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Abstract

This paper studies moving 180-degree Néel walls in ferromagnetic thin films under
the reduced model for the in-plane magnetization proposed by Capella, Melcher and
Otto (2007), in the case when a sufficiently weak external magnetic field is applied.
It is shown that the linearization around the moving Néel wall’s phase determines a
spectral problem that is a relatively bounded perturbation of the linearization around
the static Néel wall, which is the solution when the external magnetic field is set to
zero and which is spectrally stable. Uniform resolvent-type estimates for the linearized
operator around the static wall are established in order to prove the spectral stability
of the moving wall upon application of perturbation theory for linear operators. The
spectral analysis is the basis to prove, in turn, both the decaying properties of the
generated semigroup and the nonlinear stability of the moving Néel wall under small
perturbations, in the case of a sufficiently weak external magnetic field. The stability
of the static Néel wall, which was established in a companion paper (Capella et al.
2024), plays a key role to obtain the main result.
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1 Introduction

The emergence of domain walls and the study of their dynamics constitute one of the
most fundamental topics in the theory of ferromagnetic materials. The term domain
wall refers to a narrow transition region between opposite magnetization vectors inside
a ferromagnet (cf. Hubert and Schifer (1998)). In order to describe the evolution of
the magnetization inside a ferromagnetic material, Landau and Lifshitz (1935) intro-
duced in 1935 a model system of equations (later reformulated and re-derived by
Gilbert (1955)) known as the Laundau-Lifshitz-Gilbert (LLG) micromagnetic model-
ing framework. The model relates the observed magnetization patterns to the result of
minimizing a micromagnetic energy functional, and it is posed in terms of a damped
gyromagnetic precession of a (unit) magnetization vector field. The LLG model and its
extensions support the description of the magnetization in response to external force
fields and damping terms as well (cf. Gilbert (2004); Brataas et al. (2012)). It was
Néel (1955) who first pointed out that, when the thickness of a certain ferromagnet
becomes sufficiently small with respect to the exchange characteristic length, it then
becomes energetically favorable for the magnetization to rotate in the thin film plane,
giving rise to a Néel wall. This wall separates two opposite magnetization regions by
an in-plane rotation oriented along an axis.

In order to study the dynamics of Néel walls, Capella et al. (2007) proposed a one-
dimensional thin film reduction of the micromagnetic energy (previously outlined by
Muratov and Osipov (2006) for numerical purposes), which profits from the gyrotropic
nature of the LLG model and from the shape of anisotropy effects from stray-field
interactions, resulting into a thin-film layer equation for the in-plane magnetization’s
phase. The effective equations encompass a wave-type dynamics for such Néel wall’s
phase. The authors in Capella et al. (2007) proved the existence of wave profile solu-
tions to the resulting model in both the static (in the absence of an external magnetic
field) and in the dynamical (when a weak in-plane external magnetic field is applied)
cases. These solutions effectively describe the dynamics of Néel walls in the thin film
limit (see also Chermisi and Muratov (2013) and Muratov and Yan (2016) for further
information).

From a mathematical perspective, micromagnetics pose many challenging prob-
lems, ranging from the calculus of variations to stochastic analysis, due to the nonlinear,
nonlocal nature of the model equations. Regarding their dynamics, one of the main
problems is to understand the behavior of these domain walls under small perturba-
tions. Therefore, the dynamical stability of such structures is a fundamental feature, not
only to validate the mathematical model, but also to enhance the numerical simulations
performed by physicists and engineers in order to design new ferromagnetic materials
(see, e.g., Labbé and Bertin (1999)). As far as we know, there are few results on the
stability of ferromagnetic domain walls under a dynamical point of view reported in
the scientific literature; for an abridged list of works, the reader is refereed toCarbou
and Labbé (2006), Carbou (2010), Carbou, Massaoui and Rachi (2022), Krukowski
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(1987), Takasao (2011) and some of the references cited therein. With the exception
of the recent result by Carbou et al. (2022) (which studies the spectral stability of a
constant coefficient linearized operator around steady states in ferromagnetic rings),
most of the aforementioned works establish a priori energy estimates on the evolution
equations governing eventual perturbations of the profile solutions and study their
decay properties. It is to be observed that energy methods strongly rely on the intrinsic
structure of the model equations.

In a companion paper (Capella et al. 2024), we established the nonlinear stability
of the static 180-degree Néel wall profile under the reduced wave-type dynamics for
the in-plane magnetization proposed by Capella et al. (2007), which is the energy
minimizer in the absence of an external magnetic field. For that purpose, in Capella
et al. (2024) we adopted a different strategy to tackle the stability problem. Motivated
by the (now standard) “spectral stability implies nonlinear stability” methodology
(see, for example, the seminal works by Alexander et al. (1990), Pego and Weinstein
(1994, 1992), Zumbrun and Howard (1998), and the surveys by Sandstede (2002) and
Kapitula and Promislow (2013)), we performed the first rigorous proof of the nonlinear
stability of the static Néel wall based on a spectral study of the linearization around the
wall phase’s profile. The latter is a nonlocal, block operator matrix posed on a suitable
energy space. In our analysis, we proved that this operator is spectrally stable, that
is, its spectrum is contained in the stable half-plane of complex numbers with strictly
negative real part, except for a simple zero eigenvalue associated to translations of the
profile. Two important features of the linearization about the static wall are, first, the
presence of a spectral gap (that is, a positive distance from the zero eigenvalue to the
rest of the spectrum), which allows to conclude the exponential decay of the semigroup;
and, second, the simplicity of the eigenvalue zero, which allows to nonlinearly modu-
late perturbations depending on translations alone. The main difficulty of the analysis,
however, consisted on the nonlocal nature of the operator, for which the location of
the essential spectrum involved the establishment of a relative-compactness property
based on L2-equicontinuity of Fourier operator symbols (see Capella et al. (2024) for
details). Outside the one-dimensional eigenspace generated by the derivative of the
static Néel profile, the infinitesimal semigroup generated by this linear block operator
decays exponentially. Then, upon application of Gearhart-Priiss theorem (cf. Cramer
and Latushkin (2003); Engel and Nagel (2000)) and of an abstract nonlinear stability
result by Lattanzio et al. (2016) (see also Sattinger (1976)), we were able to deduce
the nonlinear stability of the static Néel profile from the previous spectral information.

In this paper we pose the following question: what happens to the Néel wall profile
in the presence of an external magnetic field? Capella et al. (2007) have already
proved that, if the applied external magnetic field, H = He,, is sufficiently weak
with |H| <« 1, where H denotes its intensity, then there exists a traveling wave
profile solution associated to a moving Néel wall. This solution is a phase profile that
travels with speed ¢, which is also small, c = O(|H|). Here, we study the dynamical
stability of such a moving Néel wall profile under small perturbations of the wall’s
phase in appropriate energy spaces, once the applied magnetic field has been fixed. We
employ the same methodology: we linearize around the moving profile and analyze the
spectrum of the resulting operator. At this point it is important to remark, however, that
the analysis presented here is not incremental (that is, we do not perform nor repeat the
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same steps as in the case of the static operator) but rather complementary: we depart
from the stability result for the static operator and prove that the linearization around
a moving Néel wall with speed ¢, namely, a linearized nonlocal block operator A, is
a relatively bounded perturbation of the linearization around the static Néel wall, A.
This observation allows us to apply standard perturbation theory of linear operators
(cf. Kato (1995)) to conclude the spectral stability of the linearized operator for the
moving wall. For that purpose, we prove that the resolvent set of the operator 4. can
be approximated by that of the static operator .A.

Despite the simplicity of this approach, the analysis is far from trivial. Indeed, our
conclusions depend on the establishment of certain resolvent-type estimates for the
static operator A. The whole central Section 5 is devoted to accomplish this task.
Although the analysis is elementary and the estimations are direct, the latter are, how-
ever, quite convoluted. For instance, it is necessary to keep track of resolvent bounds
on different regions of the resolvent set and on a small neighborhood of the origin (see
the proof of Theorem 5.5 below). Upon application of standard perturbation theory
for linear operators, we conclude the spectral stability of the moving wall for small
values of c¢ (or, equivalently, of the applied magnetic field). The fact that the magnetic
field determines uniquely the speed of the wall implies that the manifold generated
by the traveling profile is one-dimensional and we only need to modulate perturba-
tions via translations of the profile. From a spectral viewpoint, this is tantamount to
the translation zero eigenvalue of the linearized operator being simple. Perturbation
theory also yields that the spectrum of the perturbed operator remains close to that
of the static operator. Thus, we recover spectral stability with a spectral gap and the
simplicity of the translation eigenvalue in the case of small applied magnetic fields. In
other words, we prove the persistence of the spectral stability properties of the static
wall’s phase in the case of a moving wall under a weak external field. We then apply
Lumer-Phillips theorem to generate an exponentially decaying semigroup outside the
one-dimensional eigenspace. We use this property and the simplicity of the eigenvalue
to prove, in turn, the nonlinear stability of the moving wall under small perturbations,
just like in the static case (Capella et al. 2024). This is perhaps the most standard part
of the analysis. We include it for the sake of completeness; however, we gloss over
many details which can be found somewhere else.

The contributions of this paper can be summarized as follows:

— we establish new regularity properties for the moving Néel wall which are required
for the stability analysis;

— we pose the spectral stability problem for the moving wall and, motivated by
energy minimization arguments (see Capella et al. (2024)), we select the space of
H'! perturbations for the phase;

— we prove that the spectral equation for the moving Néel wall, with speed ¢ =
O(|H|) and |H| <« 1, is set up in terms of a block matrix operator A.. This
operator is a relatively bounded perturbation of the corresponding block matrix
operator A resulting from the spectral equation in the case of the static Néel
wall, but, in this case, it is evaluated in a (Galilean) moving frame of the form
7 = x — ct (see Lemma 4.3 below). Namely, A, = A + B., where B, is an
A-bounded operator.
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— weestablish uniform resolvent-type estimates on the static operator .4 which allows
to conclude the spectral stability of the linearized operator A, upon application of
perturbation theory for linear operators (see Theorems 5.5 and 5.6 below);

— we prove that the operator A, is the infinitesimal generator of a Cyp-semigroup
which is exponentially decaying outside the one-dimensional eigenspace associ-
ated to the eigenvalue zero; and,

— we close the analysis by showing that the moving Néel wall is nonlinearly stable
under small perturbations of its phase in the energy space.

Plan of the Paper

The remainder of the paper is structured as follows. In order to be able to state our
main result (see Theorem 2.9 below), in Section 2 we recall the thin film reduction
of the LLG model and describe the stability results for the static wall. Section 3
contains some important properties of the moving Néel wall’s phase and its relation to
the static profile, which are needed for the stability analysis. Section 4 establishes the
perturbation equations to be studied and sets up the associated spectral problem. It also
contains the relative boundedness result that motivates our methodological approach
(Lemma 4.3). The central Section 5 is devoted to establish resolvent-type estimates
for the static operator which allow to apply perturbation theory and to conclude the
spectral stability of the moving wall (a short Appendix A contains some pointwise
estimates that are needed for the proof). Section 6 focuses on the (standard) generation
of the Cy-semigroup and on its decaying properties. The final Section 7 establishes
the nonlinear stability of the moving Néel wall. We close the exposition with some
final remarks (Section 8).

Notations

We denote the spaces L>(R, C), H'(R, C), and H*(R, C) of complex-valued func-
tionsas L2, H!,and H2. Theirreal-valued counterparts are denoted as L?(R), H'(R),
and H 2(}R) respectively. In the whole manuscript we assume that the capital letters
U,V,F,U,F,U,and F are vector valued functions in H' x L2. If needed, we will
refer to the entries of U, V, and F by U = (u,v), F = (f,g),and V = (w, 2)
for some functions u, f, w € H! and v, g,z € L?. We write conv(T") to denote the
convex hull of a given set I' C C and int conv(I") to denote its interior. The set of
unitary vectors in R” is denoted by $"~!. For any number or complex-valued func-
tion, the operation (-)* denotes complex conjugation. The operators = : L? — L?
and~ : L2 — L2 stand for the Fourier transform and its inverse, respectively. Also,
& represents the variable in the Fourier domain. The half-Laplacian is defined by the
relation (—A)Y/2u = (|€|0)7 and lle]| 172 denotes the fractional H'/2-seminorm of
the function u € L? given by el g1z = ”|§|1/2 ||L2 For any linear, closed and
densely defined operator £ : D(£) C X — Y, with X, Y Banach spaces and domain
D(L) C X, the resolvent set, p(L), is defined as the set of complex numbers A € C
such that £ — A is injective and onto, and (£ — A)~! is a bounded operator. The
spectrum of L is the complex complement of the resolvent, o (L) = C\ p(L).
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2 Equations, Assumptions and Main Result

In this Section we describe the micromagnetic equations in the thin film limit, recall
the previous stability results of the static Néel wall and state the main result of this

paper.
2.1 The Micromagnetic Model and Néel Walls

The time evolution of the magnetization distribution on a ferromagnetic body, Q C R,
is governed by the Landau-Lifshitz-Gilbert (LLG) equation (cf. Landau and Lifshitz
(1935); Gilbert (1955)):

m; +m x (yHefr —amy) =0, 2.1

where m : € x 0, 0) — S? ¢ R3 is the magnetization field, « > 0 is a non-
dimensional damping coefficient (Gilbert factor), and y > 0 is the (constant) absolute
value of the gyromagnetic ratio with dimensions of frequency (see, e.g., Gilbert
(2004)). The effective field, Hegf = h — VIE(m), consists of the applied field h and the
negative functional gradient of the micromagnetic interaction energy E(m), which, in
the absence of external fields, is given by

E(m) = %(d2/~ |Vm|2dx+/ |VU|2+Qf~d>(m)dx).
Q R3 Q

The parameter d > 0 is the exchange length and the stray field, VU, is defined
uniquely via the distribution equation AU = div (myg) (xa denotes the indicator
function of the set A). The last integral models crystalline anisotropies via a penalty
energy, for which ® acts as a penalty function and it has usually the form of an
even polynomial in m € S?. The parameter Q > 0 measures the relative strength of
anisotropy penalization against stray-field interaction.

In the thin-film regime, that is, when Q=Qx (0,8) withQ C R2and0 < § < d,
it is usually assumed that the magnetization is independent of the x3 variable (see
Garcia-Cervera (2004); DeSimone et al. (2006)) and £-periodic in the e, direction,
namely,

m(x;, xo + ) = m(x;, x) forany x = (x1, xp) € R%.
Moreover, it can be justified that the material underlies uniaxial anisotropy in the e,
direction, with ®(m) = 1 — m% Under the appropriate scalings, Capella et al. (2007)

proved that the magnetization, m = (m, 0) with m = (m1, my), is a solution to the
following variational problem

Eo(m) = 3 (Qnm’niz(R) im0 gy + ||m1||iz(R)) — min,

m:R— S?, with m(£o0) = (0, £1), (2.2)
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where ’ = d/dx; and the constant Q > 0 is a rescaled relative strength Q. Since the
left translation operator is an isometry in L?, the expression of Eq(m) is invariant under
spatial translations. This invariance is inherited by the energy, yielding that minimizers
of (2.2) are unique up to translations. Despite this invariance, Eo(m) is a strictly convex
functional on m because |m'|? = (m/l)2 /(1 — m%). Thus, the variational principle
(2.2) has a minimizer for any Q > 0. The minimizer that satisfies m(0) = 1 is called
the Néel wall profile. We refer to Eg(m) as the Néel wall energy. In other words, in the
thin film regime the normal component of the magnetization for any ferromagnetic
sample is penalized by the geometry in such a way that this component must vanish
as the height of the sample does (see Capella et al. (2007); Garcia-Cervera (2004);
Melcher (2010) for further details).

Consequently, the in-plane magnetization is completely determined by its phase 6 €
(—m/2, m/2) through the relation m = (m1, m3) = (cos @, sin6), and the variational
problem that defines a Néel wall becomes the following variational problem for the
Néel wall’s phase,

1 .
) =5 (16172 + lcos Bl + llcosBlI7,) — min, 03

0:R— (—m/2,7/2), with 0(xo0) = +7/2,

(for details, see Capella et al. (2007)). For simplicity and without loss of generality,
here we have assumed that @ = 1. We keep such normalization for the rest of the
paper.

The magnetization and its phase are, of course, heavily influenced by the presence
of an applied external magnetic field. Indeed, in the case where the latter points toward
one of the end-states determined by the anisotropy, that is, h = He,, then it can be
proved (cf.Capella et al. (2007)) that the dynamical equation for the phase 6 is given
by

320 +vd,0 + VE(®) = H cos,
0(—o0,t) = —m/2, 6O(c0,t) =m/2, 2.4)
0(x,0) =0p(x), 90(x,0) =wvo(x),

where 6y and vy are some initial conditions, H € R is the scalar parameter that
measures the external magnetic field strength and £(0) is the effective energy appearing
in (2.3).

Both equations (2.3) and (2.4) constitute an effective model that describes the
dynamics of the magnetization in a ferromagnetic thin film. They are strictly derived
from electromagnetic theory and the LLG equation. We remark that, in contrast with
the LLG model, equation (2.4) has a second time derivative which is a consequence of
the magnetization vector being unitary, which is, in turn, an holonomic constrain. In
addition, equation (2.4) not only has a damping term as LLG-equation does, but it also
contains a second order spatial derivative emerging form the term VE(0). In Capella
et al. (2007) Capella et al. showed that the in-plane magnetization of a ferromagnetic
thin film exhibits some wave-type dynamics and proved the existence of traveling wave
solutions (Néel wall profiles) under small values of the applied field, 0 < |H| < 1,
including H = 0, as we describe below.
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2.2 The Static Néel Wall Profile in Soft Magnetic Thin Films

In the absence of external magnetic field, with H = 0, the Cauchy problem (2.4)
has a unique, odd, monotone increasing, and smooth steady state, 0 = é(x), such
that 8" = 0'(x) € H* forany k € Z, k > 0, known as the static Néel wall’s phase
profile. Also, equation (2.4) has a one-parameter group symmetry due to translation
invariance. This fact and the positiveness of the damping coefficient v > 0 imply the
orbital stability of the steady state 6, as it has been recently proved in Capella et al.
(2024). Therein, we studied the perturbation equation of (2.4) around 0, by recasting
(2.4) with H = 0 as an evolution system, namely,

u 0 1 u 0
()= (e ) )+ (ve s o) @3)

where u(-, 1) € H' forall > 0 denotes a small perturbation of the Néel wall’s phase
profile, v = d;u, and £ : H I — L2 is the H'-restriction of the L?-gradient of V&
around the steady state 6, which is given by

L:L%— L2
D(L) = H?, (2.6)
Lu = —Bfu +55(1 + (—A)l/z)(se-u) — cpt, ue€ DL).

Remark 2.1 1t is to be observed that the operator £ that appears in (2.5) refers to the
restriction of £ to H', namely L1, which we write again as £ with a slight abuse of
notation. Nonetheless, its spectral properties and its closedness remain (see Remark
5.2 in Capella et al. (2024)).

In the rest of the paper, we adopt the notation 7 for the operator (1 4 (—A)!/?) for
the sake of brevity. The following result remarks the continuity of 7" as an operator
from H**! to H* for any non-negative integer k.

Proposition 2.2 For any k = 0, 1,2, the nonlocal linear operator T = (1 +
(=M HY . HY s bounded.

Proof Follows immediately from its definition in terms of the Fourier transform.
Indeed, for each k = 0, 1, 2, there holds

1TullZe = 11+ (=)l = fR (4 EPH(A + (=8 Py @) ag
< Z/R(l + D HEE) P dE = 20|ull?

yielding

I71= sup | Tullge < oo.
el 1 =1
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Remark 2.3 In order to simplify the notation, for any real function ¢ = ¢ (x) depending
on the spatial coordinate x € R we write sy = 5¢(x) to denote the function x >
sin ¢ (x), and ¢y = cg4(x) to denote the function x > cos ¢ (x)7 (cos ¢ (x)). We shall
keep this notation for the rest of the paper.

One of the key points proved by Capella et al. (2024) is that the solutions to the
linear version of (2.5) constitute a Cp-semigroup. The following result summarizes
the main spectral properties of the linearization around the static Néel wall’s phase.

Theorem 2.4 (Capella et al. (2024)) Let v > 0 be fixed and let A : H' x L? —
H' x L?, with dense domain D(A) = H? x H', be the block operator given by

(¢) (52 ) () e

Then the following properties hold:

(a) » =0 isa simple and isolated eigenvalue of A with eigenvector O := (6 ', 0)
D(A).
(b) There exists {(v) > %v > 0 such that

o(A) c {0}uU {A eC:RerA<—C(v) < O}.

(¢) A s the infinitesimal generator of a Co-semigroup {e' Ay >0 of quasicontractions.
(d) Let ®¢ := (v ‘6 /) € D(A). Then the projection operator P defined on H' x L?
and given by

(U, (DO)LZXLZ

UeH'xL*— PU :=U — ——TL7xL°
<®0, d)O)szLz

Ay, 2.8)

commutes with A and satisfies
Ran(A) C Ran(P) = {F € H' x L? | (F, ®¢);2,.;2 = 0}.
Moreover; if (H' x L?) | denotes the range of P,

(H' x L*)| := Ran(P), (2.9)
then the restriction of the operator Aon (H' x L?) |, denoted as A; = Ajrixrry,
and with dense domain D(A1) = (H* x HY) N (H' x L?), is the infinitesimal
generator of an exponentially decaying Cy-semigroup {e’Ai},Zo and its spectrum is

stable with a spectral gap,

o(A1) C{reC :Rer < —¢(v) <0} (2.10)
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Remark 2.5 A few observations about the projector P are in order. The reader might
have already noticed that the inner product appearing in formula (2.8) is not the
standard inner product of the base space H! x L?. The operator P is, however, the
standard projection of H!' x L? onto the eigenspace span {®}. This holds because,
as stated in Capella et al (2024), the eigenfunction associated to the formal adjoint
A*isnot @9 = 18,8y but dg = (v(1 + (—=A)~18",6") € H' x L? and it can be
proved that

v

(U, @) iz = (U, Po) 2512,

forall U € H' x L? (see Corollary 6.9 and Lemma 6.10 in Capella et al. (2024)).
Hence we obtain formula (2.8), which provides a simpler characterization of Ran(P)
and which was crucial to deduce the spectral stability of the static Néel wall, via a
direct spectral analysis of the operator A. Compare (2.8) with the standard expression
of the corresponding projector onto the eigenspace generated by the moving Néel
wall, formula (6.1) below. In the moving case we do not pursue a simpler expression
because the spectral stability of the linearized operator about a moving wall is analyzed
indirectly (upon application of standard perturbation theory of linear operators).

In the companion paper Capella et al. (2024), we were able to prove the nonlinear
(orbital) stability of the static Néel wall under small perturbations. We used the spectral
information of Theorem 2.4 in a key way. We shall profit from this result to examine the
case of moving Néel walls, which are related structures that appear when the external
magnetic field is switched on.

2.3 The Moving Néel Wall and Statement of the Main Result

Now let us consider the case when an external magnetic field is applied. By assuming
the existence of traveling wave solutions to equation (2.4) of the form 6(x,r) =
Y(x — ct) for ¢ € R, a direct computation shows that the traveling profile ¢ must
satisfy

Ay —vey' + VEW) = Hcos ¥,

Y (—00) = —7/2, (o0) =m/2,

where ' = d/dz denotes differentiation with respect to the Galilean variable, z =
x —ct. Werefer to the constant ¢ € R as the propagation speed. Upon an application of
the implicit function theorem, the authors of Capella et al. (2007) proved the existence
of a moving Néel wall’s phase for sufficiently small values of the applied magnetic
field.

@2.11)

Theorem 2.6 (Capella et al. (2007))  There exists § > 0 such that if the magnenc
field strength satisfies |H| < 8, then there exists a traveling wave ¥ € lOC(R)
and a propagation speed ¢ = c(H) for the reduced LLG dynamics (2.11) such that
V¥ — 6 € H>(R). Moreover, the propagation speed has an expansion

c=BH +o(H), (2.12)
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where the wall mobility E > 0 is defined as E = (Mv)~ Y with M = %||9_/||i2 > 0.
Proof See the proof of Theorem 2 in Capella et al. (2007). O

Remark 2.7 From the implicit function theorem we know that there exists an open
neighborhood €27 C R containing H = 0 and another open neighborhood 2, C
H?*(R) x R of (6, 0) such that the mapping H > (' (H), c(H)) is differentiable and
satisfies equations (2.11) and (y(0), c(0)) = (0, 0). Due to differentiability of the
mapping, there exist a positive constant y such that

Y (H) — 0l + lc(H)| = Hy + o(H), (2.13)

for H small enough (for further details, see Capella et al. (2007)).

Remark 2.8 Moreover, once the intensity of the external magnetic field is fixed and
sufficiently small, |H| < 8, then the propagation speed of the moving Néel wall’s
phase, ¢ = c(H) is also fixed and of order c = O(]H|) as H — 0. Since the wall
mobility is not zero, E > 0, from the implicit function theorem we know that there is
a one-to-one correspondence between the parameter values H and c. Therefore, we
may use the value of ¢ as a perturbation parameter for the physical problem, instead
of H, inasmuch as H = O(|c|) as well. In the sequel we use (according to custom in
the nonlinear wave stability theory (Kapitula and Promislow 2013)) the parameter ¢
as the perturbation parameter of the spectral problem. Also note that, from estimate
(2.13) we also have

¥ =0l = O(lc)) = O(H]). (2.14)

We are now ready to state the main result of this paper.

Theorem 2.9 (nonlinear stability of moving Néel walls) Let the damping factor v
be positive and assume that the applied magnetic field satisfies that H = He;, with
constant strength |H| < 8. Now, assume that y = ¥ (-) and ¢ = O(|H|) stand for
the moving Néel wall phase’s profile and the speed, respectively, of the traveling wave
predicted by Theorem 2.6. Also, let Jy C H L(R) x LZ(R) be the set of (real) initial
conditions such that the Cauchy problem (2.4) has a global solution for the prescribed
magnetic field strength, H.

There exists a threshold ¢ € (0, S) on the magnetic field strength, depending on v,
such that for every (0, vo) € Jy satisfying

[H[ 41160 — ¥l g1 + llvoll 2 < e,

there exist s € R and two positive constants C and o, depending on H and e, such that
solution 0 to the Cauchy problem (2.4) with initial condition (0(x,0), 3;0(x, 0)) =
(6o, vo) satisfies

10C, 1) =¥+ )y = Cexp(—wr), (2.15)

forallt > 0.
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Remark 2.10 Justasin our previous analysis (Capella et al. 2024), Theorem 2.9 focuses
on the nonlinear stability property of the profile ¥ : eventual small perturbations of the
moving Néel profile, if they exist, do decay exponentially fast to a translated profile,
¥ (- + s). The global existence of such perturbations can be proved with standard
semigroup methods and using the decay estimates we establish later on. Still, we do
not pursue such an analysis here.

3 Preliminaries

In the current Section, we gather some preliminary information, which will be used
later. In particular, we highlight some essential features of the static Néel wall and its
relation to the moving wall’s phase.

3.1 Properties of the Working Static Néel Wall’s Phase

The following definitions and results can be found in the aforementioned references
(Capella et al. 2007, 2024), which the reader can consult for further information.

Theorem 3.1 (Capellaetal. (Capellaetal. 2007, 2024)) Let 0 be the static Néel wall’s
phase and L : L> — L? (with domain D(L) = H?) be the L*-gradient of VE around
0 defined in (2.6). Then, L is a closed, densely defined, self-adjoint linear operator.
Moreover, there exists a fixed positive constant Ao such that the L?-spectrum o (L) of
L satisfies

o (L) C {0} U[Agp, 00).
In addition, ). = 0 is a simple isolated eigenvalue with eigenspace spanned by 0 e
D(L).

Proof See Lemmata4.9 and 4.10 as well as Proposition 4.6 and Theorem 4.1 in Capella
et al. (2024). O

Definition 3.2 Let Li denote the L>-orthogonal complement of ", For every k =
0, 1, 2, we define the following function spaces:

HY = H'n L3,

Remark 3.3 From Theorem 3.1 we know that A = 0 is a simple eigenvalue of £ with
ker £ = span{f /}. Therefore, £ is not invertible. However, when restricted to L? , the
operator L] = El 2 Li — Li with domain D(L]) = Hf, is indeed invertible
because 1 = 0 belongs to the resolvent of £ . Hence, the inverse L’Il : Lf_ — Li,
with domain D(EJ__I) = Lﬁ_ and range Ran(ﬁll) = HJZ_, is well defined.

Since H¥-convergence is stronger that L?-convergence, it is immediate that each
space H j‘_ is a Hilbert subspace (with the standard inner product) of H¥. The advantage
of working with these spaces is that they provide the following splitting properties.
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Lemma3.4 Letk € {0, 1, 2}. For every u € H¥ there exists a unique pair (o, u) €
C x Hk such that u = MJ_+O[9

Proof See the proof of Lemma 6.3 in Capella et al. (2024). O

Remark 3.5 Tt is to be noticed that Hi X Lf_ c (H!' x LZ)L_z Ran(P)z inasmuch as
= (u,v) € Hj_ X Li implies that (U, ®¢) ;2,72 = (u, v0') ;2 + (v, 0);2 = 0 and,
consequently, U = PU.

Lemma3.6 Leta : HJ]_ X HJ_ — C be defined by
alu,v] == (dcu, 0xv) 2 + (507 (sou), v)2 — (cou, v)y2. 3.1

Then al-, -] is a positive sesquilinear Hermitian form that defines an inner product
equivalent to (-, )1 in H I je., there exist two positive constants, K,k > 0, such
that

kllullgr < llulla < K llullgr, (3.2)

forallu € HJI_. Moreover,
alu,vl=(Lu,v)2, ueH?> veH!. (3.3)

Proof See Definition 6.4, Proposition 4.6 and Lemma 6.5 in Capella et al. (2024). O

The norm induced by this inner product is denoted by |u|l, = +/alu, u]. We will
also consider the Hilbert subspace Z = H i x L?* with the inner product (-, )7 given
by

(U,V)z :=alu,w]+ (v,2);2, 3.4)

for U = (u,v) and V = (w, z) in Z. It is known that (-, )z and (-, -) 1,2 are
equivalent inner products in Z (see Capella et al. (2024), Lemma 6.5).

Remark 3.7 It_follows from the definition of (H! x L?)| (see (2.9) and Lemma 3.4)
that forevery U = (u v) € (Hl X L?) | there exist unique o, B € Cand U = (u, v) €
H1 X Li suchthat U = U + 6 (ot B). Moreover, the condition (U, Dp)y2412 =0

1mphesthat
=/
ﬁ:U—i—a(l)é/:(u-’_ae_/), (3.5)
—V v — avb

and this representation is unique. Indeed,

(U, cDO)szLz = (ﬁ, UQ_/>L2 + <i, 9_/>L2
= (u +oe«9_/, vé/>L2 +<v +,349_/,9_/)L2
= (v +p)[0"]7-

and in view of HQ_/H ;2 7 0, we obtain that «v = —B whence U, Dp) 2472 =0.
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In addition, the triangle inequality and the equivalence between the norms || - |4
and || - | 41 in Hi imply that

1T g1 w2 < max{L, kYUl z + 2@, =8 ) g1y 12, (3.6)
and

1UIz + 1@, =v8 Vg1 r2 < max{l, K} U giyz2 + 1@, —v8 )l g1y 2

<max{2, 1 + K} Ull g2,
3.7
both hold.

Finally, notice that, because of Theorem 2.4, A = 0 belongs to the resolvent of the
operator A | defined as the restriction of A to (H Iy L2) . Therefore, it has a bounded
and linear inverse. We end this Section by providing an explicit characterization of
AII . This is a result which is not directly stated in Capella et al. (2007) nor in Capella
et al. (2024), but it is an immediate consequence of Remark 3.7 and Theorem 3.1.

Lemma 3.8 The restriction Ay of Ain (H' x L?)| has a bounded inverse AII :
(H' x L?)| — (H' x L?) given by

—1 —1
AT'T = <_V‘ICJ_ _ff ) U—a (1_/;’> 6, (3.8)

for allU € (H' x LZ)J_ and U € Hi X Li uniquely determined from (3.5).

Proof Follows from a direct computation. O

3.2 Regularity of the Traveling Profile

In this Subsection we prove that equation (2.11) and the condition that ¢ € HI%)C (R)
with ¢ — 0 € H*(R) imply the smoothness of the traveling profile. Here we assume
that both the static and the moving profiles, & = 6(z) and ¥ = ¥ (z), respectively, are
functions of the same spatial variable z € R.

Lemma3.9 Let { € HZ (R) with  — 6 € H*(R) be a solution to (2.11) for a fixed
c € Rwith |c| < 1. Then, the following statements hold:

(a) There exist two O-dependent positive constants Ci and Ca such that

[siny —sin| ;0 < C1O) ¥ =0,
[cos v — cos b ;1 < C20) [ — 6] 1 -

(b) r is a smooth function with ' € H*(R) for any k > 0.
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Proof We first prove (a). Since 0 < 1 — cost < |¢| for every real ¢, then by the
angle-addition formula and the triangle inequality, we get

Hcosv/ — cosé”iz = H[l — cos(¥ — 6)]cosd + sin(y — 6) sinéHLz <2||y — 9_||i2,
Hsinw — siné”iz = H[l —cos(y¥ — 6)]sind — sin(y — 0) cosé“Lz <2|y — §||iz.
Analogously, we obtain
[(cos ¥ —cos6)||,, = |[(¥ — 6) sinyr + (sinyy —sin6)6’ |,
<@ =02+ 101w v —6],2.
and,
|(sinyr —sin6)'|| > = | (¥ — 6) cos ¥ + (cos y — cos )6’ ||,
<@ =0y +210" = ¥ =6,

This shows (a).
In order to verify (b), we first notice thatcos v € H 2 Indeed, by the reverse triangle
inequality in H' and the fact that cos@ € H' we first obtain

lcos 1l 1 < C2(0) || ¥ —8_||H1 + ||cos§||H1 < 0.

Now, notice that Sobolev’s embedding in R yields | /"> Hiz <Y1 HW”iz < 00.
Thus,

|(cosv)"| > = H (W —0)"siny + 6" siny + ¥’ cos ¥ H L
<@ =017+ 1071172 + 1¥%17.

< Q.

We conclude that cos ¢ € H?.
Second, a straightforward calculation of VE(i) implies that equation (2.11) can
be recast as
— (=AY — vy’ +sinyT cosy = H cos . (3.9)

Due to the boundedness of 7 (see Proposition 2.2) it follows that
Isin 7 cosyrll;2 < 17 cosyrll 2 < Cllcos |l g1 < oo.
Hence, Proposition 2.2 and Holder and Sobolev inequalities imply

[(sin T cosvr) || ;2 < | /T cos |2 + 1T cos | g1
< C [ 1Yl lleos Yl 1 + llcos v/l

< Q.

@ Springer



83  Page 16 of 49 Journal of Nonlinear Science (2025) 35:83

We then conclude that sin 7 cos ¥ € H'. Therefore, for |c| < 1, equation (3.9)
implies that /" € H'. A bootstrapping argument then shows that ' € H* for any k
and the smoothness of i follows from Sobolev’s embedding. This shows the result. O

4 Perturbation Equations and the Spectral Stability Problem

The present Section is devoted to deriving the linearized equations for the perturbations
of a moving Néel wall’s phase, setting up the spectral problem for the perturbations
in an appropriate energy space, and establishing its relative boundedness for the cor-
responding operator in the static case.

4.1 A Scalar Equation for the Perturbation

Following (Capella et al. 2007), we consider finite energy perturbations of the moving
Néel wall’s phase in the space H!. Therefore, for any solution 6 (x, 1) to (2.4) where
v > 0 and ¢ € R are fixed, we propose the ansatz 6(x,t) = u(z,t) + ¥ (z). Here
z = x — ct is the spatial coordinate in a moving frame with speed ¢, ¥ = ¥ (z) is the
traveling profile solution to (2.11) and, for each fixed t > 0, u(-,¢t) € H 1 is the finite
energy perturbation of the profile. A substitution into the differential equation in (2.4)
yields

czafx/f —veo; ¢ + 8,2u — 2¢0;u + 02822u 4+ vou —cvou + VEu + )
= Hcos(u + ).

By adding and subtracting VE() + H cos ¢ and using the profile equation (2.11),
we arrive at

O u—2¢du+c*02u-+vdu—cvdu+VEu+y)—VEW) = H(cos(u+ir)—cos ¥).

4.1)
Equation (4.1) can be written as a first order system by introducing the auxiliary
variable v = 9d;u. Indeed, after a straightforward computation one obtains

u 0 I u 0
O <v> = (—zc 2c0. — vI) (v) + (/\/ (u)) ’ (42)

where £, : H' — L? is a linear, densely defined operator with domain D(£) = H?
and N'(u) : L* — L? comprises the nonlinear terms, again with D(N) = H 2, They
are explicitly given by

Lo:=Le+ 02822 —cvd; + Hsy I, 4.3)
N@W) :=—-VEW +u) + VEW) + Leu + H(cos(¥ + u) — cosyr + Sylt), )
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where the operator L. : L? — L?isthe L?-linearization of VE around v with domain
D(L.) = H?. A direct calculation shows that

Lew = —82u + sy T (syu) —cyu, u € D(L) = H> (4.4)
Upon substitution into (4.3),

Lo: H' - L2,
D(L.) = H?, (4.5)
Lo =—(1—cHd%u + 54T (syu) — cvdu — (cy — Hsy)u.

The latter is the explicit expression of the linearized operator around the moving Néel
wall’s phase for a fixed value of the magnetization H (which, in turns, fixes the velocity
¢) and whose spectral properties determine its stability.

4.2 The Spectral Problem

As usual (Kapitula and Promislow 2013; Sandstede 2002), we start our stability analy-
sis by disregarding the nonlinear terms and by focusing on the associated linear spectral
problem . To that end, we notice that the linearization of equation (4.1) around the
traveling Néel profile reads

afu — 2¢0pu +vou+ Lou =0. 4.6)

Last equation is equivalent to the following linear system,

u 0 1 u
8’ (v) - <—£C 2¢0, — vI) <U> : @.7)

We specialize equation (4.6) to perturbations of the form e*’u(z), where A € C is
the spectral parameter. This substitution yields the following (non-standard) spectral
problem

(A% = 2¢Ad, + vA)u + Lu = 0. (4.8)

The latter is a spectral equation which is quadratic in A. The transformation v = Au
(the spectral equivalent of the change of variables v = 0,u) is used to write equation
(4.8) as a genuine eigenvalue problem of the form

u\._ (0 I u\ . (u
Ac (v) T <—£c 2¢d, — vI) <v> =4 (v) ’ (4.9)

but now posed on a base space defined as a Cartesian product. The matrix operator A,
is often called the companion matrix to equation (4.8). Notice that (4.9) is the spectral
equation associated to the linear system (4.7). We shall refer to both (4.8) and (4.9) as
the spectral problem making no distinction between them.
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Therefore, we are interested in the spectral properties of the following block matrix
operator (for each fixed value of c¢),

A H' x L > H' x L?,

regarded as a linear, densely defined operator in the Hilbert space H' x L? with domain
D(A.) := H? x H'" and explicitly given by

0 1 u
ao= () (), )

forall U = (u,v) € H> x H.

Remark 4.1 From the expressions (4.10) and (4.5) we notice that in the case when
¢ = 0, the operators Ag and £ coincide with the operators A and L, respectively, for
the static Néel wall phase (see Theorem 2.4). From now on and for the sake of brevity,
we simply write A and £ to denote the “static” operators.

Remark 4.2 At this point we call the reader’s attention to the following fundamental
property of the operator A.: once the intensity of the external magnetic field has been
set, |H| < 1, then the speed of the moving Néel wall gets fixed and it is small as well,
lc| = O(JH|). As aresult, if we examine the expression of the linearized operator L.
around the moving profile, we notice that it can be recast as

Lou = Lu+ c*92u + 54T (sy (2)u) — cvdou + (c5(2) — ey (2) + Hsy (2))u
— Sé(z)T(Sé(z)”)’

for all u € H?, where
Lu = —82u + 55(2)T (s5(2)u) — cz(2)u,
is the linearized operator around the static Néel profile, 0 = 0(z), evaluated at the
Galilean variable of translation, z = x — ct. Whence, the block operator 4. can be
written as
Ac =A + Bm

where the block perturbation operator

B.:D(B.)cCc H' x L? > H! x L2,
D(B,) = H?> x H',

is defined as
0 O
B, = (—S 2c8z> , 4.11)
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and the nonlocal operator S : D(S) = H 2 ¢ H' — L?isdetermined via the relation

Su = czafu — v u + sy ()7 (sy (Du) — s5(2)7 (s5(z)u)

(4.12)
+ (c5(2) — ey (2) + Hsy (2))u,

forall u € H?.In what follows we verify that this is a relatively bounded perturbation
of the static operator A.

4.3 Relative Boundedness

We recall that given two linear operators P and S on a Banach space X, we say that
S is P-bounded it D(P) C D(S) and there exists two non-negative constants a and
b such that

|Sull < allull + b||Pul|, Yu e D(P). (4.13)

The greatest lower bound by of all admissible constants b is called the P-bound of S.

Lemma 4.3 The operator B. = A, — A is A-bounded in H' x L? with coefficients
a(c) and b(c) that are continuous and increasing functions of ¢ and both tend to zero
as ¢ does.

An immediate consequence of Lemma 4.3 is the following result.

Corollary 4.4 The operator A. is A-bounded in H U L? with coefficients a(c) and
b(c) that are continuous and increasing functions of ¢ such that a(c) and 1 — b(c)
tend to zero as c does.

Proof of Lemma 4.3 First notice that for each U = (u, v) € D(A,) = H?> x H! we

have
1BUgiyr2 = IISu —2¢d,vll 12,

(4.14)
LAUZ,, 2 = I3 + I1Lu + vl .

Second, we bound || B.U || 1«2 by a sum of terms depending on powers of H (or,
equivalently, on powers of ¢). Substitution of (4.12) into the expression of B.U, as
well as addition and subtraction of ¢?[s57 (sju) — cgul, yields

B.U = (0, —62[—8Z2u + se-’T(sf;u) — cgt +vv] — 2¢dzv + v+ cz[sé'f(se-u) —cpul+
+ Hsyu — cvozu + sy T (syu) — 557 (sgu) + (cg — cy)u).

Using (2.6), we get

I1BUllgiyrz <

cz(ﬁu +vv) + 2¢d;v — czva L2 +¢? ||s(;T(s9-u) — c§uH 2t

+ ||Hs,1,u — cvé}zuHLz + ||s¢T(s1/,u) - S§T(s§u)“Lz + || (cy — c§)u||L2 .
4.
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Third, we estimate each term of the right hand side of last inequality. The first term
is directly bounded by Young’s inequality, since

2
Hc2(£u +vv) + 2c0,v + 62VUHL2 <3 1L+ vul2s + 42 130012 + M2 vl2,)

< 3max{c?, 4¢2, M2 Lu + VU”%Q + ||v||%_11).

Since we are interested in the behavior of the operators for small values of |c| and in
the limit when ¢ — 0, we may assume that |c| < 1. Therefore, we get the estimate

Hc2(£u + o) 4+ 2¢8,0 + c2vaL2 < 2max2lcl, VAU y1yg2.  (4.16)

For the second term on the right hand side of (4.15), we use the triangle inequality
and the boundedness of 7 : H' — L? (see Proposition 2.2) to obtain

¢ |saT (s = cgul 2 = UsgT (s 2 + equ] 21

< C [[sg0) | 1 + Nlegu] 2] (4.17)
CO) |ull g .

IA

In the same fashion, we use (2.12) in order to estimate the third term in (4.15),
yielding

[Hsyu = cvicul| o < 1HI ([spul 2 + T 10:ul,2)

2
< H| | ullp2 + ——5——— 1.l 2
[ PR ey

< |H] [IIMIIL2 +

(4.18)

—_—_ 81/[
1512, o e lee

= [H|C®) llull g -

In order to estimate the fourth term in the right-hand side of (4.15), we add and
subtract the term sy 7 (szu) and use the boundedness of 7 (Proposition 2.2). The result
is

[sy Tsyw) = s5T ()| 12 < s T sy = s 2 + |5y — s T (sgw) | 1
< C |Gy = spul g + 16y — sl |sgu 4 -

Since H'! is a Banach algebra, its norm sub-distributes any product. This fact and
Sobolev’s inequality imply the estimate

”s¢T(s¢u) — SéT(S@M)”Lz <C ”51// — séHHI (Nl g1 + Hsé“”Hl)

_ _ (4.19)
<CO ¥ =0y llulg,
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where the last inequality follows from Lemma 3.9 (a).
Finally, we estimate the last term in (4.15). By Holder and Sobolev inequalities,
we clearly have

ey = capull 2 < lew = g 2 Nullz < Jley = g 2 Nl

We symmetrize previous relation by adding and subtracting cos 7 cos 6. Hence,
together with Proposition 2.2, one obtains

ey —cpul|,> < ||cos YT (cosyr — cosB) + (cos ¥ — cos H)T cos b, llull 1
< [||7 (cos ¥ — cos ) ||L2 + | (cosy — cosé)Tcosé”Lz] llat]| 1
< C@) |cosyr —cos by llull g
<CO ¥ =0y llullg .

(4.20)
Combining estimates (4.16) thru (4.20), we arrive at
IBU | g2 < 2max{2lc|, 2o} AU || 142 421
+CO(P+H 429 — 0l g)llull 1
Due to Remark 2.7 and Theorem 2.6, the result now follows. O

A direct consequence of Lemma 4.3 is the closedness of the block operator A, for ¢
small enough.

Corollary 4.5 The block operator A. is closed in H' x L? for every ¢ such that
b(c) < 1.

Proof From Theorem IV.1.1 in Kato (1995), p. 190, we easily conclude that A, is a
closed operator because A, = A + B,, where B, is .A-bounded with .A-bound less
that b(c) < 1 and A is a closed operator (see Lemma 5.4 in Capella et al. (2024)). O

Remark 4.6 Estimate (4.21) and Remark 2.7 imply that, in fact, A is an O(|c|)-
perturbation of the static operator .4 (indeed, substitute (2.14) and H = O(|c|) into
(4.21) to conclude). This is the main observation that motivates the strategy of ana-
lyzing the spectrum/resolvent of A, as a perturbation of the spectrum/resolvent of

A.

5 Resolvent-type Estimates and Spectral Stability

In this Section we establish the spectral stability of the family of operators A, for
sufficiently small parameter values of |c|. To that end, we apply perturbation theory
of linear operators and the spectral stability of the linearized block operator .A around
the static Néel wall (see Theorem 2.4 and the companion paper (Capella et al. 2024)).
The strategy of proof is based on establishing resolvent-type estimates which allow to
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locate the resolvent set of the perturbed operator in terms of the resolvent set of the
operator around the static wall.

To smooth the reading, we clarify the notation on the vector-valued functions used
at the present section. We denote any vector in H! x L? by a capital letter with a
~, for example U and F. Also, any vector (H' x L2) | is denoted by a capital letter
with a bar. Finally, if the capital letter is simple, it denotes a vector-valued function in
H! x L% . We recall that these sets satisfy that H] x L3 C (H' x L?), ¢ H' x L?,
see subsection 3.1.

We start by showing that the translation eigenvalue of A, is isolated for all |c|
sufficiently small.

Lemma 5.1 Let the operator A, be as in (4.9) and let A and ¢ (v) > 0 be as in Lemma
2.4. Fix § € (0, £(v)). Then there exists cs > 0 such that the square I in the complex
plane with length side 26 and center at A = 0, more precisely (see Figure I(a) below),

Fi={zeC:z=¢+i8, t€[-8,8]}U{zeC:z=%5+i¢, ¢ €[-5,6]},
(5.1)
belongs to p(A.) and

o(A¢) Nintconv(I') = {0}, forall |c| < cs.

Moreover, . = 0 is an isolated simple eigenvalue of the block operator A, with
eigenspace spanned by

Oc 1= (3,9,0) € D(A,) = H> x H'. (5.2)

Proof Let§ € (0, ¢(v)) be fixed. First, we prove the existence of ¢5 > 0 such that I"
isolates A = 0 from the rest of the spectrum of A, for all |¢| < ¢;s. Since A = 0 is an
isolated simple eigenvalue of A and the rest of the spectrum satisfies Re A < —¢(v)
(see Theorem 2.4), we know that the closed simple curve I' C p(A) divides o (A).
Moreover, it induces a partition on the working space H! x L? = M'(A) & M"(A)
where M'(A) and M” (A) are the images of H' x L? under the linear operators P
and I — P, respectively, with

P ::I—/(A—)»I)*ld)».
r

Because ||(A—A)~!| and || A(A—2)~!|| are analytic functions in A, we conclude that
both functions are bounded on I'. Also, from Lemma 4.3 we know that A. = A+ B,
and . is A-bounded with constants a(c) and b(c) that are continuous and increasing
in ¢ with a(0) = b(0) = 0 but they do not depend on A. These facts imply the existence
of ¢s > 0 small enough such that

a(es) sup |(A — )+ b(es) sup A — 1)1 < 1.
rel rel’
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Due to Lemma 4.3, properties of the supremum imply that

sup (a(@) (A =2) 7| +b@IAA =2 ) < 1.

rel

for every ¢ with |c| < cs. Therefore, Theorems IV.3.18 and 1V.3.16 in Kato (1995),
pp. 212 — 214, imply that I' C p(A.) and splits o (A.) into two sets. Moreover,
the induced partition on the working space H' x L? = M'(A.) ® M" (A,) satisfies
dim M'(A) = dim M'(A.) and dim M"(A) = dim M" (A,).

Second, we verify that A = 0 is an isolated simple eigenvalue of A.. Indeed, we
know that (9,1, 0) € ker A,; this follows by noticing that A, (3,1, 0) = (0, L.0,v),
but a direct differentiation of (2.11) implies £.9,v% = 0, for any value of ¢. If |¢| < ¢;
holds then we conclude that the algebraic multiplicity of A = 0 is equal to one because
dim M'(A) = dim M'(A.). The lemma is proved. O

Lemma 5.1 implies that I' separates the origin from the rest of the spectrum, but it
still does not guarantee the spectral stability nor the existence of a spectral gap in the
following sense: that for each 0 < |c¢| < 1 there exists ¢, > 0 such that o (A.)\{0}
is strictly contained in {Re A < —¢, < 0}. The following results are devoted to prove
these properties.

Lemma5.2 Let A € C be fixed and different from zero. Suppose that U = (u, v) and
F = (f, g) belong to HJ]_ X Li.

(a) If U, F satisfy
=AU =F, (5.3)

then u, v, f, and g satisfy the following estimate
Wl + G+ v) [0l | < 1UNZIF 2. (5.4)

(b) If U, F satisfy
A-0A'U=F, (5.5)

then u, v, f, and g satisfy the following estimates,

Wullz + 0+ 2 [oll72 | < Crlrllulla + 2+ vl vl 2 Fliz,  (5.62)

-1/2
[llla = 10+ 2145 ol 2

= GllF|z. (5.6b)

for some constants C1, Cy > 0 and where Aoy > 0 is the spectral bound for L
from Theorem 3.1.

Remark 5.3 Notice that the operator All is well defined on H i X Li C Ran(P) (see

Remark 3.5). Thus we may use the representation formula from Lemma 3.8. Observe
that L:Il is also well defined on LZL.
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Proof of Lemma 5.2 First, we assume that U, F € H| x L? satisfy equation (5.3),
which is equivalent to the system

u—v=f,
Lu+Rr+vv=g.

Now, we apply a[u, -] to the first equation and (-, v) ;2 to the second equation, yielding

alu, Au] — alu, v] = alu, f],
(Lu,v)p2+ A +v) VI3, = (g, )2

The properties of the sesquilinear form a[-, -] (see, for instance, Lemma 3.6 and (3.3)),
imply that

Xalu,u] —alu, vl = alu, f1,

alu, v1+ (A +v) [vl7, = (g, v)2.
By adding both equations we obtain
M ully + A+ ) vll7, = alu, f14 (v, 8)2.
Hence, relation (5.4) follows by noticing that (U, F)z = alu, f]+ (v, g);2 and by

applying Cauchy-Schwarz inequality to the inner product in Z. This shows (a).
Let us prove (b). First, notice that relation (5.5) implies that

u+ LT vu+v) = £, (5.7a)
vV—Au =g, (5.7b)

inasmuch as vu + v € Lf_ = D(Lj_l). By adding and subtracting Av~!v, equation
(5.7b) is recast as

w+AMNv—rlvu+v)=vg e Li.
Apply Lll to last equation and add equation (5.7a) in order to obtain
u+@+0LT = f+vl]'s. (5.8)
Also, from equation (5.7b) we know thatv — g = Au € H i Therefore,
Aalu,u] + (v + A)a[ﬁllv, v—gl=Aa[f + vﬁllg, ul.
Since EII : L3 — H?, from (3.3) we get
ANl + @+ (v, v—g) 2 =r%alf +vL] g ul. (5.9)
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If we distribute the L?-inner product in equation (5.9), then we arrive at
Wlullz + @+ iz, = 2alf +vL g ul + W+ 1) (v, g)2. (5.10)

Use identity (3.3) in equation (5.10), take its modulus and apply the Cauchy-Schwarz
inequality twice. The result is

I ul2 + 0+ 1) ol25 | = 3%l f. ul + va* (g, )2 + (v +2) (v, 8) 2 .

= A fllalllulla +vligh2 Nullz2) + 14+ vlliglp2 vl g2,
< max{L, v}(ll flla + lIgllL2) UAlulla + 1A+ v] vllg2).

Therefore, relation (5.6a) follows.
Let us now substitute v — g = Au into (5.9). This yields,

lull2 + (v +2) (v, u)2 = alf +vL] g, ul. (5.11)

Thus, if we take the L2-inner product between v and (5.8) we then obtain
(o + 0+ 0o, ﬁllv>L2 = (v, N+ v, £11g>L2 .
We use this last equation to simplify (5.11), yielding

)2 — |v+A|2<v,£11v>L2 = alf ul +v{g.u)2 — (v +/\)<v,f—|—v£11g>L2.
(5.12)
Therefore relation (5.6b) follows from (5.12) by noticing that <v , EIIU>L2 <

Ay ! lv ||i2 forevery v € Hi (see Theorem 3.1 above). Indeed, the latter lower bound
for the left-hand side of (5.12) implies that

el = v +2PAG 0l2s <l = v+ 22 (v, £3%) 1 (5.13)

Moreover, the right-hand side of (5.12) can be bounded above by

alfoul+v (g ub2 = 0+ 2 (v, £+ L g) 1= alulla + v gl 2 el 2 +
+ v+ Alllvllgz ALl 2
+v Hﬁllg‘

LZ)’
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Since || - ||, and ||-|| g1 are equivalent in Hl (see (3.2) at Lemma 3.6) we know that
there exists k > 0 such that [lu|/;> < k! llull, for every u € Hi. Hence,

jalful+vlg )2 — @+ m o, f+vLTlg) 1<
< (1 la + vk gl lulla + v+ 1Ay 2 ol 2 (AY 2k 1 flla + v gl 2)
< Clllulla + v+ AlAg 2 10l ) Flla + gl 2).

(5.14)
where C = max{1, vk~!, v, A(l)/zk’l} > (. The proof is complete by noticing that
equation (5.6b) is obtained upon a substitution of (5.13) and (5.14) in (5.12). This
shows (b) and the lemma is now proved. O

Remark 5.4 Notice that unless |||, = 0 and |[v]|;2 = 0, the left hand term of identity

(5.10) vanishes if either, (i) A € R and v ||v||i2 = —k(||u||§ + ||U||iz), or (ii) |ulls =
llvll;2 and Re A = —v/2. This observation will be helpful later on.

Next, we prove the spectral stability of the moving profile with a positive spectral
gap. The strategy of the proof is based on establishing resolvent-type estimates for the
operator around the static Néel wall (namely, to estimate ||(A — AI)~!|| and || A(A —
A ™) which yield, in turn, the location of the spectrum of A.. for |c| small enough
upon application of the standard perturbation theory for linear operators.

Theorem 5.5 (resolvent-type estimates) Let v > 0 be fixed, A. be as in (4.9) and A,
Z(v) > 0 be as in Lemma 2.4. Also, let § € (0, £(v)) be fixed and let ' C C denote
the square with length side 26 and center at . = 0 as in Lemma 5.1. If cs > 0 is small
enough such that Lemma 5.1 holds then both ||(A — A1) ™| and || A(A — A1)~ are
uniformly bounded for A in the set

G :={r e C|ReA > =4} \ intconv(l").
Proof First, we prove that ||(A — ) ~!|| is uniformly bounded. Let U, FeH xL?
and assume that P : H' x L2 — (H' x L?) is the projector operator that commutes
with A and which is defined in (2.8). By the definition of P it follows that I — P also
commutes with A and A(I — P) that is the null operator. Then,

(A—0U = (A—2)(PU +T-P)T)
=UA-NPU+A-NA-P)U
— (A—0PU — 11 -P)U,

and the relation (A — k)lNJ —F implies that
(A= PU - 11 —P)U =PF + (1—P)F.
Last equation splits into the following two equations,
(A—)PU =PF, and —Ad—-P)U =1 —-P)F.
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Therefore,

10N gixzz < PO g1z + 1A= PYU g1 g2

1 ~
=< [IIP(A - 0PI+ m} IEN 12 (5.15)

because P and I — P are projector operators. Estimate (5.15) implies that the proof is
complete provided that we verify that (A—X) !, regarded as an operatorin (H' x L?) |,
is uniformly bounded on G. To that end, we must prove that there exists a uniform
bound C such that, if U, F € (H' x L?) | satisfy

(A—MU=F, (5.16)
then they also satisfy the following estimate,
10N mxzz < CIF gz

Once again, by Remark 3.7, we know that U=U+a(l,—v)d and F = F +
B, —v)o " for some U,F ¢ HJ]_ X Li and o, B € C. Thus, equation (5.16) implies
that

A-MNU=F, and —a(v+Ar)=8.
Then, « = —B/(v + 1) and by Lemma 5.2 (a),
Ml + QA v) Iol72 | = Uzl F iz,

for U = (u,v). Substituting |lu|l, = ||U||zcos¢ and ||v|;2 = ||U|lzsin¢ for
¢ € [0, w/2], we have

1Ullz = C. d)Fllz,

where

2
1 82+

1%

< b
VRex +vsin?¢)2 + (Ima)2cos22¢p (5 —9)

Ch.¢) =
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thanks to Lemma A.1. In addition, Remark 3.7 and equations (3.6) and (3.7) yield

1Tl g1z < lalll(L, =)0 N g2 + 1U N ep2

2 2
K\/82+ Y%

1 =/
< Iv—i-)»I”'B(l’_U)Q ||H1><L2+m“F”H1><L2
1 K 82+U4—2 _,
S TR TS| UBA, =)0 Nz + IF I g<r2)-
2
1 K 82+U4—2 —
<2 + IE N g cr2-

Al k(5 —9)

Upon substitution of last inequality in (5.15) we conclude that

V2 K,/(Sz—l-%

U < — | IF .
Ul gryp2 < |V+)»|+ k35 — o) +|l| | Fll g1sr2

Since the right-hand side of the last equation is uniformly bounded on G, we obtain
that [|(A — 1)~ ! is uniformly bounded on G.

Finally, we prove that | A(A — ) ~!|| is uniformly bounded on G. Due to Theorem
2.4, we know that A4 is the infinitesimal generator of a Co-semigroup of quasicontrac-
tions and, by virtue of Feller-Miyadera-Phillips’ theorem (see, e.g., Engel and Nagel
(2006), p. 69), we know there exists w € R such that for every A € p (A) with
Re A > w there holds

ICA = AD Ml g1yep2 < (5.17)

“Rer—w’

We then choose a positive constant M > w and divide the set G into three subsets as
follows (see Figure 1(b)):

Gi={,LeG :Rek> M, |[ImAr| <4},
Gr={reG :|Imi|>8 U{s(t£i):1e (1Dl
G3 =G\ (G1UGy).

Notice that |A(A — 1)~!| is uniformly bounded in G| and G3. Indeed, since
A | A(A — )7 is analytic and G3 is compact, the uniform bound in G3 follows
from standard results. To verify the assertion for G use the identity A(A — A)~! =
I+ A(A — 2)~! and relation (5.17) to arrive at

|A]

JAA =D < T+ RIA =D < T+ ———,
Rel —w

(5.18)
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ImA\

Re(\) < ~((v)

Re A

(a) Isolation of the origin thanks to the spectral gap.

ImA\

Re A

(b) Partition of G.

Fig. 1 Panel (a) shows the set {A € C|Re 1 < —¢(v)} U {0} which contains o (A) (blue region), the curve
I" that splits o (A.) (dotted black curve), and the set G contained in p(.A.) (red zone). Panel (b) displays
the suggested partition of G, where G3 is compact (Color figure online)

for every A € G. Notice that the right-hand side of (5.18) is uniformly bounded on
Giandsois [A(A— A7

It remains to get a uniform bound on G;. By Theorem 2.4, we know that there exists
a projector operator P : H! x L?> — (H' x L?) that commutes with .A. Moreover,
P and (A — 1)~ ! also commute for every A € p(A) (see Kato (1995), p. 173). Then,
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for every FeH!x L2, there holds that F =PF + - P)F and

AA = 0)TIVF = AP(A—2)7'F = AP2(A— ) 7'F = PAA — 1)~ 'PF.

Thus, last equation implies that the operator norm of A(A — 1)~ ' in H' x L? is
equal to the norm of the same operator in (H' x L?) | . In addition, A is invertible as a
restricted operator on (H ! x L?)| (see Lemma 3.8). Itis straightforward to verify that
the required uniform boundedness of || A(A — )7 on Ga, regarded as an operator
from (H' x L?)] into itself, is readily implied by showing the existence of a constant
C independent of A such that for every U, F € (H' x L?), satisfying

(A-MAT'U =F, (5.19)

they also satisfy the estimate

WUl gisr2 < ClIFgiype.

Moreover, Remark 3.7 implies that U, F € (H' x L?), is equivalent to

U:U—}-a(l)él, and F:F+ﬁ(—1v>é/’

forsome U, F € H i X Lzl. Under these assumptions, system (5.19) reduces to

(A-DA'U=F, (5.20)

a(l+rmwH—pg=o0. (5.21)
From (5.21) it follows that @ = /(1 4+ Av~!), and from Lemma 5.2 (b) we have that
the entries of U and F satisfy conditions (5.6a) and (5.6b).

In addition, we assume that [|u|, = ||U|lzcos¢ and ||v|;2 = |[U]lzsin¢ for
¢ € [0, /2], due to the expression for ||U]|z (see equation (3.4)). Hence, relations
(5.6a) and (5.6b) yield

U zIA* coszqﬁ + (A +v) sin2¢| < Ci(JA|cos¢ + |A +v|sin) || Fllz, (5.22a)

IUllzl cos ¢ — I + vIAg  sing| < G Flz. (5.22b)

Thus, equations (5.22a) and (5.22b) imply that
I1Ullz <2CM(¢, MIFllz,

for some positive constant C and

1 Al + |2+ v

M(¢p, ) = min — , - .
|cosp — [A + V|A, Y26ing| 11 cos? ¢ + (A + v) sin® @]
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Notice that M (¢, 1) is well-defined for every (¢, 1) € [0, /2] x G2 since
[A*cos? ¢ + (A + v)sin®¢| # 0 (see Remark 5.4). Moreover by Lemma A.4 we
conclude that M (¢, X) is uniformly bounded in [0, 7 /2] x G5. This implies, in turn,
that || A(A — A)~!|| is uniformly bounded on G,. Therefore, it is uniformly bounded
on G and the proof is complete. O

Theorem 5.6 (spectral stability with spectral gap) Under the assumptions of Theorem
5.5 there exists cg € (0, ¢s) such that

o(A) Cc{0ju{r e C|Rer < -4}, (5.23)

/
for every speed c such that |c| < cj.

Proof First we prove that if both ||(A — AI)~!|| and | A(A — AI)~!|| are uniformly
bounded for A € G, then (5.23) holds. Since the hypotheses of Lemma 5.1 hold,
we know that I divides o (A.) into two sets: {0}, which is contained in contained in
int conv(I"), and o (A.)\{0}, contained in the exterior of conv(I").

It suffices to consider A € o (A.)\{0}. For the part of the spectrum contained in the
exterior of conv(I") we use the fact that the term a(cs) ||(A — AD ™ || + b(cs) | A(A —
A~ is uniformly bounded for A € {A € C|Rex > 8} \ intconv(I") and, conse-
quently, Lemma 4.3 implies the existence of ¢ € (0, c5) such that

a(OI(A =AD" +bOAMA - DT < 1,

for every ¢ with |c| < c¢j. Therefore, we are now able to apply standard perturbation
theory of linear operators, in particular, Theorem 1V.3.17 in Kato (1995), p. 214, and
to conclude that the whole set G belongs to p(A.) for all |c| < ¢§. The theorem is
proved. O

6 Generation of the Semigroup and Decay Estimates

In the current Section, we show that for sufficiently small values of c, the operator A, :
H' x L?> — H! x L? is the infinitesimal generator of a Co- semigroup which, when
restricted to the appropriate subspace, becomes exponentially decaying. To accomplish
this task, we assume that for every fixed parameter value v > 0, {(v) > 0 is defined
asin Lemma 2.4, § € (0, ¢(v)) is also kept fixed, and c;, C:s are the positive constants
such that Theorem 5.6 holds.

6.1 The Adjoint Operator

It is well-known that if & € C is an eigenvalue of a closed operator A : D C H - H
then A* is an eigenvalue of A* (formal adjoint) with the same geometric and algebraic
multiplicities (see Kato (1995), Remark I11.6.23, p. 184). In our case, since H L L?is
areflexive Hilbert space, and A, : H! x L?> — H! x L?, withdomainD = H> x H!,
is a closed operator for ¢ small enough (see Lemma 4.3 and Corollary 4.5) it has a
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formal adjoint which is also closed and densely defined. Moreover, AX* = A, (cf.
Kato (1995), Theorem I11.5.29, pg. 168). Upon these observations we immediately
have the following result.

Lemma6.1 A = 0 is an isolated, simple eigenvalue of A’ : (H' x L?)* — (H' x
L?)*, and there exists an eigenfunction . € (H' x L%)* such that

AFW, = 0.

Itis to be observed that, by Riesz representation theorem, there exists U, e H'xL?
such that

W (U) = (U, U) g1y 12,

forallU € H!x L?.Indeed, foreach ¢ small, \FIV/C (respectively, ®.)is the eigenfunction
associated to the simple eigenvalue A = 0 of the operator A} (respectively, A.).

Lemma 6.2 Let R, be the H' x Lz—innerproduct between ©. and @L., then R, # 0.

Proof By contradiction, suppose that R. = 0. This implies that (®, ) aixi2 =0
or, equivalently, that

U, € (kerAC)L = Ran(A}).

Therefore, there exists ® € D(AY), & # 0 (because \T/C # 0), such that A7d = IT/C.
But this is a contradiction with the fact that A = 0 is a simple eigenvalue of A*. O

Now, we define X C H' x L? as the range of the spectral projection,

P.:H' x L? > H! x L2,
PU :=U = R:NU, We) iy 2 O, (6.1)
X :=Ran(P.).

Remark 6.3 Notice that X = Ran(P,) is the range of a bounded linear operator and,
consequently, it is a (closed) Hilbert subspace of H' x L?. Hence, we project out the
eigenspace spanned by the single eigenfunction ®,.

We dedicate the rest of the Section to prove that for |c| small enough, the block
operator A, is a generator of a Cop-semigroup of quasicontractions such that, outside
this eigenspace, decays exponentially.

6.2 Generation of the Semigroup
In the current subsection, we apply Lumer-Phillips’s theorem and the fact that the
operator A, is an O (c¢)-perturbation of the block operator A in order to show that A,

is the infinitesimal generator of a Cy-semigroup for each ¢ small enough.
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Theorem 6.4 The operator A, : H' x L> — H' x L%, with domain D(A.) = H? x

H', is the infinitesimal generator of a Co-semigroup of quasicontractions {e’Af},Zo
for every speed ¢ such that |c| < c5. Moreover, for each U € H? x H!,

d

—(AU) = AU = AU, (6.2)

dt

Proof In order to apply Lumer-Phillips’s theorem we need to verify that
(i) there exists wg € R such that

Re (AU, U) iy p2 < wollU |13,

xL2°

foreach U € D(A.) = H? x H'; and that
(ii) there exists 79 > wq such that A — 7 is onto;

(see, e.g., Renardy and Rogers (2004), Theorem 12.22, p. 407). From Theorem 5.6 we
already know that if |c| < ¢§, with ¢§ > O sufficiently small, then the whole positive
real semi-axis belongs to the resolvent of A, that is,

(0,00) C p(Ao),

(see (5.23)). Hence, A, — 7 is onto for any T > 0 and (ii) holds for any 79 > wq, where
wy is the constant found in (i). Therefore, it suffices to prove (i) for some wy > 0.

As in Lemma 4.3, we know that A, is A-bounded with constants a(c) and b(c),
which are continuous and increasing functions of ¢. Moreover, A, = A + B, where
Be(u, v) = (0, —Su 4 2¢d,v) and S is the nonlocal operator defined in (4.12). Then,
for every U € D(A.) = H? x H', the Cauchy-Schwarz inequality implies that

Re <ACU, U>HIXL2 = Re <AU, U>H1><L2 +Re <BCU, U)HIXLZ
<Re(AU,U)giyp2 + IBU g1 121Ul g1 s 2

Also, we know that B, is .A-bounded and A is the generator of a Cp-semigroup of
quasicontractions. Thus,

I1BcUll 1wz < a@NUlgixr2 + bONAU g1y 2,
and
Re (AU, U)HIXLZ < a)(U, U)HIXLZ,

for some w € R and every U € H? x H!, (see Lemma 6.7 in Capella et al. (2024)).
These two observations yield

Re (AU, U) iy g2 < (@ +a(e) +be)IUI%,

xL2"

Therefore (i) holds by setting wg > w + a(c) + b(c). Finally, identity (6.2) holds by
standard theory of Cp-semigroups (see, e.g., Pazy (1983)). O
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Lemma 6.5 Let P, be the projection operator given in (6.1). Then, P, = PeelAe
forallt > 0.

Proof In the reflexive Banach space H! x L2, weak and weak* topologies coincide.
Therefore, the family of dual operators {(e’ Af)*}tzo, consisting of all the correspond-
ing formal adjoints in (H! x L?)*, is also a Co-semigroup (cf. Engel and Nagel (2000),
p. 44) with infinitesimal generator A (see Corollary 10.6 in Pazy (1983)). Hence,

(e Ae)* = ol AT 6.3)
Now, let U € H' x L2, Then from the definition of P. we have
Pe(e V) = AU — RZN (e U, We) 1412

Since O, and U, belong to the kernels of their respective generators, equation (6.3)
and the standard semigroup theory (cf. Pazy (1983); Engel and Nagel (2000)) yield

Et'A"®c = 0., and (EI'AC)*\’I;C =¢ ?\Tlc = \Tlc.
This implies that
(U, Be) 12O = (U, () Te) i, 2O = (U, Be) i 200,
verifying the identity
Pe(eAU) = oA (U ~ R\, @C>Hle2®C) = AP,

forall U € H! x L2, as claimed. O

6.3 Exponential Decay
We denote the restriction of A in X by A. : X — X with domain
D:={UeDUA)INX : AU € X},
and assignation rule given by
AU =AU, UeD.

The following lemma shows that A = 0 does not belong to o (,ZC) and that this operator
is the infinitesimal generator of an exponentially decaying Cp-semigroup.
Lemma 6.6 Let X be the range of P, and let .ZC denote the restriction of A. on X as

above. Then,
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(a) The block operator ,ZC is a closed and densely defined operator on the Hilbert
space X. _
(b) The spectrum of A, satisfies that

o(A:) C {h € C|ReAr < —5)
(c) The family of operators {e’“zf},zo, defined as
Ay = e AU,

forU e Xandt >0, isa Co-semigroup of quasicontractions in the Hilbert space
(H! x L?) | with infinitesimal generator A..
(d) There exists uniform constants M > 1 and w > 0, such that

||etAfU||Hlez < Me U || 112, (6.4)
forallt > 0andeveryU € (H' x L?) .

Proof Since .Zc is a densely defined operator then its closedness is inherited from the
closedness of A, and the closedness of the subspace X. This shows (a).

We now prove (b). By the spectral decomposition theorem we know that o (A ) C
o (A) (cf. Kato (1995)), but 0 ¢ o (A1) because PO = 0 and © # 0 so that © ¢ X.
Therefore, by Theorem 5.5, we have that 0 (A.) C 6 (A:) \ {0} C {A € C: ReA <
—4} as claimed.

By Lemma 6.5 and Remark 6.3, we conclude that X is an ¢/A-invariant closed
Hilbert subspace of H' x L2. Therefore, property (c) readily follows from a direct
application of classical results from semigroup theory (see Section 2.3 of Engel and
Nagel (2000), p. 61). Thus, A, is the infinitesimal generator of the “restricted” semi-
group {et'AL }>0.

Finally, (d) follows by an application of Gearhart-Priiss theorem and since the
operator A, is spectrally stable (see (b)), it remains to prove that

sup I — A0 gL g < oo (6.5)
ReA>0

From (b) we know that the mapping A — ||(A — JZC)’I ll%_, % is continuous, hence it
is uniformly bounded in the compact set K := {A € C|0 < Re A < 4§, A|ImA| < §}.

By Theorem 5.5 we know that ||(A—.A.)~!|| is uniformly bounded in {» € C : Re A >
0} \ K; hence, the proof is complete by noticing that

I —AD) Mgog < 10— A) Hixsx
since X C X = H' x L? and .Zc =A.onD by definition. O

We are now ready to prove the main result of the paper: the nonlinear stability of
moving Néel wall’s phase for |c| sufficiently small.
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7 Nonlinear (Orbital) Stability of Moving Néel Walls

Finally, this section establishes the nonlinear (orbital) stability of the moving Néel wall,
that is, the decay in time of solutions 6 (x, ¢) to the Cauchy problem (2.4), provided
they exist, for initial conditions close to the traveling Néel wall profile v (z). This is
accomplished by recasting equation (2.4) as a new equation that underlies the traveling
Néel wall profile ¥ (z) as a stationary point.

By using the moving frame variables (z, ¢), with z = x —ct, the differential equation
for the Néel wall phase 0(x, 1) = 61 (z, t) induces the following differential equation
on 0:

920 — 2¢8,,0 + 2320 4+ v3,0 — cvd,8 + VE@) = H cos(d). (7.1)

To ease the notation, we drop out all the tilded variables in equation (7.1) from now
on. Notice that equation (7.1) is also invariant under translations in the variable z.
Moreover, 6 = 1/ (z) is a stationary solution since ¥ is solution to (2.11). By defining
the auxiliary variable ¢ = 9,0, equation (7.1) is recast as the following vector evolution
equation

W =FW), zeR, t>0, 72)
W(z,0) = Wo(z), z€R, '
where W = (6, ¢), Wy = (6, vp) is the initial datum and
_ @
FW) = <2€8Z(p — %320 —vp + cvd,0 — VEWB) + H cos(e)) ‘ (7.3)

Due to the existence of the stationary state 1 and the translation invariance of equation
(7.1), the term F satisfies that for every s € R

F(p(s)) =0, where ¢(s) = <W(';—s)> . (7.4)

Thus, differentiation with respect to s readily implies that A = 0 is a eigenvalue of the
derivative D F of F. In addition, the linearization of (7.2) around the time-independent
solution ¢ (s) is

atVZAiV, ZER,[>0,
(7.5)
V(z,0) = W(2), z€eR,
where
0 I
S .
Ac = (—Ei 2¢d, — vI> ’

with

= — d
L£5=1, +c*2 —cvd, + Hsiny(-+s)I, and L, = d—VE(w(-—i—s)—i—eu)
€ e=0
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Asbefore (see Capellaetal. (2024), Section 7), the operators AS : H IxL? > H'x[?
and £ : H' — L? have dense domains, D(A}) = H? x H' and D(L%) = H?,
respectively. When s = 0, we observe that

A=A, and L0=c..

Indeed, it is not difficult to verify that if 7;(s) denotes the left translation operator then
it is an H'-isometry and the generator of a Co-semigroup (see Capella et al. (2024),
Section 7 and Engel and Nagel (2000)). As a consequence, all spectral results for the
operator A, with s = 0 from last sections are applicable to the family of operators A4S
with s # 0. Actually, by Lemma 4.2.1 in Kapitula and Promislow (2013), p. 87, the
whole family of operators {s € R : A’} is isospectral. In order to distinguish all the
mathematical objects used until Sect. 6, we add a superscript “s” for the corresponding
mathematical object in the case where s # 0. For example, the projector operator P;
and its range X* which replace the projector operator P, and its range X used before
for the case s = 0. For details, see Capella et al. (2024).

Since the whole family of operators is isospectral, we conclude that the spectral gap
is also preserved and the existence of a unique solution to the Cauchy linear problem
(7.5)in H' x L? is guaranteed by the action of the Co-semigroup of quasicontractions
generated by A? on the initial conditions. Moreover, when we restrict the admissible
solutions of (7.5) to the Hilbert subspace X , the Lemma 6.6 implies the existence of
constants M > 1 and @ > 0 such that

tj(s —at
e Vol iz < Me™ Vol g1y 2s

for every Vp € X5 Itis important to point out that the decaying rate bound @ also
is independent of s because it only depends on the spectral gap and the H' and L?
norms of ¥ (- 4+ s), which remain constant under translations.

Just like in our previous stability analysis (Capella et al. 2024), the proof of Theorem
2.9 follows from a direct application of the following abstract nonlinear stability result.

Theorem 7.1 (Lattanzio et al. (2016)) Let X be a Hilbert space and I C R be an
open neighborhood of s = 0. Assume that F : D C X - Xand¢ : 1 CR - D
satisfies F (¢) = 0. Suppose that P* is the projector onto {¢’ (s)}% and that there exist
positive constants Cy, so, M, w and y such that

(A1) for every solution V.= V (¢, Vy, s) to (7.5), there holds
IP*V(z, Vo, $)lx < Coe™ P Vollx,
(A2) ¢ is differentiable at s = O with
I9(s) = ¢(0) = ¢'O)sllx < Cols|'*.
for|s| < so,; and,
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(A3) F is differentiable at ¢ (s) for every s € (—so, So) with
[F(p(s) + W) — F(¢(s)) — DF(@(s)Wlx < C0||W||;+y, (7.6)

Jor [Wlx < M.

Then there exists € > 0 such that for any Wo € Be(¢p(0)) C X there exists s € I and
a positive constant C for which the solution W (t; Wy) to the nonlinear system (7.2)
satisfies

W, Wo) = ¢()llx < C [Wo—0)llx e

Remark 7.2 Theorem 7.1 is an extension to Hilbert spaces of an early result by Sattinger
(1976) which establishes nonlinear stability from spectral stability by controlling the
growth of the nonlinear terms via the variation of constants formula, but only in the
case of a simple translation eigenvalue A = O for the linearization. In such a case the
manifold generated by the traveling wave is one-dimensional, the projection P onto the
eigenspace has rank one and the necessary nonlinear modulations of the perturbations
of the wave pertain to translations alone.

The proof of Theorem 2.9 follows from Theorem 7.1 upon verifying assumptions
(A1) through (A3). Moreover, Theorems 5.5 and 5.6 impose a speed threshold, ¢* > 0,
necessary to obtain spectral stability with spectral gap, and in consequence, to achieve
(A1). The speed threshold c* also implies an upper bound on the magnetic field strength
(see Remark 2.8). Hence, the magnetic strength threshold ¢ follows from Theorem 7.1
and the upper bound on the magnetic field strength imposed by ¢*.

7.1 Proof of Theorem 2.9

Let X = H' x L2, D := H? x H'. Since |H| < 8, we know that the traveling Néel
wave, predicted by Capella et. al. (2007), exists. By defining F as in (7.3) and ¢ (s)
as in (7.4), it follows that F (¢ (s)) = 0 for every s € R by (7.4).

Let ¢ (v) be the decay rate bound from Theorem 2.4, and fix § € (0, ¢(v)). Upon and
application of Theorems 5.5 and 5.6, there exists c§ > 0 such that linear perturbation
equation (4.6), or equivalently (4.7), is spectrally stable with a spectral gap § > 0, if
the speed c of the traveling wave y satisfies that |c| = O(|H|) < c§. Moreover, the
Lemma 6.6 implies that (A1) is satisfied for the projectors P{ due to the isospectrality
of the family of block operators {AS : H! x L> > H' x L? : 5 € R}. Since § was
arbitrarily chosen, it follows that for every traveling speed ¢ such that

le] < ¢ :=sup{c; |0 <3 < (v},
the condition (A;) in Theorem 7.1 is satisfied.

In order to verify (A,), first notice that since ¥ € H? is a real-valued smooth
function, then there holds

lp(s) =@ ©0) — ' O)sllpir2 = IW(C+5) =¥ — @ P)sly
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By the Taylor series’ remainder integral representation and by Jensen’s inequality, we
have

2

1
||w<-+s)—1/f—(azw>s||izs/Rs“ /0 (1—1) 32y (x +15)dt| dx

1
< s4f / (1—1) (331//()64-1\?))2 dt dx.
R JO

Now, by changing the order of integration, and recalling that every translation is a
L?-isometry, we get

2 4 2 2 ! 2
WG +5) = — @sl?, = s azw\LZ/O (-0t
A similar argument for 9,y yields
2 2 4 3 2 ! 2
8Z1//(-+s)—8zw—(8Z1//)s‘L2=s BZI//‘LZ a—oan

Therefore,

2
166) =60 = ¢ Osllanns = = [020] .

and (A») follows with y = 1.
Now let W = (wy, ws) € H? x H! and for any s € R let us denote the s-left
translation of the traveling Néel wall profile, namely, ¥ (- + s), by . Hence,

. — w2
Fo©+w) = (2c31w2 — 22y + 1) — v + v (Y + ©1) — VEW + w1) + H cos(ry + wl)) '

0
Fotn = (fczafu/x + v — VE(U,) + H cos u/) ’

DF(¢(s))W=A§W=( w2 )

2cd;wy — vwy — LIw)

Upon substitution of the expressions for F (¢ (s) + W), F(¢(s)), AZW, and the left-
shifted version of equation (4.3), we get

IF(@®) + W) — F($(®)) — DF@EHWIl 1,2

= ”VE(]//S) — VEWs +wy) + H cos(Ys + wy) — Hcos g + Liw) — czagwl + cvd;wg HLZ
= ”VS(I/IS) — VEWs +wy) +Zi.w1 + H cos(¥s + wy) — H cos Yy + H sin yowy HL2

= |VEWs) = VEWs +wi) + Tiwn |, + 1H cos(ps +w1) — Heos s + Hsin w2
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where the last equality follows from the triangle inequality. The first term on the
right-hand side of last inequality satisfies the estimate

VEWs) — VEWs +wi) + Lowi| < CIIWIZ,1 5,
H HL2 HixL

for some constant C > 0. Since the traveling Néel wall profile phase ¥ is as smooth as
the static Néel wall profile phase 6, the proof of this statement is the same as the proof
performed on bounding the term || VE(5) — VE(@s + wi) + Low | ;2 from Theorem
2.3 in Capella et al. (2024), word-by-word.

Finally, the inequality | cos(¥s + w1) — cos ¥g + w1 cos Yy | < %wlz and Sobolev’s
embedding theorem yield

2
| H cos(s +w1) = H cos s + Hsin yewn |2, < J1HP [wi]

A

Ly g 12 (12 2
I HI w5 w7
1 g2 4

g HI7 lwill

Lo 2 w4
I HITIW

IA

IA

x L2

Therefore, (A3) holds for y = 1 and some C¢y > 0 that depends on the magnitude of
the external magnetic field H. Thus, Theorem 7.1 implies the existence of the threshold
g€ (0, 5), the translation s € R, and the positive constants C and , such that (2.15)
holds. The proof is completed by setting ¢ = min{&, H*}, where H* is the magnetic
field strength required for a moving Néel wall at speed c¢*. O

8 Discussion

We have proved the nonlinear stability of moving Néel walls in ferromagnetic thin
films in the present paper. These structures emerge when a weak external magnetic
field is applied. The moving Néel wall is described by a wave-type dynamics equation
for the phase of the in-plane magnetization. The speed of propagation of the moving
wall, ¢, is of order O(|H|), where |H| < 1 measures the intensity of the external
field. After linearizing the model equations around a moving wall’s phase, the result-
ing spectral problem for the perturbation turns out to be an order O (|c|)-perturbation
of the linearized operator around the static Néel wall, which is spectrally stable. The
main result relies on establishing resolvent-type estimates for the latter operator, which
imply the stability of the linearized operator around the moving Néel wall upon appli-
cation of standard perturbation theory for linear operators. Whence, Lumer-Phillips
theorem, the theory of Cp-semigroups, and a nonlinear iteration argument yield the
nonlinear stability result.

The smallness of the applied magnetic field is a crucial feature to infer both the
existence and the stability of a moving domain wall. It is well known in micromagnetic
literature, see Mougin et al. (2007); Hubert and Schifer (1998), that the Walker break-
down condition dictates the existence of a threshold value for the magnetic field’s
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intensity H for which the stability and/or the existence of the moving wall is lost.
Finding this threshold value from a rigorous analysis is not only essential for applica-
tions but also a challenging open problem. Indeed, if the magnetic field is too strong,
we expect the instability to be so violent that we practically never see the moving wall
evolve over time. This behavior is, perhaps, associated with a bifurcation phenomenon
in which the intensity of the magnetic field plays the role of the bifurcation parameter.
This is an open problem that warrants further investigation.

Appendix A Useful Estimates

In the present appendix, we state and prove some useful lemmata necessary in the
proof of the resolvent estimates from Theorem 5.5.

LemmaA.1 Letv > 0and § € (0, v/2) be fixed. Assume that T' C C is the square of
side length 25 and center at the origin as defined in (5.1). Also, define S : [0, /2] x
C— Ras

S, A) := |2*cos> ¢ + (A + v) sin® ¢|.

Then, for every (¢, L) € [0, 7/2] x {Re X > =8} \ conv(I") there holds that

)
S0 = ——— (g—a) - 0.
82+

Moreover, if Im A # O, then

V2[Im A||Re & + v/2|
v/2 4 [ImA|

S(@, 1) =

Proof First, we let S7(¢, ) := (Re A + vsin® ¢)? and S3(¢, &) = (Im 1)? cos® 2¢),
this implies from the definition of § that S> = S§? + S3. By letting ¢(u) =
arcsin(\%\/u + 1) we get

FHu, 2) = STHp ), 2) + 53 (pw), ) = (Re A+ % (1 + u))2 + ImA)%u?. (A1)

Notice that the mapping ¢ : [—1, 1] — [0, /2] is onto, hence bounding S2 on
the set [0, 7/2] x {ReA > —8} \ conv(I") is equivalent to bounding f2 on the set
Q= [—1,1] x {Rer > =4} \ conv(I"). Indeed, f2 > 0, otherwise both terms in
(A.1) must vanish, yielding that either A = —v(1 4+ u)/2 or Re A = —v/2, but neither
of both conditions are met on the set {Re A > —4§} \ intconv(I"). Also, since f(u, -)
grows linearly with A for |A| big enough, then there exists a compact neighborhood of
(0, 0) where f? meets its global minimum. It is not hard to see that £ has no critical

@ Springer



83  Page42of49 Journal of Nonlinear Science (2025) 35:83

points inside €2, then its minimum is attained at 92 which is divided into the sets

Q={u,1) e Qlu=-1},

Q= {u,1)eQ|u=1)}

Q3 ={(u,1) € Q||Imxr| <8, Rei =35},
Qi ={w,2) € Q||Imi| > 8, Rer = —5},
Qs ={,1) € Q||Imi| =35, [ReAr| <8}

By a simple evaluation, we readily get that

min f2(u, ) =8>, and min f2(u, 1) = (v —8)% + 2.
QUQ3 [o))

Regarding the sets 24 and 25 as two-dimensional sets, standard analysis tools yield
that the minimum values of f2 on each set are attained on their boundary. Indeed,

oo o 5G9 G -8
Qﬂn&&f wu,\)=f ( §(1 £1), = .

2 2
82+ o 824+

This completes the first part of the statement.

Finally, when Im A # O the convexity of S2(¢(-), A) and S22 (¢ (-), 1) plus its non-
negativeness imply that S2(p(), A) > min{S%(q) (), A), S%(q) (+), A)}, which is also a
convex and non-negative function whose minimum is attained in the set {# € [—1, 1] :
S%(¢(-), A) = S%(¢(~), A)}. Due to these simple expressions, we easily get that

2(Im A)2(Re A + v/2)?

2 infs2 3
SYU@ (), &) = min{ST(p(-), A), S3(¢(), M)} = (v/2 + [Im A])2

LemmaA.2 Letv > 0 and 8 € (0, 1) be fixed. Assume that » € C is such that
Re > —Bv/2 and (Im1)2 > Ag + A* (2 — B)v; then

1 — Aal/2|v + Al > (1 — g) A51/2v.
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Proof Weobservethat|l—AO |v+)»|| > Isince A, 12 [V4+A| > A_l/2

Therefore,

ImA| > 1.

Ay P4l = APV Re () + v)2 + (Im2)2 — 1

2
>A1/2\/<1—§> V24 Ag+ Ay 2= B —1
=A;"? (A(‘/2+(1—§)v> ~1
B\ . _
(-84

LemmaA.3 Let A € C be as in Lemma A.2. Define a()) = |v + A|Aal/2 and

I1—A

faon (@) = (1 —a(r))cosp — (1 + a(r)) sin¢.

Then | fai) (@) = % ( — g) Aalﬂvfor every || < €, where

22— B) Ay
47t+(2+7r)(2 B) Ay

VN > 0.

Proof First, we notice that the function f,(,)(¢) is continuous and decreasing on its
argument since a(A) > 1. Also, f,)(¢) < 0for ¢ € ((1 —a(r))/(1 + a(r)),0).
Therefore, | fur) (@) > —fa(,\)(—% sin~!€) > 0. Since cos ¢ > %(p +land ¢ >
sin~! ¢ hold for ¢ € [0, 7/2] and ¢ > sin ¢, we get

\%

1
o @] = — face <—§ sin~! e)

(a(h) — 1) cos (% sin~! e) — (1 +a))sin (% sin~! e)

P
> (@) — 1) (1 - Smﬂ 6) —(+a() <- sin le>

> @G- (1- %) - %(1 Fa()e.
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This last inequality and Lemma A.2 imply that

> 1 1 7 | 1 n
meenfi-(2))(-(-3))
> <1+(1—§>A01/2U> (1—<5+%>e>—(1—<§_%>6>
_ 1 _
(=) s[5+ (+5) (- )
5(1-5) a5
272

where the last inequality holds for € chosen as in the statement of the lemma. This
finishes the proof. O

v

v

LemmaA.4 Letv > Qbefixedand {(v) > Qbeasin Lemma2.4. Also, let 5 € (0, ¢ (v))
be fixed and define

Gy={2€C :Rer> =4, |Imi|>8}U{s(t+Li):te(—1,1)} (A2)
The function M : [0, /2] x G> — R, given by
1 |A] 4 [A + V]

lcos — 3+ v|Ag 7 sing| 147 cos2+ (L +v)sin® | |
(A.3)

M(¢p, ) = min {

is uniformly bounded on its domain.

Proof In order to prove this,
let B € (0, 1) be a fixed constant such that 26 < Bv and define € > 0 as

o 22-p) A,
AT+ Q4m Q2 —B Ay

Then, [0, /2] x G is the union of the following three sets:

Hy = (0, 7/2]\ (/4 —€,m/4+¢€)) x G2,

Hy=(r/d—Lsinle, /a4 Lsin™' o) x {he Ga | ma)? < Ag+ AY 22— Byv),

Hy=(r/d—Lsinle, m/d+ Lsinhe) x (e Ga | (m )2 > Ag + Ay 22— Byv)

(see Figures 2 and 3). Before proving that M (¢, A) is uniformly bounded on (¢, 1) €
[0, 7 /2] x G2, letus examine Figures 2 and 3. Figure 2 shows the projections of the sets
Hj and H> U Hj (regions in light blue and in light green, respectively) onto the plane
Im A = —d for any constant d > §. The purple and blue curves represent the regions
where (Re A + v sin? ¢)2 = 0 and (Im 1)? cos? 2¢ = 01in the plane Im A = —d. Both
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Fig. 2 Depiction of the sets Hj )

and Hy U H3, regions in light

blue and light green colors, T /.2
respectively, projected onto the
plane Im A = —d for any
constant d > & (Color figure
online)

sin~! (T /4

curves intersect at the point (7 /4, —v/2) which lies outside of the region of interest
because § > ¢(v) > —v/2. This fact implies that

IA* cos? ¢ + (A + v)sin® ¢| > 0,

in every plane of the form Im A = —d for any constant d > §.

Figure 3 shows the sets Hy and H, U Hs3, regions in light blue and light green
colors, respectively, in the region Im A < 0. Once again, the red curve and the black
dotted curve represent the sets where |A* cos? ¢ + (A + v) sin” ¢| = 0 and the curve
I, respectively. This graphical representation makes evident that M (¢, A) < oo since
this curve is outside [0, 77 /2] x G,. Despite of the boundedness of the term |A* cos? o+
(A 4+ v) sin? ¢|~!, the uniform boundedness of M (¢, 1) does not follow from it since

, Al + A+ v
lim = 0.

mil—o00 \/(Re A 4 vsin? ¢)2 + (Im A)2 cos? 2¢ /4

This behavior justifies the necessity for the splitting of [0, 7 /2] x G2 into the sets
H;’s and the two resolvent estimates in Lemma 5.2.

Notice that the set H> is empty provided that § > Ao+ A(l)/ 2 (2 — B)v. Also, due to
the proximity of ¢ to 7/4 in H, and H3, we assume that, in those sets, ¢ = /4 + ¢
with |¢| < % sin~! €. Thus, we easily get that

€? > sin®(2¢) = cos® 2(7r /4 + @) = cos® 2¢.
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|2 cos? ¢+ (v+ A)sin?p| =0

/2

W
‘(\'L\) /4

................
0

ImA

Hy

aﬁ

Fig. 3 Illustration of the sets H| and Hy U H3 (in light blue and light green colors, respectively), in the
region Im A < 0. Once again, the red curve and the black dotted curve are the sets where |A* cos? ¢+ A+
v) sin? ¢| = 0 and the curve T, respectively (Color figure online)

Now, we examine M (¢, 1) on each of the sets H;,i = 1, 2, 3.

(Hyp) Notice that | cos 2¢p| > € in Hj. Therefore,

M. 2) < A+ A +v])
VRe A+ vsin? )2 + (cos(2¢)Im A)2
3 (12 + 2+ v)

V(Rer+ vsinZ ¢)2 + e2(Imr)2

Observe that the term on the right hand side is uniformly bounded since it is contin-
uous as a function of (A, ¢) € Cy x ([0, w/4— % sin~! €]U [n/4+% sin~le, /2])
and it is bounded as |A| — oo.

(H>) In this set, Lemma A.2 and equation (A.3) imply that

Mo < <v/2+ |Imk|> <|/\| + |x+v|)

[Im A| [Re A +v/2|
_ v/2 4+ [ImA| [IRe A| + |Re A + v| 4+ 2|Im A|
- [Im A| [Re A +v/2| '

Thus, M (¢, A) is uniformly bounded in H> since Im A < (Im 2?2 < Ao—l—A(])/2 2-
Bv.
(H3) By the selection of g, it follows that Re A > —fv/2 and (Im N> Ag+

A(l)/ 2 (2— B)v. Hence, the conclusion of Lemma A.2 holds. Moreover, the selection
of € implies that Lemma A.3 also holds. These observations immediately imply
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that

M(p,2) = M(/4+ ¢, 1)
V2
14— 4 vAy ) cosg — (1 + [+ v]Ay ) sing]
2200
S —7
(I=8/2)v

for (¢, L) € H3. Hence, M (¢, 1) is uniformly bounded in H3.

IA

The combination of the estimates in these three cases proves the lemma. O
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