We conclude from (76) and the previous bounds that

T
C
0< FIVo M+ as | a0}

< 2 T 2 a o 1 r Vol2 81
S Cmad) lvllg + 5 T o5z T f1ln A [Vollg (81)

52

2 2 2
. 2 _ Cx 1 c1 2. _ 6%y &t
with Climad) "= 232 T oaez T3 T C1Cx and af = o (1 5 ) 5. We assume ¢ small enough

so that ozg > 0. We infer from the Poincaré inequality that

62

Cex 2 2 T 2 2 2 r 2 a ™ 1 r 2

Vo (DI + 0 [ 10018 < ranT [ Nl + (G + 55+ geren) [ 190l
(82)

Thus, for any T sufficiently small, say for any T < T, < T* with T, depending only on

C%Lma’é), we have o > C%Lma’(;)TQ. Hence,
2 T
Cex 2 C1 C 1 2
Vu(T <<-F7’+CC)/p Vol . 83

According to the Gronwall lemma, we infer that ||V (T)||7, = 0 for any T < T.. But then,
for every T' < T, relation (82) reduces to

T
(03 = himan?) | 00l < 0. (84)

This implies that |03 = 0 in (0,7%) and hence m; = ms in (0,7). Since T, depends
essentially only on 7% (more precisely, on the C® norm of the smooth function m;, and
the physical parameters of the problem), we can repeat the argument finitely many times to
conclude that my = my in (0,77).
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