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Spatial decay of rotating waves in reaction diffusion systems
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ABSTRACT. In this paper we study nonlinear problems for Ornstein-Uhlenbeck
operators

ALv(z) + (S, Vo(z)) + f(v(z)) =0, 2 € RY, d > 2,

where the matrix A € RV is diagonalizable and has eigenvalues with positive
real part, the map f : RV — R¥ is sufficiently smooth and the matrix S € R
in the unbounded drift term is skew-symmetric. Nonlinear problems of this
form appear as stationary equations for rotating waves in time-dependent re-
action diffusion systems. We prove under appropriate conditions that every
bounded classical solution v4 of the nonlinear problem, which falls below a cer-
tain threshold at infinity, already decays exponentially in space, in the sense
that v, belongs to an exponentially weighted Sobolev space Wel’p(Rd,RN).
Several extensions of this basic result are presented: to complex-valued sys-
tems, to exponential decay in higher order Sobolev spaces and to pointwise
estimates. We also prove that every bounded classical solution v of the eigen-
value problem
Alv(z) 4 (S, Vo(@)) + Df (vs(x))v(z) = Mo(z), © € RY, d > 2,

decays exponentially in space, provided Re A lies to the right of the essential
spectrum. As an application we analyze spinning soliton solutions which occur
in the Ginzburg-Landau equation. Our results form the basis for investigating
nonlinear stability of rotating waves in higher space dimensions and truncations
to bounded domains.
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1. Introduction

In the present paper we study systems of reaction-diffusion equations
ug(z,t) = Alu(z,t) + f(u(x,t)), t >0,z € R d > 2,

1.1
(1) u(z,0) = uo(x) ,t=0, 2R

where A € RYV is a diffusion matrix, f : RN — RY is a sufficiently smooth
nonlinearity, 1y : R — RY are the initial data and u : R? x [0,00) — R¥ denotes
a vector-valued solution.

We are mainly interested in rotating wave solutions of (1.1) which are of the
form

(1.2) Uy (2,t) = ve(e™2), t >0, 2 € R, d > 2

with space-dependent profile v, : R? — RY and skew-symmetric matrix S € R%4,
The skew-symmetry of S implies that e ** describes a rotation in R?, and hence u,
is a solution rotating at constant velocity while maintaining its shape determined
by v. The profile v, is called (exponentially) localized, if it tends (exponentially)
to some constant vector v, € RY as |z| — oo.

Transforming (1.1) via u(x,t) = v(e *°z,t) into a co-rotating frame yields the
evolution equation

vi(x,t) =AAv(z,t) + (S, Vo(z, t)) + f(v(z,t),t >0,z € RY d > 2,

(1.3) d
v(x,0) =up(z) ,t=0,2 R
The diffusion and drift term are given by
d_ 52 d d
(1.4) AlLv(z) := AZ @v(x) and (Sz,Vou(z)) := Z Z Sijx;Div(z).
-1 O i=1 j=1

The pattern v, itself appears as a stationary solution of (1.3), i.e. v, solves the
steady state problem

(1.5) AN, (z) + (Sz, Ve (z)) + f(ve(z)) =0,z € RY d > 2.

We may write (1.5) as [Lovi](z) + f(v«(z)) = 0 by introducing the Ornstein-
Uhlenbeck operator

(1.6) [Lov] (z) := AAv(x) + (Sz, Vu(z)), 2 € R

By the skew-symmetry of S we can write the drift term in terms of angular deriva-
tives as follows

d-1 d
(1.7) (Sz,Vou(z)) = Z Z Sij (:Cjai - m1£> v(x).

i=1 j=i+1
The aim of this paper is to derive suitable conditions guaranteeing that every
localized rotating wave of (1.1) is already exponentially localized. More precisely,
the main theorem states the following: if the difference v, — v, of a rotating wave
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to its far field value falls below a certain threshold at infinity, then it decays ex-
ponentially in space. The decay is specified by showing that v, — v, belongs to
some exponentially weighted Sobolev space W91 PRERN), 1 < p < co. Our key
assumption requires all eigenvalues of the Jacobian D f(vs,) to have negative real
part.

We extend this result to complex-valued systems and then apply it to prove
exponential decay of localized spinning solitons arising in the cubic-quintic complex
Ginzburg-Landau equation (QCGL), [14]. Figure 1(a) shows the real part of a
spinning soliton v, in two space dimensions, while Figure 1(b) shows the isosurfaces
of the real part of a spinning soliton in three space dimensions. Both of these ro-
tating waves are exponentially localized, as our results will show. Two nonlocalized
rotating waves are illustrated in Figure 1(c)-(d). Figure 1(c) shows the real part of
a spiral wave in two space dimensions and Figure 1(d) the isosurfaces of the real
part of an untwisted scroll wave. In Section 6 below we will discuss this example in
more detail.

(a) b) (c) (d)

FIGURE 1. Rotating waves of QCGL (6.1). (a) Spinning solitons
for d = 2 with colorbar reaching from —1.6 (blue) to 1.6 (red), (b)
spinning soliton for d = 3 with isosurfaces at values —0.5 (blue)
and 0.5 (red), (c) spiral wave for d = 2 with colorbar reaching
from —1.7 (blue) to 1.7 (red), and (d) scroll wave for d = 3 with
isosurfaces at values —0.5 (blue) and 0.5 (red)

An important issue is to investigate nonlinear stability of rotating waves (more
precisely, stability with asymptotic phase) in reaction diffusion systems, see [5]. A
well known task is to derive nonlinear stability from linear stability of the linearized
operator

(1.8) [Lv] () := [Lov] (x) + Df (vi(z))v(z), z € RY.

By linear stability (also called strong spectral stability) we mean that the essential
spectrum and the isolated eigenvalues of L lie strictly to the left of the imaginary
axis, except for those on the imaginary axis caused by Euclidean equivariance, [26,
Ch.9]. This requires to study isolated eigenvalues A € C of the problem

(1.9) (M = L)v] (z) =0, z € R,

A further aim of this paper is to prove that every bounded eigenfunction v of
the linearized operator £ decays exponentially in space, provided the real parts of
the associated (isolated) eigenvalues X lie to the right of the essential spectrum.
To be more precise, we show that for such values of A\, every bounded classical
solution v of the eigenvalue problem (1.9) belongs to some exponentially weighted
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Sobolev space ng’p(Rd,RN) for some 1 < p < oo. In particular, we prove that
the eigenfunction v(z) = (Sz, Vu,(z)) associated to the eigenvalue A = 0 decays
exponentially in space.

A nonlinear stability result for two dimensional localized rotating patterns was
proved by Beyn and Lorenz in [5]. Their proof requires three essential assumptions:
The matrix D f(vs) is stable, meaning that all its eigenvalues have a negative real
part. Moreover, strong spectral stability in the sense above is assumed. And finally,
the profile v, of the rotating wave and its derivatives up to order 2 decay to zero
at infinity. Their analysis shows that the decay of the rotating wave itself and the
spectrum of the linearization are both crucial for investigating nonlinear stability.
A corresponding result on nonlinear stability of nonlocalized rotating waves, such
as spiral waves and scroll waves, is still an open problem. The difficulty is related
to the fact that the essential spectrum touches the imaginary axis at infinitely
many points. The spectrum of the linearization at (nonlocalized) spiral waves is
well-known and has been extensively studied by Sandstede, Scheel and Fiedler in
[16, 31, 32].

For numerical computations it is essential to truncate the equations (1.1), (1.3)
and (1.9) to a bounded domain, so that standard approximations, e.g. with finite
elements, apply. The truncation error arising in this process, depends on the bound-
ary conditions. Assuming that a rotating wave is (exponentially) localized, we can
expect the truncation error to be (exponentially) small as well. For this reason,
the exponential decay of rotating waves plays a fundamental role when estimating
errors caused by approzimations of rotating waves on bounded domains.

We consider our results on the decay of rotating waves for (1.1) on the whole
R? as a first step in studying such truncation errors. Despite numerous numerical
simulations of spiral behavior on bounded domains, a rigorous analysis of the errors
caused by spatial truncation seems not to be available.

We emphasize that the results from Section 3-6 are extensions of the results
from the PhD thesis [26]. One major improvement refers to the fact that our main
result Theorem 2.8 avoids the additional assumption v, € LP(RY RY) from [26,
Thm.1.8] by using ideas from the work [6].

2. Assumptions and main result

2.1. Assumptions and main result. Consider the steady state problem
(2.1) ANv(x) + (Sz, Vu(z)) + fv(z)) =0,z € RY d > 2,

with diffusion matriz A € KV¥ and a function f : K¥Y — K¥ for K € {R,C}.
Recall the Ornstein-Uhlenbeck operator from (1.6) with drift and diffusion term
specified in (1.4).

We define a rotating wave u, as follows:

DEFINITION 2.1. A function u, : R? x [0,00) — K is called a rotating wave
(or rotating pattern) if it has the form

(2.2) uy(2,t) = v, (e (x — ), 2 € RY t € [0,00),

with profile (or pattern) vy : R — K%, a skew-symmetric matrix 0 # S € R%¢ and
z, € R% A rotating wave u, is called localized (exponentially localized with decay
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rate n) if it satisfies

(2.3) lim e |v, () — vao| = 0 for some vo, € KV

|z]|— o0
and for n = 0 (n > 0). It is called nonlocalized, if it is not localized in the sense

above.

The vector z, € R? can be considered as the center of rotation for d = 2 and
as the support vector of the axis of rotation for d = 3. In case d € {2,3}, S can be

considered as the angular velocity tensor associated to the angular velocity vector
d(d—1
w e R*5 containing Si;, 1 = 1,...,d -1, 7 =i+ 1,...,d. Some examples of

rotating patterns are illustrated in Figure 1 and will be treated in Section 6 below.
In the following we will impose various restrictions on the matrix A:

AssuMPTION 2.2. For A € KNV with K € {R,C} and 1 < p < oo consider the
conditions

(Al) A is diagonalizable (over C),
(A2) Reo(A) >0,
(A3) Re(w, Aw) = Ba YVw € KV, |w| =1 for some B4 > 0,
(A4) There exists 74 > 0 such that for all z,w € KV
|z]*Re (w, Aw) + (p — 2)Re (w, 2) Re (z, Aw) > va|2z|*|w|?,
P — 2|

(A5) A is invertible and p;(A) >
(to beread as A =a > 0in case N =1, K=R).

Assumption (Al) is a system condition and ensures that all results for scalar
equations can be extended to system cases. This condition is independent of (A2)-
(A5) and is used in [26, 27] to derive an explicit formula for the heat kernel of
Loy. A typical case where (A1) holds, is a scalar complex-valued equation when
transformed into a real-valued system of dimension 2 . The positivity condition
(A2) guarantees that the diffusion part AA is an elliptic operator. All eigenvalues
A € 0(A) of A lie in the open right half-plane {\ € C | Re A > 0}. Condition (A2)
guarantees that A~! exists and that —A is a stable matrix. The strict accretivity
condition (A3) is more restrictive than (A2). In (A3) we use (u,v) := T v to
denote the standard inner product on KV. Recall that condition (A2) is satisfied iff
there exists an inner product [, -] and some 34 > 0 such that Re [w, Aw] > (4 forall
w € KN with [w,w] = 1. Condition (A3) ensures that the differential operator Ly is
closed on its (local) domain D (Ly), see Theorem 2.12 below. The LP-dissipativity
condition (A4) is more restrictive than (A3) and imposes additional requirements
on the spectrum of A. This condition, which comes originally from [11, 12], is used
in [26, 29] to prove LP-resolvent estimates for £y. A geometrical meaning of (A4)
can be given in terms of the antieigenvalues of the diffusion matrix A. In [26, 28], it
is proved that condition (A4) is equivalent to the LP-antieigenvalue condition (A5).
Condition (A5) requires that the first antieigenvalue of A (see [17, 18]), defined by

. . Re(w, Aw) . . Re(w, Aw)
A) = inf WA REW AW
A= B TelAul ks JAul
w#0 Jw|=1

Aw#0 Aw#£0
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is bounded from below by a non-negative p-dependent constant. Condition (A5) is
also equivalent to the following p-dependent upper bound for the (real) angle of A
(cf. 17)),

lp — 2|
p

Therefore, the first antieigenvalue p;(A) can be considered as the cosine of the
maximal (real) turning angle of vectors mapped by the matrix A. Some special
cases in which the first antieigenvalue can be given explicitly are treated in [28].
We summarize the relationship of (A2)-(A5):

(2.4) A invertible <= (A2) <= (A3) <= (Ad) <= (A5).

Pg(A) :=cos™ (u1(A)) < cos™? < ) e (o, E], 1<p<oo.

2

We continue with the rotational condition (A6) and a smoothness condition

(A7),
ASSUMPTION 2.3. The matrix S € R%9 satisfies
(A6) S is skew-symmetric, i.e. S = —S7.
ASSUMPTION 2.4. The function f: RN — R¥ satisfies
(A7) f e C*RN,RM).
Later on we apply our results to complex-valued nonlinearities of the form
(2.5) f:eN =, fw) =g (juf)u,
where ¢ : R — CN:V is a sufficiently smooth function. Such nonlinearities arise for
example in Ginzburg-Landau equations, Schrodinger equations, A — w systems and
many other equations from physical sciences, see Section 6. Note, that in this case,
the function f is not holomorphic in C, but its real-valued version in R? satisfies

(A7) if g € C?. For differentiable functions f : RN — RY we denote by Df the
Jacobian matrix in the real sense.

ASSUMPTION 2.5. For v, € RY consider the following conditions:
(A8)  f(us) =0,
(A9) A, Df(veo) € RV are simultaneously diagonalizable (over C),
(A10) Reo (Df(vso)) <0,
(A11) There exists (o > 0 such that for all w € KV with |w| =1
Re (w, =D f (voo) W) 2 Poo-

The constant asymptotic state condition (A8) requires v, to be a steady state
of the nonlinear equation. The system condition (A9) is an extension of Assumption
(A1), and the coercivity condition (All) is again more restrictive than the spectral
condition (A10).

DEFINITION 2.6. A function v, : R* — K is called a classical solution of (2.1)
if
(2.6) v, € C*(RY,KY)

and v, solves (2.1) pointwise.
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Later on, we will consider classical solutions v, which are even bounded, i.e.
v, € Cp(RYKYN). For matrices C € KNV with spectrum o(C) we denote by
p(C) == max e, (c) |A| its spectral radius and by s(C) := maxyeq, (o) Re A its spectral
abscissa (or spectral bound). With this notation, we define the following constants
which appear in the linear theory from [26, 27, 29]:

Amin = (p (Afl))_1 , Gmax = p(A), ag = —s(—A),
(2.7) a2 5
a = (CLrninaO) , bo = —=s(Df(veo))-

Recall the relations 0 < ag < B4 and 0 < by < B to the coercivity constants
from (A3),(A11l). Our main tool for investigating exponential decay in space are

exponentially weighted function spaces. For the choice of weight function we follow
[40, Def.3.1]:

DEFINITION 2.7. (1) A function § € C(R% R) is called a weight function of
exponential growth rate n > 0 provided that

(W1) 6(x) > 0Vaz e RY,
(W2) 3C > 0: 0(z+y) < Cob(x)e™ Va,y e R
(2) A weight function § € C(R% R) of exponential growth rate n > 0 is called radial
if
(W3) 3¢:[0,00) = R: 0(z) = ¢(|z|) Vo € R%
(3) A radial weight function § € C(R?, R) of exponential growth rate n > 0 is called
nondecreasing (or monotonically increasing) provided that
(W4) 6(x) < 0(y) Y,y € R? with |z| < |y).

Standard examples of radial weight functions are

1(z) = exp (ulal) and 6a(z) = cosh (ulz),

as well as their smooth analogs

05(z) = exp (u\/|x|2—|—l> and  64(z) = cosh (M/xﬁﬂ),

for z € R? and p € R. Obviously, all these functions are radial weight functions of
exponential growth rate n = |u| with Cp = 1. Moreover, 62, 0, are nondecreasing
for any ¢ € R and 64, 03 if p > 0.

With every weight function of exponential growth rate we associate exponen-
tially weighted Lebesgue and Sobolev spaces

LERYKY) :={u € L, (RY, KN) | [|6ul| ;, < oo},
WiP(REKY) :={u e LB(RY,KN) | DPu e LERY,KN) V |8] < kY,
for every 1 < p < oo and k € Ny.

With these preparations we can formulate the main result of our paper.

THEOREM 2.8 (Exponential decay of wv,). Let the assumptions (A4),
(A6)—(A9) and (All) be satisfied for K = R and for some 1 < p < oo. More-
over, let amax = p(A) denote the spectral radius of A, —ag = s(—A) the spectral
bound of —A and —by = s(Df(vs)) the spectral bound of Df(vs). Further, let
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f(x) = exp (u\/|x|2 + 1) denote a weight function for p € R. Then, for every

0 < e < 1 there is a constant K1 = Ki(A, f,ve0,d,p,e) > 0 with the following
property: Fvery classical solution vy of

(2.8) ANv(z) + (Sz,Vo(z)) + f(v(z)) =0, z € RY,

such that

(2.9) sup |u,(x) — veo| < K1 for some Ry > 0,
|z|=Ro

satisfies

Uy — Voo € Wy P(RE,RY)
for every exponential decay rate

vV aobo

AmaxP

(2.10) 0<p<e

Roughly speaking, Theorem 2.8 states that every bounded classical solution v,
which is sufficiently close to the steady state vy, at infinity, see (2.9), must decay
exponentially in space. The exponential decay is expressed by the fact, that v, — v
belongs to an exponentially weighted Sobolev space. Moreover, the theorem gives
an explicit bound for the exponential growth rate, that depends only on p, the
spectral radius of A, and the spectral abscissas of —A and D f(vs,). The role of €
becomes clear upon noting that K; — 0 as ¢ — 1 whereas K; — K{ > 0 as ¢ — 0.
The stronger the exponential rate, the closer the solution v, has to approach v, at
infinity.

2.2. Outline of proof: Decomposition of linear differential operators.
In the following we explain the decomposition of differential operators that leads to
the proof of Theorem 2.8.

Far-Field Linearization. Consider the nonlinear problem
(2.11) AN, (z) + (Sz, Vo, (z)) + f(ve(z)) =0,z € RY d > 2.

Let v, € RY be the constant asymptotic state satisfying (A8) and let
f € CHRY RY). By the Mean Value Theorem we can write

1
fou(2)) = f(vo) +/ D f(voo + H(vs(2) — vog))dt(v4(2) — vsc), € RY.
=0 0

=:a(x)

From v, € Cp (R4, RY) we deduce a € C,(RY, R V). Moreover, since the classical
solution v, solves (2.11) pointwise and v, € RY is constant, the difference w, :=
Uy — Voo belongs to C2(RY,RN) N O, (RE,RY) and satisfies the linearized equation

(2.12) [Lw,](z) = ADw, (z) + (S, Vw, (z)) + a(z)w,(z) = 0, = € R%.

In order to study the behavior of solutions to (2.11) as || — oo, we decompose the
variable coefficient a(x) in (2.12).

Decomposition of a. Let a(z) = D f(ve) + @(z) with @ defined by

Qx) := /0 Df (Voo + tw, () — Df (veo) dt, € RY.
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This yields Q € Cp,(R% RYY) and (2.12) reads as
(2.13) ADw, () + (Sz, Vw, () + (D f(vse) + Q) wy(z) = 0, z € RY.
Decomposition of Q. Let Q(x) = Qs(z) + Qc(x), where Qg € Cp,(R4, RN-N) is

(x
small w.r.t. ||| and Q. € Cp(RY, RNN) is compactly supported on R?, see Figure
2. Then, we arrive at

(2.14) Alw, (x) + (Sz, Vwe () + (D f (v00) + Qs(7) + Qc(x)) wi(x) =0

for z € R?. If we omit the term Qs + Q. in (2.14), the equation (2.14) is called the
far-field linearization.

A

Qs ()]

Y

|| = R

Ry

FIGURE 2. Decomposition of @ with data Ry and K; from Theo-
rem 2.8

Perturbations of Ornstein-Uhlenbeck operator. In order to show exponential
decay for the solution v, of the nonlinear steady state problem (2.11), it is sufficient
to analyze solutions of the linear system (2.14). Abbreviating By, := —D f(vso),
we will study the following linear differential operators:

Lov=AAv+ (Sz,Vv) — Boov + Qs(x)v + Qc(x)v,

Lsv = AAv + (Sx, Vv) — Boov + Qs(2)v,
Loov = ANV + (Sz, Vv) — Boov,

Lov = AAv + (Sx,Vv).

Recall that the drift term (Sz, Vo(z)),z € R?, in the Ornstein-Uhlenbeck operator
Lo has unbounded coefficients and cannot be considered as a lower order term.
Later on, it will be convenient to allow complex coefficients for the operators Ly,
Loo, Ls and L.. Therefore, we rewrite the assumptions (A9)—(A11) as follows:

(2.15)

AsSUMPTION 2.9. For By, € KV:V consider the conditions
(A9p_.) A, Bs € KVY are simultaneously diagonalizable (over C), i.e
3Y € CVV invertible: Y'AY = A4 and Y 'B, Y = Ap_,
with Aa = diag(A{, ..., A\%), Ap = diag(A\P=, ... \B=) e CVN,
(A10p.) Reo(Bw) >0,
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(Allp_) There exists B > 0 such that for all w € KV with |w| =1
Re (w, Boow) 2 Poo-

Similar comments as those following (A9)-(A11) apply. In addition to (2.7),
we need the constants

(2.16) bp := —s(—Bx), #:=cond(Y) (withY from (A9p_)),

where cond(Y) := ||Y 7!||||[Y]| denotes the condition number of Y.

2.3. Constant coefficient perturbations of Ornstein-Uhlenbeck oper-
ators. In the first step we review and collect results from [26, 27, 29, 28] for the
complex-valued Ornstein-Uhlenbeck operator £y in LP(R?,CV) and its constant
coeflicient perturbation L.,

Assuming (A2), (A6), (A9p_) for K = C it is shown in [26, Thm.4.2-4.4], [27,
Thm.3.1] that the function H., : R? x RY x (0,00) — CN- defined by

(2.17) Heoo(,6,t) = (4mtA) ™% exp (fB(x,t — (4tA) " |etSp — g|2) ,

is a heat kernel of the perturbed Ornstein-Uhlenbeck operator Lo, from (2.15). Un-
der the same assumptions it is proved in [27, Thm.5.3] that the family of mappings

Joa Hoo(2, &, t)0(§)dE £>0

€ R?
v(x) ,t=0

) 3

(2.18) [Too ()] (x) := {
generates a strongly continuous semigroup Tho(t) : LP(R? CN) — LP(RY CVN),
t > 0, for each 1 < p < oo, which satisfies the following estimate (see (2.7), (2.16)
for the constants)

(2.19) T (t)0ll o < e o], Wi > 0.

The semigroup (To(t));5, is called the Ornstein-Uhlenbeck semigroup if
Bo, = 0. Otherwise, (T'x(t));5 is a perturbed Ornstein-Uhlenbeck semigroup.
The strong continuity of the semigroup justifies to introduce its infinitesimal gen-
erator A, : LP(R?,CV) D D(A,) — LP(RY,CN) via

i exists in LP(R?, (CN)} .

An application of abstract semigroup theory yields the unique solvability of the
resolvent equation

(2.20) (M — Ay)v =g, for all g € LP(RY,CN), A € C, Re A > —by = s(—Bwo)

in LP(RY, CY) for 1 < p < o0, [26 Cor.6.7], [27, Cor.5.5]. Combining (2.18) with

the representation (Al — A,) "' g = Jo T e T (s)gds, then the solution v € D(A,)
of (2.20) satisfies

(2.21) v=N—A,) 'g= /OOO /Rd e M Ho (-, €, 5)g(€)dEds.

The following a-priori estimate in exponentially weighted LP-spaces is based on the
integral expression (2.21) and is taken from [27, Thm.5.7].
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THEOREM 2.10 (Existence and uniqueness in weighted W1P-spaces). Let the
assumptions (A2), (A6) and (A9p_ ) be satisfied for K =C, 1 < p < oo, and let
0<e<1and\e C with ReXA > —by be given. Moreover, let 0 € C’(Rd R) be a
radially nondecreasing weight function of exponential growth rate n > 0 with
ap (Re A + bo)

@Faxl®
Then, for every g € LE(RY,CN) there exists a unique solution v € D(A,) of the
resolvent equation

0<n’<e

(M — Ay)v =g, in LP(RY,CN).

The solution satisfies v € Wel’p(Rd C™N) and the following estimates

COa
(222) ||’U||Lg <Re)\ + b ||gHLp )
& .
(2.23) 1Dy < ———llgllpz,i=1,....4d,
(Re)\+b0)

where the A-independent constants Cy o, C1 . are given by

1

1 d+1 d 1 v
2(1— Tz Fi|=,1;=;
)2( 5) 2+ 1<2> 7275)> )

a1 d+1 v
a, ¢ w2 (T (%= a1 de? d+1 3
Ol,g :CQH 11 ( ( 3 >(1—€) ; + 2F1 (2,1;2;€)> s
r(3) L

with constants ag, a1, Gmin, Gmax from (2.7), bg, & from (2.16) and Cy from (W2).

CO,E :Cgﬁlal <

min

REMARK 2.11. Above we used the hypergeometric function 5 F}, see [25, 15.4].

Moreover, we modified the original constants from [27, Thm.5.7] by using 2 F} (a, b; b; 2) =

(1 — 2)7@ from [25, (15.4.6)] and the Pfaff transformation 2 Fy (a,b;¢,2) = (1 —
2)7l Fy (c —a,b;c; = 1) for z € C\ [1,00). Note that both quantities o F; (%, 1; %;5)

and oI (%52, 1; 3; <) behave like (1 75)*% as e — 1 ([25, (15.4.23)]), which then
also determines the behavior of the constants Cy . and C1 .

So far, we neither have an explicit representation for the maximal domain D(A,,)
in terms of Sobolev spaces, nor do we have the relation between the generator A,
and the differential operator L£.,. For this purpose, one has to solve the identification
problem, which has been done in [29]. Assuming (A2), (A6) and (A9p_ ) for K =
C, it is proved in [29, Thm.3.2] that the Schwartz space S(R?, CV) is a core of
the infinitesimal generator (A,, D(A,)) for any 1 < p < oco. Next, one considers
Loo : LP(RE,CN) D D (L) — LP(RY, CY) on its domain

loc

loc

(2.24)  DP_(Lo) == {v e W2P(RY,CN) (N LP(RY, CN) | Lo € Lp(Rd,(CN)} .

Under the assumption (A3) for K = C, it is shown in [29, Lem.4.1] that (Lo, D} .(Lo))
is a closed operator in LP(R? CY) for any 1 < p < co. Then the LP-dissipativity
condition (A4) is the key assumption which leads to an energy estimate for the
resolvent with respect to the LP-norm, see [29, Thm.4.4]. The same argument
reappears in Theorem 3.4 below which is an extension of [29, Thm.4.4]. As a di-
rect consequence, the operator Lo, is dissipative in LP(R?, CV), provided (o from
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Assumption (Allp_ ) satisfies S < 0, [29, Cor.4.6]. Combining these results one
can solve the identification problem for L, as follows (see [29, Thm.5.1]).

THEOREM 2.12 (Maximal domain, local version). Let the assumptions (A4),
(A6) and (A9p_) be satisfied for K = C and for some 1 < p < 0o, then

D(Ap) = Dic(Lo)
is the mazimal domain of A,, where DY (Ly) is defined by (2.24). In particular,

loc
A, is the mazimal realization of Lo in LP(R?,CN), i.e.

Apv = Logv Yv e D(A,).

Theorem 2.12 shows that, if we restrict 1 < p < oo and replace (A2) by the
stronger assumption (A4) in Theorem 2.10, we can write Lo, and D} (L) instead
of A, and D(A,). This will be crucial in the proof of Theorem 3.2 below. Moreover,
we stress again that it is this theorem into which the LP-dissipativity condition (A4)

enters, see the comments following Assumption 2.2.

2.4. Bootstrapping and regularity. In Section 3 we study the variable co-
efficient operator

(2.25) [Lou] (v) = AAv(z) + (S, V() — Boov(z) + Q(z)v(x), © € RY,
and its resolvent equation
(2.26) (M —Lg)v=g, inLP(RYCY)

for 1 < p < oo and for different choices of Q € L (R, CNV). In Section 3.1, we
first derive an existence and uniqueness result for the resolvent equation (2.26) in
LP(R4,CN) for general @ (Theorem 3.1). The proof uses the standard bounded
perturbation theorem from abstract semigroup theory as well as Theorem 2.12. In
Section 3.2, we then analyze the resolvent equation (2.26) for perturbations Q = Qs
which are small w.r.t. || . We prove that the unique solution of (2.26) in
LP(R4,CY) decays exponentially if the inhomogeneity g does (Theorem 3.2). The
proof is based on a fixed point argument and uses the results from Theorem 3.1 and
Theorem 2.10. In Section 3.3, we study differential operators of the form

[Lpv] (z) = ADv(z) + (Sz, Vu(z)) — B(z)v(z), = € RY,
where the matrix-valued function B € L>(R%, CV:V) satisfies
Re (w, B(x)w) > cplw]?* Vo € REVw € CV

for some constant cg € R. We consider two different weight functions 6, 65 sat-
isfying 6, < C#3, so that Lj (R4, CN) C Ly, (R4, CN), e.g. 6, may grow while 6;
decays. Then we prove uniqueness of solutions v of (A\[—Lpg)v = g in the large space
WZP(RY,CN) N L (RY,CN) if g is in the small space L (R?,CV), and we derive
resolvent estimates (Theorem 3.4). The proof generalizes the approach from [26,
Thm.5.13] to variable coefficient perturbations and weighted spaces. In Section 3.4
we study the resolvent equation (2.26) for asymptotically small variable coefficient
matrices Q. We prove that if |Q(z)| falls below a certain threshold at infinity, then
every solution v € W2P(R%,CN) n Ly (RY,CN) of (2.26) in L} (RY CN) already
belongs to the small space Welz’p(Rd,(CN) if g € ng (R?,CN), and Re X > —f
(Theorem 3.5). The idea of the proof is to decompose @ into Q = Qs + Q.,
where Qs € L>®°(R?, CV) is small w.r.t. |-, and Q. is compactly supported on
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R?. Then, Theorem 3.2 implies the existence of a solution in the smaller space
WEP(RY,CN) N Ly (R?,CN) and Theorem 3.4 yields the uniqueness in the larger

loc

space W2P(RY,CN) N Ly (R, CY). Note that Theorem 3.5 is the core theorem
which allows us to analyze exponential decay for both, solutions of the nonlinear
problem and solutions of the eigenvalue problem for L.

In Section 4 we prove spatial exponential decay for bounded solutions of the
nonlinear problem (2.11) by employing a bootstrapping argument to the linear
equation (2.12). Shifting the term with the compactly supported coefficient to
the right-hand side, we obtain an inhomogeneity which lies in any weighted LP-
space. Applying the previous linear theory then provides exponential decay in space
provided the difference |v, () — voo| falls below a certain threshold at infinity. In a
second step, assuming additional regularity of the nonlinearity f and the solution
Vs, we show that the higher order derivatives also decay exponentially in space
(Corollary 4.1, Remark 4.2)

(2.27)

Uy — Voo € WP P(RERY), if f e Cmax2h—1H (RN RN v, € CFFL(RE, RY).

This holds for £ € N and p > g in case k > 3, where p is from (A4). In Section 4.3
we combine this result with Sobolev embeddings to deduce that v, — vy, satisfies
exponentially weighted pointwise estimates (Corollary 4.3)

vV aobo

amaxp

(2.28)  |D™(vx(%) — voo)| < Cexp(—p/|z]2+1) VzeRY 0<u<e

and for every multi-index o € N¢ with d < (k — |a|)p. In Section 4.4 we extend our
main result from Theorem 2.8, Corollary 4.1 and Corollary 4.3 to complex-valued
systems with f as in (2.5) (Corollary 4.5).

In Section 5 we study spatial exponential decay for solutions of the eigenvalue
problem

(2.29) ANv(x) + (Sz, Vu(z)) + Df(v,(z))v(z) = M(z), z € RY, d > 2.

In Section 5.1 we show that every bounded classical solution v of (2.29) decays
exponentially in space, in the sense that v belongs to W,”(R% RY), provided that
its associated eigenvalue A € C satisfies Re A > —f(.. In Section 5.2 we apply
our result from Section 5.1 to those eigenfunctions which belong to eigenvalues on
the imaginary axis. These eigenfunctions are due to equivariance with respect to
the action of the Euclidean group and can be calculated explicitly in terms of the
profile v, see Theorem 5.4. In particular, this yields exponential decay of the
eigenfunction v(z) = (Sz, Vo, (7)) ,r € R? associated with the eigenvalue A = 0.
As in the nonlinear case we proceed with proving exponential decay of derivatives
of eigenfunctions, first in Sobolev spaces and then in a pointwise sense as in (2.28),
see Theorem 5.1.

In Section 6 we apply the theory to so called spinning solitons of the cubic-
quintic complex Ginzburg-Laundau equation (QCGL)

u = alu+u (6 + Blul* + ylul*) u,

where u : R? x [0,00) — C, d € {2,3} and «, 3,7,6 € C with Rea > 0. We derive
suitable conditions on the parameters «, 3,7v,0 € C such that Theorem 2.10 and
Corollary 4.5 apply. In Section 6.1 we compute the profile and (angular) speed
of the spinning solitons. In Section 6.2 we compute spectra and eigenfunctions of
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the associated eigenvalue problem. In Section 6.3 we compare in a final step the
theoretical decay rates with numerical rates obtained from numerical data on a large
ball. It turns out that the theoretical bounds are surprisingly close to the values
found from numerical computations.

3. Variable coefficient complex Ornstein-Uhlenbeck operators

In this section we analyze the resolvent equation of the differential operator
(3.1) [Lov] (z) = ADv(z) + (S, V() — Boov(z) + Q(z)v(x), = € RY,
in LP(R?, CV) for 1 < p < oo and for different choices of Q € L> (R4, CN-V).

3.1. Solvability and uniqueness of the resolvent equation. Let us as-
sume (A2), (A6) and (A9p_ ) for K = C and let (A,, D(A,)) denote the generator

of the strongly continuous semigroup (T (t))¢>0 from Section 2.3 on LP(R?, C)
for some 1 < p < co. Let us introduce the bounded operator

Q,: LP(R*,CN) — LP(RY,CY) with [Qyv] (2) := Q(x)v(z), = € R
Then the bounded perturbation theorem [15, II1.1.3] implies that
By :=Ap+Q, with D(B,):=D(A,)
generates a strongly continuous semigroup (T (t))¢>o in LP(RY, CV) satisfying
ITa(t)oll,, < razetal @t ], < ayel—torarl@u=)t [y, Wt >0,

where we used (2.19) and the estimate ||Q,| < ||Q|| ~ of the LP-operator norm.
Then an application of [15, I11.1.10] yields that the resolvent equation

(3.2) (M — B,)v =g, in LP(R?,CY)

for A € C with ReX > —bg + ka1 [|Q| ;~ and g € LP(R? C"V) admits a unique
solution v € D(A,) which satisfies the resolvent estimate
Ra1
V|| p < b
” HL Re )\ — (_bO + Kay HQHLO@) ”gHL

If we restrict 1 < p < oo and assume the stronger assumption (A4) (or equivalently
(A5)) instead of (A2), an application of Theorem 2.12 yields that
D(B,) := D(A,) = DL (Lo) and Byv := A,v + Qpu = Logv + Qu = Lo for all
v € D(B,). Therefore we can write in the following Lo and DY (L) instead of B,
and D(B,). Summarizing, we obtain the following result.

THEOREM 3.1 (Existence and uniqueness in weighted LP-spaces). Let the as-
sumptions (A4), (A6), (A95_) and Q € L=(R? CN-N) be satisfied for K = C and
for some 1 < p < oco. Moreover, with constants ay from (2.7), b,k from (2.16),

let w:= —by + ka1 [|Q| ~ and A € C with ReX > w be given. Then, for every
g € LP(R4,CN) the resolvent equation
(M —=Lg)v=g

P

admits a unique solution v € Dy

holds:

(Lo). Moreover, the following resolvent estimate

Ra1
[oll» < Re)—w gl -
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3.2. Exponential decay for small perturbations. In the following we use
the constants ag, @1, Gmax, Gmin from (2.7), b, x from (2.16) and Cye,Ci from
Theorem 2.10 without further reference.

THEOREM 3.2 (Existence and uniqueness in weighted W1P-spaces). Let the
assumptions (A4), (A6), (A9p__ ) and (Al0p_) be satisfied for K = C and for some
1 < p < oo. Moreover, let 0 < ¢ < 1, § € C(RYR) be a radially nondecreasing
weight function of exponential growth rate

(3.3) 0<n<e—r0,

and let Qg € L (R, CNN) satisfy

Ebo . 1 1
3.4 sllpee € — — = (-
(3.4) 1@ul < Gomin{ o 2
Further, let A € C with Re A > —(1 —€)by and g € L)(R4, CN).

Then there exists a unique solution v € D}, (Ly) of the resolvent equation

(M — L)v =g, inLP(R?CY),
which satisfies v € W(}’p(Rd, CN). Moreover, the following estimates hold:

2005
3.5 p S »,
(35) Iolly <oy sy Nl
207, )
(3:6) IDivlly <~ gl i = L.e.od,
(Re)\+b0)2

PRrROOF. Our proof proceeds in three steps.
1. Existence and uniqueness in LP(R? CV) (by Theorem 3.1): Since # is nonde-
creasing we have g € LE(R?,CN) C LP(RY,CY), and due to Re A = —(1 — €)bg
and (3.4) we have

€
ReA > —(1—¢e)byg = —bg + 5()0 + ka1 || Qs Lo > —bo + ka1 || Qs o -

Thus, an application of Theorem 3.1 implies that there exists a unique solution
vy € DY (Lo) of (A —Lg)v = g in LP(R?, CN). In order to verify that v; belongs
to VVQ1 P(R?,CV) and satisfies the inequalities (3.5) and (3.6) we must analyze
(M — Lg)v = g in LL(R,CN).

2. Existence in LL(R?, CV) (by a fixed point argument): Our aim is to show that
the equation

(3.7) 0= —Ls) g+ — L) " Qv =: Fv
in LE(RY,CN) has a unique fixed point vo € LH(RY, CN) which even belongs

to DY (Lo) and agrees with v1. For this purpose, consider in LP(R?,CV) the
equation
(3.8) (M —Lo)u=g+Qsv, given ve LhH(RY CN).

First note, that the assumptions of Theorem 2.12 are satisfied. This allows us
to write Lo and DI (Ly) instead of A, and D(A,) in Theorem 2.10. Further,

loc

Re A > —(1 — )by and equation (3.3) imply
2 aobo < 60,0(R,€)\+b0)

0<n*<e <
oD’ Ao D?
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Then Theorem 2.10 yields a unique solution u € D}, (L) of (3.8) which satisfies
u € LH(RY CN). This shows that F maps L§(R% CV) into itself and satisfies
Fv € DY (Ly) for every v € LE(RY, CN). Applying (M — Loo )" to both sides

n (3.8) shows u = Fv with F defined in (3.7). Moreover, Fv € DI (L) N
Lf;(Rd, CN). The linear part of F is a contraction due to (2.22) and (3.4)

A= £0) ™ Qu

|, <alvly voeL@CY)
6

with Lipschitz constant

COa
Re X + by

Co 1
- “@sllpe <5 <1

(3.9) 0<q:= 577 1@l L~ <

Consequently, F' is a contraction in L} (Rd CY). Thus, F has a unique fixed
point vy € LE(RY, CV) satisfying vo = Fvy € DY (Ly). Since LL(RY,CN) C
LP(RY,CN), the equality Fvs = vy holds in LP(R? CV) as well, and applying
(M — L) to both sides yields (Al — Ls)ve = g in LP(R?, CV). By the unique
solvability of this equation we conclude v := vy = vy € LY (R, CM).

3. Lh- and W‘g1 "P_estimates (by contraction mapping principle and bootstrapping):

The L}-estimate follows from the contraction mapping principle and the esti-
mates (2.22), (3.9)

1
||U||L§ S 1-¢ I1F0]| < m g HL

Finally, the ng P-estimate is proved by bootstrapping using the L}-estimate
(3.5), the smallness condition (3.4) and (2.23) for every i =1,...,d

CVl €
Di P S— I3 sl [0 p
nvme(%A+M;mw%+wwu|w%)
Cl 201,5
S (1420) gl < gl -
(Re A+ bg)? (Re A+ by)?

O

3.3. Exponentially weighted resolvent estimates for variable coeffi-
cient operators. Consider the differential operator

[Lpv] (z) := AAv(z) + (Sz, Vu(z)) — B(z)v(z), z € RY.

The following Lemma 3.3 is crucial to derive energy estimates for Lp in exponen-
tially weighted LP-spaces, see Theorem 3.4 below. The result is proved in [29,
Lem.4.2], [26, Lem.5.12], it is a vector-valued and complex-valued version of [20,
Lem.2.1].

LEMMA 3.3. Let the assumption (A3) be satisfied for K = C. Moreover, let
Q C R? be a bounded domain with a C*-boundary or Q@ = R, 1 < p < 00, v €
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W2P(Q,CN) N W, P(Q,CN) and n € CL(,R) be nonnegative, then

d
—Re/ Nl [v[P72 AN >Re/ n|v\p*QZDjvTADjv1{v¢o}
Q Q

j=1

d
+Re/ ol |ulP? Z DjnADjv
Q

j=1
d —T
+(p— 2)Re/ o[P~> " Re (Djv v) 0" AD;jvl {40}
Q .
j=1

Some care has to be taken when using this estimate. By a slight abuse of
notation, the term |v]91y,-0y in the integrands should be read for powers ¢ < 0 as
follows
lo(2)|?,  [v(z)] >0,

(|07 {yz0y] () = {0, o(z) = 0.

The proof of Lemma 3.3 shows by using Lebesgue’s dominated convergence and
Fatou’s lemma that the integrals involving 1,0y exist for 1 < p < oo, which is
nontrivial in case 1 < p < 2.

In the following theorem we prove resolvent estimates for Lp in exponentially
weighted LP-spaces. The theorem extends [26, Thm.5.13] to variable coefficient
perturbations of £y and to weighted LP-spaces. Later on, in Theorem 3.5 we apply
Theorem 3.4 to B(x) = Bs — Qs(z), so that Lp agrees with L, from (2.15).

THEOREM 3.4 (Resolvent estimates in weighted LP-spaces). Let the assump-
tions (A4) and (A6) be satisfied for K = C and for some 1 < p < co. Moreover, let
B € L= (R, CN-N) satisfy the strict accretivity condition
(3.10) Re (w, B(z)w) > cplw* Vo € R Yw € CV, for some cp € R,

let A € C with Re X + cg > 0 be given, and let 01,02 € C(RY R) be positive weight
functions satisfying

A
(3.11)  6i(x) =exp (fm\/m) with 0 < || < W7
and

(3.12) 01(x) < Chy(z) Vo € RY for some C > 0.

Finally, let g € Ly, (R%,CN) and let v e WP (R, CN) N Ly, (R4, CN) be a solution

loc
of
(3.13) (M —Lp)v=g in L} (R CN).

Then, v is the unique solution of (3.13) in VVi’f(Rd, (CN)ﬂLgl (R4, CN) and satisfies

the estimate
1

2C»
3.14 p K ————— po.
(314) loll, < Foag e o,
In addition, for 1 < p < 2 the following gradient estimate holds
1 1

2CPy,* .

(3.15) IDivlly < ———2—llgllyz , i=1,....d,
% (ReA+cp)? 02
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with C from (3.12), v4 from (A4) and cp from (3.10).
Proo¥r. Consider v € W2P(RY,CN) N LY ((R%,CN) which satisfies (3.13) for

loc

some g € Ly, (R4, CN). For n € R with n >0 let us define the cut-off functions
(3.16)

1 , el <1
xr
@) =1 (%) x1 € CERYR), xa(@) = { € [0,1], smooth , 1< a] <2
0 |zl =2

1. We multiply (3.13) from left by x26,77 |v|p_27 n € N, integrate over R? and take
real parts,

Re/ X260, |v|p_26Tg
Rd

_ 2 P _ T p—
(3.17) —(RW/Rdxn@l |v] Re/]R 20,97 [u]P 72 AL

—Re / 20,07 |uP? Z(Sx)ijv + Re / 20,57 v’ ~? Bu.
Rd = Rd
2. Let us rewrite the third term on the right-hand side by using the formula

D; (o]") = plo]~*Re (D30 v)

and the following identity obtained from (A6) and integration by parts,

d
1
0= [ a0 (XSl - Z [, XD (5050

p =
2 < .
== 2% [ (D) (sz),0 -y / X201 (52),Re (D070 fof 2
P R =1 /R4
1 d
=23 [ esomen
pj_ Rd
9 d
== [ xabalol” S Dy (50); - Re [ xena o Y (Sw), Dy
P Jrd = R j=1
SR o S (Sa)y (Dy6).
P Jra n = J J

We insert this into (3.17) and apply Lemma 3.3 to the second term with 2 =
Ba,(0), 1= X761
Re/ X260, [v]P 2ol g = (Re/\)/ X260, |v|p—Re/ 20,07 [oP7? ALw
Rd Rd Rd

d d

2 P 1 »
+1;/1Rd Xnb1 |V Z( Djxn)(Sz); p/]Rd xi\v| Z(Dj91)(5x)j

j=1 j=1

+Re/ 20,07 [vP~? Bu
Rd
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d
2
>(Re A 20, |vlP + = 201 0P Dixn)(Sz)
(e)/Rdxnllvler/Rdx 101" S (Djxn)(Sz);

j=1
d
1
+ , /Rd X2 |vfP Z(Djﬂl)(Sx)j + Re/]R 2xnb107 0|72 ZDJXnAD v
j=1 7j=1

d
4 Re / \2T o> 3 (D;01)ADsw
Rd

j=1

+(p—2)Re/ X [v]P™ 4ZRe< JUTU) oTAD; vl (20}
R4
Jj=1

d
+Re/ X260 [v|P~ Z A.D]'Ul{v;éo} —|—Re/ 20177 [v|P 2 Bu.
Rd Rd

3. Subtracting the 2nd, 3rd, 4th and 5th term of the right hand side, yields the
upper bound

d
(Re ) /Rd Xab1[v]” + Re /Rd X6 o]~ Z v AD; 01 fusz0}

d
—4 —T _
+ (p—2)Re /Rd X201 |v|” E Re (Djv v) " ADjuly, 0y

j=1
+Re/ 20,07 v’ Bu
Rd

d
gRe/ x%ﬂl |v|p_2 olg— Re/ 2Xn0177 |U\p_2 Z DjxnADjv
Rd Rd

j=1
2 [ b oS (Dya)(S2); - HRC oS (D) (S,
P Jrda = P Jrd =1
d
—Re/ Xn o |’U|p 2Z(Dj01)ADjU =: T1 —|—T2 —|—T3 —|—T4 +T5
J=1

We estimate the terms successively. Using Rez < |z| and (3.12), Hélder’s in-

equality yields
7= [ X2l Re (079) < [ 3o ol o
Rd Rd

» p—1 1
2(p—1) p—1 1\ 7T P 2 P\ »
<([ (707 ) ([, (ist1al) )
Rd Rd

ya

<Cv </ Xa 01 |U|p> </ Xa 02 |g|p)
R4 R4
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For the 2nd term we use Holder’s inequality with p = ¢ = 2 and Young’s inequal-
ity with 6 > 0

7y <2l [ 677 31D, 100

Jj=1

24 ||X1

||1 ,00 1
AT Z / w61 1Dy fof~

2IAI ||x I 2 E
111,00 _
———e Z (/ X?ﬁl |DjU|2 |v]? 2 1{1);60}) (/}Rd 61 |U|p>

2141 1y o ) J
S n01 1Dyl [l 1, */a vl
. [;/x|| P Loy + 25 [l
Here we used that for every z € R and j =1,...,d
z 1 X1l
D) = |25 (a () < 5 e mas D] = =0

For the 3rd term we use x,(z) = 0 for |z| > 2n and D;x,(z) =0 for |z| < n to
obtain

d
2
7, <25 [ i o (82,1 1Dl
P R

9 d

1d1S) [l o
N R e e T
pj:l n<|z|<2n p n<|z|<2n

For the last estimate note that y,(z) < 1 and

(SOl 1Dixa()] = 1521 [(Dix) (2)] < isllal [(03x0) (2]

Hl,oo .

/

5]
<— sup f max max D x1(y =92 S Yi
" (n<|§|<2n| |)y:1 ..... dyer IDjx1(y)| = 2[S]|

The 4th term vanishes, as follows from (3.11) and (A6),

1|v|p zj(Sz); = 0.
/ "V 1 \2 Z ’

For the 5th term we use again Re z < |z|, Holder s inequality with p = ¢ = 2 and
Young’s inequality with some p > 0, (3.11) and |u1| < po for some po > 0 that
will be specified below

5</ xn|v|“§j
Rd
1

1
2 2
<l Z (s Dl ey ) ([ o)

A
\#o| \Z/ X201 |o]P 2 | Djv)? 1{U¢0}+uo\A|pd/ X201 |v]P .
Jj=1 “

Ty
Vi +1

d
| 31411001 < |41 Y [ 30 bl Do
j=1
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Summarizing, we arrive at the following estimate

(Re /\)/ X201 |v|P +/ X201 [v["~* Re (v, Bv) +/ x20y [vP™? 1{o20}
R4 R4 R4

Z {|U| Re (D;v, AD;v) + (p — 2)Re (Djv,v) Re <U,AD]~11>]

o ; 2d\A|||X1H .
([ aenter) ™ ([ aelor)+ =200 [ o

2d 1S Ald _
#2lhal o [ 22 oo+ S [ 0 D o 10
i=1/R

p n<|z|<2n

=

<C

d
/”'0|A| / 2 p—2 2 / 2 p
Hol A1 0 Div|*1;, Alpd 0, [of” .
+ i ;:1 X 1" [Djol” Lyzoy + pol Alp X 1]v]

4. The LP-dissipativity assumption (A4) guarantees positivity of the term appearing
in brackets [---] and (3.10) provides a lower bound for Re (v, Bv). Therefore,
putting the last 3 terms from the right-hand to the left-hand side in the last
inequality from step 3, we obtain

d
polAl  2lA[lIxally o0 6 / 2 2 1p—2
_ - : 01 |D; 1
(m " - ;:1 | nfu Dyl o Loy

+ (ReX+cp — u0|A|pd)/ 20y [vf?
Rd

p—1 1
, o S 2d Al .
<c / 20, [of? / 2o lgl)” + 2 Xl / 6, ol
Rd R4 4”5 Rd

4d|S
R IS
n<|z|<2n

p LS
Now, wechoosep:,/%,ugzw/% so that
ReXl+c A
Re)\+ch,u0\A|pd:% and 7,47%:%4.
p

Then our estimate reads

2141
YA 1,00 -2
(%- )Z [ 0D 1l Ly

Rel+¢
yRertes / 20y [of?
]Rd

(3.18) 2 1
5 v 2d|A]|Ix1]l] o
gC% (/ X,Qﬂl vp> (/ X72192 |g|p> + ||4|1||1/ 6 |v[”
Rd Rd no R4
Ad 15T lIxall o
L 2l / e
p n<|x\<2n
5. Let us choose § > 0 such that 3+ — 2[A[[[x1]l; o, & > 0. Then we apply Fatou’s

Lemma to (3.18) and take the hrmt inferior n — oco. First observe that the terms
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2[AllI7ly, 009
n

X201 |v|P and x26, (%A - ) 1Djv [v]P 2 1y z0y on the left-hand side
are positive functions in L'(R¢,R) and converge pointwise. The convergence of
the integrals on the right-hand side of (3.18) is justified by Lebesgue’s dominated
convergence theorem We have the pointwise convergence x260:|v[P — 6;|v|?,
X202|g|P — 02|g|P, L01|v|P — 0 and 6: |[v]” 1{,<|zj<2n} — O for almost every €
R? as n — oo. They are dominated by [x261|v|P| < 01]v|P, |x202]g|P| < 62]g|?,
L0y |vP < 01|v]P, 01 [0]” Ling)e|<2ny < 01]v[P, and the bounds belong to L' (R?, R)
since

v e Ly (R, CN) and g € Ly, (R?,CN). Thus we arrive at

Re)\—i—c Rel+c
R ol <SR [ oo+ / 63 1Ds0f” o~ L0

p—1 1
1 P E 1 -1
<ch (/ 0 |v|p) (/ 92|g|p> =% ol gl e -
Rd Rd “ ’2

The L} ~resolvent estimate (3.14) follows by dividing both sides by BeAHEes and
1

-1
lollz;"

The unique solvability of the resolvent equation (A — Lp)v = ¢ in
W2P(RE,CN) N Ly (R4, CN) clearly follows from the resolvent estimate (3.14).
From step 5 we obtain for every j =1,..., N

1

P -1
ol Nollzs, -

2 —2
L 01D 1o Ly <

We take into account that |Djv| = |Djv|li,z0y a.e. (see e.g. [41, Cor.2.1.8])
and use the LP-resolvent estimate (3.14) to deduce from Hélder’s inequality for
l<p<2

Dol = [ 0F Dol I
2 2-p
2 p—2 2 » 2
<</ 01 |Dju]” vl 1{#0}) (/ 01 v )
R4 R4

b

ACH :
N mo | ez -
(Re X + cB)ya Lo,

3.4. Exponential decay for asymptotically small perturbations. In this

p(2 p)

7 ol

]

section we combine the results of Theorems 3.2 and 3.4 to obtain exponential a-

pri

ori estimates of solutions to variable coefficient equations when the coefficients

become small at infinity.

THEOREM 3.5 (A-priori estimates in weighted LP-spaces). Let the assumptions

(A4), (A6), (A9p_) and (Allp_) be satisfied for K = C and some 1 < p < 0.
Consider the radial weight functions

(3.

19) 0;(w) = exp (i /JaP+ 1), w € R, j=1,2,



SPATIAL DECAY OF ROTATING WAVES IN REACTION DIFFUSION SYSTEMS 213

with 1, p2 € R:

YA B0 Vagbg
: < <0< pp e
(320) T\ F2gap S SOS eSS0

for some 0 < & < 1. Moreover, let Q € L (R, CNN) with

g . b() bo }
3.21 esssu —min{ —, ——, Bso ¢ for some Ry > 0,
321 essup Q)] < Gmin {2 20 ) 5 :
let g € Ly (R*,CN), and let X € C with Re A > —(1 — )3 be given.

Then every solution v € W2P(R% CN) N Ly (Rd CN) of the resolvent equation

loc

(M —Lg)v=g, inLl

loc

(R4, CN)

satisfies v € Welf(Rd,(CN). Moreover, the following estimates hold:

2CO€
(3:22) lollag, <gey g (Clollug, +lallsg, ).

20 ¢ .
3.23 Dol <7,<C , ) —1,....d,
629 WDl <y (Clbllg, g, )

with constants ag, a1, Amax from (2.7), va from (A4), by, k from (2.16), Boo from
(Allp_), C := exp((po — 1) (4R24+1)2) 1@l ;00 » and Co ¢, Ci e from Theorem 2.10
(with Cy = 1).

REMARK 3.6. Note that the exponential decay rate ps in (3.20) depends on the
spectral data ag, by, amax, while the growth rate 6; allowing uniqueness, depends on
the norm and accretivity data va, B0, |4].

PROOF. The proof is structured as follows: First we decompose of @) into the
sum of Qs and Q., where Qs is small according to (3.21) and Q. is compactly
supported on R? (step 1). We then consider (A —Ls)u = Q.v+g and prove existence
of a solution in the smaller space VV1 P(RY,CNYN LY (Rd C™) by an application of

Theorem 3.2 (step 2) and uniqueness in the larger space V[/’lo’é‘J (R4, CN)NLY, (R4, CN)
by an application of Theorem 3.4 (step 3).

1. Decomposition of Q: With the cut-off function x g, from (3.16) and Ry from
(3.21) let us write

Qx) = Qs(z) + Qe(x), Qs(x) := (1 = XRo (2))Q(7), Qc(x) := XR, (2)Q(2).
Then Q. is compactly supported and Qs satisfies due to (3.21)

g . bo bo
1Qull e < 1L = Xt o 1@ ety oy < 2mm{, LIRS

Let v € W2P(RY, CN)NLy, (R%, CN) be a solution of (A — L) v = g with Re A >

—(1—=¢)Bx and g € Ly, (Rd CN). Then v satisfies the equation (A\I — Lg)v =
Qcv+ g in LY (RY CN). Therefore, we consider the problem

(3.24) (M — L) u=Qcv+g, in Ly (R?,CY) and in L} (R?,CY).
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2. Existence in W2P(R?, CN) N LY (R%,CN): Let us apply Theorem 3.2 to (3.24)

with 8 = 03, n = |p2| and Qv —|— g instead of g. Note that Q.v + g belongs to
Ly (R4, CN) since

1Qev+ gl 5, < 62Qetl o + Nl

(3.25) -
<1898 | e a2y 1@l e 0l + gy, = Clivlly + gl

with C' = exp((u2 — p1)(4R3 + 1)2) |Q - Further, (A10p_) follows from
(Allp_), Boo < bp and € < 1 imply ReX > —(1 — )by and 6 is radially
nondecreasing since po > 0. Theorem 3.2 yields that there exists a (unique)
u € DP (Lo) € W2P(RE,CN) N LP(RY, CN) which solves (3.24) in LP(R?,CN).
Moreover, Theorem 3.2 assures u € Welz)’p (R4, CN) as well as the estimates (3.5)
and (3.6).

3. Uniqueness in W (RY,CN)N LY, (Rd C™): Consider (3.24) in Ly (R*,CN). We
apply Theorem 3.4 with B(z) = — Qs(x) and Q.v + g instead of g. First,
B € L= (R, CN:N) follows from BOQ € CVY and Q, € L®(R4,CNN). Then,
strict accretivity (3.10) with ¢cg = (1 — §) B is a consequence of (Allp_) and

Qs e < e52,
Re (w, B(z)w) > (Boo — [|Qsll o) [w]? > (1 - %) Boolw]? YweCN vz e R

Moreover, we have ReA > — (1 —¢)fs > — (1 — 6) Boc = —cp. The growth
bound in (3.11) is 1mphed by (3.20) and Re XA + ¢cp > 50,

BooyA (Re A+ CB)’YA
0< | < < :
I \/€2d|A2 A2

Finally, inequality (3.12) is obvious with C' = 1, since p; < 0 < p2. Let u €
W2P(RE, CNYN LY L(RE,CN) C W, >P(RE,CN)N Lp (R4, CN) denote the solution
from step 2 of the equation (A — Ls)u = Qcv + g in LY (R4, CN). Since the
given v € W2P(R?,CN) n L (R?, CV) solves the same equation, the difference
w = u — v solves the homogeneom equation (A — Lc)w = 0 in Ly, (R, CN), and

Theorem 3.4 implies ||w||Lg = 0. Therefore, we obtain v =u € W(}Q’p(Rd, cM).

4. Ly - and Welz’p -estimates: The Lj -estimate follows from (3.5) and (3.25)

2005 2005
Stoxa 19w+ ol < gy (Clivlleg, +lalg, )

Analogously, the WQQ’ -estimate follows from (3.6) and (3.25).

lvllzy = llully <

4. Exponential decay of rotating nonlinear waves

4.1. Proof of main result.

PrROOF (OF THEOREM 2.8). The proof is structured as follows: First we de-
compose the nonlinearity f(v.(x)) and derive an equation Low, = 0 solved by
Wy = Uy — Voo (step 1). Then we apply Theorem 3.5 (step 2) and check its assump-
tions (steps 3,4).
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1. Let v, be a classical solution of (2.8) satisfying (2.9). Note that this implies
v, € Cp (R4, RY). Using (A7) and (A8) we obtain from the mean value theorem

F(0.(2)) =F(vm0) + D (vs0) (02(x) — v0)
+ / (D f (10 + H(00 (1) — 100)) — Df (v0)) dt (04 () — v50)
0

= — Boo (0.(2) — Vo) + Q(z) (v4() — vo0), z € RY
with

(41)  Bu = —Df(ve), Qz) = / (Df (00 + t0s(x) — vo0)) — Df (v)) d.

For w, := vy — Vs, We have w, € C?(R%, RY) N O, (RY,RY) and
0 =AAv, (x) + (Sz, Vo (x)) + f(ve(x))
=ANA (V4(x) — Vo) + (S2, V (vu(x) — v0o))
— Boo (04(7) = vo0) + Q) (v4(2) = voo)
=ANAw, () + (S, Ve (x)) — Boowy () + Q(z)wy ()
=[Low,] (z), z € R%
2. Let us apply Theorem 3.5 with By, @ from (4.1), 05 =0, o = p, 1 <0, A=0

and g = 0. For this purpose, we have to check the assumptions: Assumptions
(A4) and (A6) are directly satisfied, (A9p_ ) follows from (A9), and (Allp_)

from (A11), using the relation Bo, = —Df(vs). In the following let 0 < e < 1
be fixed and let 6,02 € C(R% R) be given by (3.19) satisfying y; < 0 and
(3.20). First, note that w, € W2*(R?,CN)n Ly (R4, CN) follows from w, €
C*(R%,RN) N Cp(RY,RY) and Cp(RY,RY) € LY (R, CN) due to py < 0. It
remains to verify that @ € L (R, CNV) (step 3) and that (3.21) is satisfied.
3. Since w, € CL(R?, RY) we obtain
[0m0 + 10, (2)] < fi| + 10, ()] < [0mo] + 4. = Ry
for every x € R% and 0 < ¢t < 1. Due to (A7), we have f € C'(RY,R") which

implies

1
Q@) < [ 1D f(vne + tws(w)] + DS (0t
0
< sup  [Df(2)| + [Df(veo)| < 00
zEBRl (0)

for all x € RY. We deduce Q € Cp,(R4,RNN) ¢ Lo(RY, CN-N) by taking the

suprema over x € R%.
4. We finally verify (3.21): Let us choose K71 = K3 (A4, f,vs0,d,p,&) > 0 such that

. bo  bo

4.2 K su D?f(z gemln{7, oo} =: K(e
12 K (ZEBKEM D2( )\) el )

is satisfied, with the constants Cp . = Cy (A, d, p, €, k) from Theorem 2.10, by :=

—8(Df(vs)) and aq from (2.7), Boo from (A11), and

D2 1= P21 g mmy = 500 [P

Jv|=1



216 WOLF-JURGEN BEYN AND DENNY OTTEN
Since f € C?(RYN,RY) by (A7), inequalities (2.9) and (4.2) lead to

-/ D (i + s (2)) — D )it

/ D? f (Voo + stw,y () [tw, (z )]dsdt‘

/ /o sup |D2f(voo+st(v*(x)—voo))|ds~t sup |ve(z) — veo| dt

|z|>Ro |z|>Ro

K, 9 e . bp bo
<7 sup D f z < mln{77ﬁoo
2 (zGBKl (voo) ‘ ( ”) 2 Kay CO,s
for every |z| > Ry. Taking the supremum over |z| > Ry yields condition (3.21).

This justifies to apply Theorem 3.5 which shows w, = v, —ve € W, P(RE,RY). O

4.2. Exponential decay of higher order derivatives. For estimating higher
order derivatives, recall the Sobolev embedding for 0 < 1 < k,

(4.3)  WhEP@RYRY) Cc WH(RERY), ifl<p<g<oo, ——k<-——1,
q
where at least one of the inequalities '<’ is strict. Moreover, the embedding is
continuous, i.e.
3C’p,q,k,l >0: ||u||Wl,q(Rd) < Cp,q, , ) Yuée Wk’p(Rd).

For the Sobolev embedding we refer to [2, Thm.5.4], [24, Ch.6], [4, Ch.8] as general
reference, and to [35, Thm.3, Exer.24] for the compact version used in (4.3). For
the corresponding weighted spaces it is important to note that

(44)  weWyP(RLRY) = 0D € WFlebP(RERY) for 0<|a| <k

Here 6 is chosen as in Theorem 2.8 for some 0 < & < 1. By definition,
u € Wek’p(Rd,RN) implies D%u € W:f‘al’p(Rd,RN) for every 0 < || < k. Since 6
belongs to (R, R) and satisfies || 252]|, . < C(7) for every v € Ng, we obtain
0Dy € Wh=lelr(RY RY) from

[ D W (2 (Zoin] 8

|BI<k—]o
P
= Y > <ﬂ> (D70)(D* TP~ w)
1B1<h—lal ! 171<iB) N7 L?
P
<2 (3 Q)15 o) <o,
1B1<k—a] ™ |vI<IB]
Finally, recall the generalized Holder’s inequality
¢ ‘
(4.5) H H uj||Lp(Rd7R) < H HujHij (R4,R)>
j=1 j=1
for u; € LPi(R4,R), 1 < p, pj < 0o and Z] 1 p7 = %.

The following corollary shows, that if we assume more regularity for the so-
lution v, of (2.8) in Theorem 2.8, i.e. v, € C3(R? RY), then v, even belongs to
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W02 P(R4, RY). The proof is based on the results of Theorem 2.8 and on a further
application of Theorem 3.5. For the proof it is crucial that we allow inhomogeneities
g in Theorem 3.5. The argument can be continued to higher order weighted Sobolev
spaces.

COROLLARY 4.1 (Exponential decay of v, with higher regularity). Let the as-
sumptions (A4), (A6)—(A9) and (A11) be satisfied for K = R and for some 1 < p <
00. Moreover, let amax = p(A) denote the spectral radius of A, —ag = s(—A) the
spectral bound of —A and —by = s(D f(veo)) the spectral bound of D f(veo). Further,

let O(z) = exp (,u\/\x|2 + 1) denote a weight function for some u € R. Then, for

every 0 < € < 1 there is a constant K1 = K1 (A, f,vs0,d,p,€) > 0 with the following
property: Every classical solution v, of

(4.6) ANv(z) + (Sz,Vo(z)) + f(v(z)) =0, z € RY,
with v, € C3(RY,RYN) and

(4.7 sup |ve(x) — voo| < K1 for some Ry >0
|z[>Ro

satisfies

Uy — Voo € WP (RE,RY)
for every exponential decay rate
Vaobo
AmaxP

If additionally, p > 4, f € C*=Y(RN,RY), and v, € C*T(RY,RY) for some k € N
with k > 3, then v, even satisfies v, — Voo € W:’p(Rd, RM).

0<pu<e

PROOF. Let v, be a classical solution of (4.6) satisfying (4.7). Again this
implies v, € C,(RY, RY).

1. The additional regularity v, € C*(R% RY) allows us to apply D; = aii to
equation (4.6)
d
0= AADw,(z) + (Sz, VDiv.(2)) + Df(vi(z)) Dive(z) + Y SjiDjuv,, x € R
j=1
For w, := Dyv, € C?(RY,RY) we obtain using S;; = 0,
d
0 =AAw, () + (Sz, Vw,(x)) + Df(ve(2))we(z) + D SjiDjvs
=1
=
=[Louw,] (x) + g(x), z € R?
with the settings
(48)  Buo = —Df(v), Q@) := Df(ve()) = Df(vso), ZSMD v,

J;ﬁz
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2. We now apply Theorem 3.5 with By, @, g from (4.8), 02 = 6, o = p, p1 <0
and A = 0. The assumptions (A4) and (A6) are directly satisfied while (A9p_),
(Allp_ ) follow from (A9), (A11). In the following let 0 < £ < 1 be fixed and
let 01,0, € C(R% R) be given by (3.19) satisfying p; < 0 < pg and (3.20). The
relation w, € VVi’f(Rd, (CN)ﬁLg1 (R?, CY) is a consequence of Theorem 2.8 which
implies Dyv, € Ly(R%RY) € L§ (R?,RY) since 6, is decreasing. Moreover,
—Low, = g holds in L (R?,CN) by construction. Then, @ € L> (R4, CNV)
follows from (4.8) since v, is bounded, and we also have g € L} (R4, C") since
Theorem 2.8 shows v, € W91 P(R?,RY) which leads to the estimate

d

||9HL§ < Z |5l ||Dj”*||Lg <C.
j=1
i

3. We now verify condition (3.21): Let us choose K1 = Ki(A, f,vs0,d,p, &) > 0

such that (4.2) holds with @ instead of K(e) on the right-hand side. Since

f € CYHRYN RY) by (A7), equations (2.9) and (4.2) imply for all |z| > Ry

Q@) =[Df(ve(x)) = Df (v0)]|

1
g/ |D2f(voo+s(v*(x) —voo)‘ds|v*(a:) — Vool
0
bo b
<K D? < S mi {O,O, oo}-
! <ZEBSKulIZvoo)} f<z>’> len Kay CO,E ﬁ

Taking the supremum over |z| > Ry we have shown (3.21) with Ry from (2.9).
By applying Theorem 3.5 we obtain w, = D;v, € Wel’p(Rd,RN) for every i =
1,...,d, thus v, — v € Wg’p(Rd,RN).

4. For the final assertion we consider f € C*~}(RY RY) and v, € C*T1(RY, RY)
for some k € N with k£ > 3 and show v, — v € Wak’p(]Rd,RN) by induction with
respect to k. Let a € N be a multi-index of length |a| = k — 1 for some k > 3.
Applying D* to (4.6) yields that w, := Dv, satisfies

(4.9) 0= [Low,](z) + g(z), z € RY

with Bo, and Q(z) as in (4.8), and g(z) := g1(z) + g2(x) defined by

=1
(4.10) eise
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The first term gy arises from the Leibniz rule applied to (Sz, Vu.(x)),

d d
(411) _ <S$,VDQU*(1‘)> + Z Z Sij (a‘>Do¢€j+€ifu*(l-)

= (Sz, VD%, (z)) + g1 ().

The second term is obtained by applying Faa di Bruno’s formula for multivariate
calculus,

De Z 3« )[Dl’flv (2)hn }

=1 7€Pr k-1

k—1
=Df (0. (@)D0u(@) + Y- > (D'f)(wn()) | Do (@)hs]

£=2 TEPy 1
=D f(vi(x)) DYy () + g2(x), x € R?.

Here Py —1 denotes the set of all ¢-partitions of the set (k—1) = {1,...,k—1},
given by

(4.12)

0
Pz,klz{W:{m,...,w}C2<k : U —1,7@-07@2@%‘#]’}.
Moreover, we used short-hands for multilinear terms
(4.13)  (h1,...,hg—1) =(e1,...,€1,...,€d,...,€4), € j-th unit vector in RY,
N—— ——
[e %) [e%)

hy, = (hp,,...h,,) for index sets p = {p1,...po} C (k—1),

[Dlﬁlv*(x)h,r] = [Dlmlv*(x)hm,. .. ,Dlmv*(x)hm], m={m,...,m} C (k=)

For ¢ = 1 the only partition is 7 = {(k — 1)} and Df(v,)[D* 'v,h,,] agrees
with D f(v,)D%v,. Below we show g € LE(R? RY). Then Theorem 3.5 applies
to (4.9) and yields w, = D%, € W, *(R% RY) and thus our assertion v, — vy, €
WP (R, RY).

5. To verify g € Lg(R‘ﬂRN ), consider first g;. By the first part of the Corollary
(base case k = 3) and by the induction hyperthesis (induction step k > 3) we
have v, — vy € Wek_l’p(Rd,RN). The indices v := o —e; +¢; with |a| =k — 1
and e; < « satisfy |y| = k — 1, hence D~ % ¢y, € LE(RY, RY), and we deduce
g1 € Lz(Rd,RN).

Next we consider go. We show fgo € LP(RY,R") by using the generalized
Holder’s inequality (4.5) with p; := ?Tj-\lp and u; := Q‘D‘”j‘v*hﬂj‘ for 7 =
., 2. Note that Z] 1 p = % since Zle |7;| = k — 1. We obtain

00 [P D0
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D‘”-”U*h,rj

Lp

L
<[ N, || TT6?
j=1

14
<O D@l TT 0 DI it

Jj=1 L
L
<P D@, E Jopttoans |

where we used 6(z) > 1 and 9%(x) < O(x). Note that v, € C,(RL,RY), f €
CFYRN RN) and ¢ < k—1 imply the total derivative (Df)(v,) to be bounded
on R4, It remains to verify that HD‘“J"v*hwj € LPi(R% RYN): From v, — vg €
Wy P(RERY), (4.4) we infer D7 (v, — vao) € WF=1=PI2(RE RN for all 0 <
|v| <k —1. Using 1 < |m;| < k — 2 this proves the first assertion in

oDl b, € WhEITImilp(RE RY) € LPi (R, RY).
The second assertion ’C’ follows from the Sobolev embedding (4.3), provided
that 1 < p < p; < oo and % —(k—1—|m]) < ﬁ. The first inequality is implied
by 1< |mj <k -2,

k—1 k—1

l<p<——p< —p=p; <,
p k72p\ |7Tj|p Dy

while the second is implied by our assumptions p > % and k > 3,

d d d |75
,_7:,(1_
P p;j P k-1

y<20- ) <o - T

):k—1—|71'j‘.

O

REMARK 4.2 (Higher regularity of the profile v,). Collecting the results of
Theorem 2.8 and Corollary 4.1, we obtain

f e cma2ET RN RN) o, € CHTHRERY) = v, — 00 € Wy P(RY,RY)
. . d .
for any k € N, provided that 1 < p < oo from (A4) satisfies p > § if & > 3.

4.3. Pointwise exponential decay. For the pointwise estimates we use the
embedding in L*°. The particular choice ¢ = oo and I = 0 in (4.4) leads to

(4.14) WFP(RY) C L®(RY), k>0, 1<p<oo, d<kp
and to the inequality
(4.15) [ull e (ay < Cprooo ltllyyr ey ¥u € WEP(R).

COROLLARY 4.3 (Pointwise exponentially decaying estimates). Let the assump-
tions of Corollary 4.1 be satisfied. Moreover, let f € C™a{2k—1HRN RN) o, €
CHYRY,RYN) for some k € N and let p > g if k = 3. Then the function
Vg — Voo € Wek’p(Rd, RN satisfies the following estimate

(4.16) | D% (vy(x) — voo)| < Cexp (—ﬂ |2 + 1) Va2 e R?

for every exponential decay rate 0 < p < Eaivaf’bg and for every multi-index o € N
satisfying d < (k — |a|)p.
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PROOF. The proof follows from (4.4) and the Sobolev embedding (4.14). O

REMARK 4.4. In case of d € {2,3} and p = 2 it is sufficient to choose k = 4 to
obtain pointwise estimates for D*v, of order 0 < |a| < 2. This requires to assume
f € C3RN,RY) and v, € C5(RY,RY). Note that the authors of [5] consider the
case d = p = 2 and assume f € C*(RY,RY) for their stability analysis of rotating
patterns. Our results show that f € C3(RY,RY) is sufficient to guarantee [5, Ass.1]
which, therefore, can be omitted.

4.4. Application to complex-valued systems. The next corollary extends
the results from Theorem 2.8, Corollary 4.1 and Corollary 4.3 to complex-valued
systems of type (2.5) which appear in several applications.

COROLLARY 4.5 (Exponential decay of v, for K = C). Let the assumptions
(A4) and (A6) be satisfied for K = C and for some 1 < p < oo. Moreover, let
g: R — CNN satisfy the following properties
(A7g) g€ C*(R,CMY),

(A9,) A, g(0) € CNN are simultaneously diagonalizable (over C),
(All,) There exists B > 0 such that for all w € CN with |w| =1
Re <w7 79(0)w> 2 ﬂoo7

and define

(4.17) f:eV=cv, fw) =g (u) u

Further, let amax = p(A) denote the spectral radius of A, —ag = s(—A) the spectral
bound of —A, —by = s(g(0)) the spectral bound of ¢(0) and let

O(x) = exp (/L ||% 4+ 1) a weight function with p € R. Then, for every 0 < e < 1

there is a constant K1 = K1(A,g,d,p,e) > 0 with the following property: FEvery
classical solution v, € CF(R? CN) of

(4.18) AAv(z) + (Sz, Vo(z)) + f(v(z)) =0, z € RY,
such that g € C™&{2k=1H(R CNN) for some k €N, p > % if k >3, and
(4.19) sup |ve(z)| < K1 for some Ry > 0,
|z|>Ro
satisfies

v, € W, P(R4,CN)
for every exponential decay rate

vV aop bo
AmaxP

Moreover, v, satisfies the following pointwise estimate

O<u<e

|DYv,(2)| < Cexp (—,u |z|2 + 1) Vo € R?

Vaobg

;s d
- and for every multi-index o € N§

for every exponential decay rate 0 < p < €
satisfying d < (k — |a|)p.
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ProOF. We transform the N-dimensional complex-valued system (4.18) into
the 2/N-dimensional real-valued system

(4.20) AAV(z) + (Sz,Vv(z)) + f(v(z)) =0, z € RY,
For this purpose, we decompose A = A, + Ay with Ay, Ay € RVN v = vy + ivy
with vi,v9 : RS — RN i fo : RV — RN with fi(uy,u2) = Re f(u + ius),

fo(ur,us) = Imf(uy + iuz), g = g1 + ige with g1,92 : R — RMN_ Moreover, we
define A € R2V:2N v € R2V and f : R?Y — RV by

a2 vm () e (500) = (AN )

Let us apply Theorem 2.8 to the 2N-dimensional problem (4.20) and check its
assumptions. First, we collect the following relations of A and A:

(4.21) Xeo(A) <= MNAeo(A),
— 1 —
1o iy Y Y Y\ (Aa O
(422) Y T AY =Ay = <Y —z'Y> A(Y —z’Y) = ( 0 Ai)
(4.23)  Re (v, Av) = (v, Av), |v| = |v], |Av| = |Av].

Since A satisfies (A4) for some 1 < p < oo and K = C, we deduce from (4.23),
that A satisfies (A4) for the same 1 < p < oo and K = R. In particular, we
have y4 = va in (A4). Note that if A satisfies (A1), (A2), (A3) for K = C then
A satisfies (Al), (A2), (A3) for K = R, as follows from (4.22), (4.21), (4.23).
Assumption (A6) is not affected by the transformation. From (A7,) we deduce
that f € C2(R?N,R?V), so that assumption (A7) is satisfied for K = R. Obviously,
f(voo) = 0 holds for v, = 0 € R?M | so that condition (A8) is satisfied. Since A and
g(0) are simultaneously diagonalizable (over C), cf. (A9,), we deduce from (4.22)
that A and

_ (91(0) —g2(0)
Dt(0) = (92(0) 91(0) >

are simultaneously diagonalizable (over C). This proves assumption (A9) for K = R.
Finally, (A11,) implies (A11) with 8 given by (All,). Every classical solution v,
of (4.18) satisfying v, € Cp,(R%, CV) and (4.19) leads to a classical solution

__ (Reuw,
Va1 = Imuv,
of (4.20) satisfying v, € C,(R?, R?V) and (4.19). Summarizing, Theorem 2.8 yields

v, € WP (R?,R?N), and thus v, € W, P (R%, CN). O
In Section 6 we will apply this result to the cubic-quintic complex Ginzburg-
Landau equation which is of the form (4.17). Other examples fitting into this class
include the Schrodinger and the Gross-Pitaevskii equation.
5. Exponential decay of eigenfunctions
Consider the eigenvalue problem
(5.1) ANv(z) + (Sz, Vo(z)) + Df(ve(x))v(x) = M(z), z € RY, d > 2.

We are interested in classical solutions (A, v) of (5.1), ie. A € C and v €
C?(R4,CN) solves (5.1) pointwise (cf. Definition 2.6).
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5.1. Sobolev and pointwise estimates of eigenfunctions. The following
theorem states that every classical solution v of the eigenvalue problem (5.1) de-
cays exponentially in space, provided its associated (isolated) eigenvalue A satisfies
Re A > —f.. The proof is similar to those of Theorem 2.8 and Corollary 4.1, but
now it is crucial that Theorem 3.5 can be employed for cases where A # 0, g # 0
and K = C.

THEOREM 5.1 (Exponential decay of eigenfunctions). (1) Let the assumptions
(A4), (A6)-(A9) and (All) be satisfied for K = R and for some 1 < p < 0.
Moreover, let amax = p(A) denote the spectral radius of A, —ag = s(—A) the
spectral bound of —A, —by = s(D f(vso)) the spectral bound of D f(vs) and let S
be from (All). Further, let

0;(z) = exp (,uj\/|x|2 + 1) , zeRY j=1,2

denote a weight function for pui,pus € R. Then, for every 0 < & < 1 there is a
constant K1 = K1 (A, f,v0,d,p,e) > 0 such that for every classical solution v, of
(2.8) satisfying (2.9) the following property holds: Every classical solution v of the
etgenvalue problem

(5.2) ALv(z) + (Sz, Vo(x)) + Df(ve(x))v(x) = M(z), z € RY,

with A € C and Re A 2 —(1—¢)B0, such thatv € LSI (R, CN) for some exponential
growth rate

[ ’yAﬁoo

satisfies

v e W, (R, CN)
for every exponential decay rate
Vagby
AmaxP
(2) If additionally, p > &, f € CFRN,RYN), v, € CFY(RLRY) and
v € CHI (R, CN) for some k € N with k > 2, then v € Wek’p(Rd,(CN) holds.
Moreover, v satisfies the pointwise estimate

(5.5) |D%(x)| < Cexp (—M2\/|$|2 + 1) , zeR?
Vagbo

GmaxP

(5.4) O0<ua<e

for every exponential decay rate 0 < s < € and for every multi-index o € N¢

satisfying d < (k — |a|)p.

REMARK 5.2. In case of d € {2,3} and p = 2 it is sufficient to choose k = 5
to obtain pointwise estimates for v of order 0 < |a| < 2. This requires to assume
f € CORN,RN), v, € CO5RYRYN) and v € C¥(R?,CV). Moreover, note that the
space Lgl (R4, CN) does not only allow bounded but even exponentially growing
eigenfunctions.

PROOF. (1) Let v, be a classical solution of (2.8) satisfying (2.9) and let v be
a classical solution of (5.2) satisfying v € Ly (R?,CN) with 6 from (3.19) and p,
such that (5.3). Then v satisfies

0 =Xv(z) — (ALv(z) 4+ (Sz, Vu(z)) — Boov(x) + Q(x)v())
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=[(\ — Lg) v](x), x € RY

with Boo := —Df(veo) and Q(x) := D f(vs(z)) — Df(vs) as in (4.8). Now, v €
Wg;p(Rd,(CN) follows from Theorem 3.5 with p; < 0, ¢ = 0 and A € C with
ReA > —(1 —¢)Bs . Note, that the assumptions of Theorem 3.5 are satisfied as
shown in the proof of Corollary 4.1.

(2) Assuming more smoothness for f,v,v,, we prove v € Wéi’p(Rd,(CN) by
induction on k. Let a € NZ be a multi-index of length |a| = k — 1. Similar to
the proof of Corollary 4.1, an application of D® to (5.2) yields an inhomogenous
equation for w := D%,

(5.6) (AT = Lo)uw](z) = g(), x € R?

with matrices By, and Q(x) as in (4.8), A € C with ReX > —(1 — ¢)8, and
9(x) := g1(x) + g2(x) where

g1 .—Z Z SZJ< >Da ej+el,v

i=1 j=1
e;j<a
18]
p=3 ( )Z S (D)) [P v, Db DR
B<La (=1 m€eP, 18]
|B]>1

In this expression, the multilinear argument h is defined as in (4.13) with « replaced
by (. Below we prove g1, g2 € Lj (]Rd C™), so that Theorem 3.5 implies w = D% €
ngp(Rd, CN) and therefore, v € W02’p(Rd, CcN).

First we consider g;: By the first part of this Corollary (base case k = 2) and by
the induction hyperthesis (induction step k > 2) we have v € Wek;l’p(Rd,(CN).
As in the proof of Corollary 4.1, we then deduce g; € L§2 (RY, RY). Finally, we
show gy € LZ2 (R4, RN) by applying Hélder’s inequality (4.5) with p; := %p and

l_

u; = 04 |D‘”7“U*hﬂj‘ for j =1,...,¢, ppy1 := k_lep and ugpqq = |D°‘_ﬂv’. Note
that S671 L = % follows from Z§:1 |7;| = |B]. We obtain

j=1 Py

HQQ(D”lf)(v*) [D‘m'v*hm, . D™l h Da*%}

Lr
oy
<@ el [ 1220l TTof [P ],
¢ 1
<[[@F O @I oo [1P°70| o1 H 03 DI lv. e
j=1 o
4
<P @ e 10270l s TT |22 b [,

j=1

1
since fo(x) > 1 and j > 1 imply 63 (x) < 62(z). Note that v, € Cn(R%RY),
f € CFRYN,RY) and ¢ < |B| < |a| = k — 1 imply the boundedness of (D! f)(v,).
As in the proof of Corollary 4.1, both 92D‘”j|v*hﬂj € LPi (R, RYN) and 0, D Pv €
LPe+1 (R, CN) follow from the Sobolev embedding (4.3): Since f € C*~1(RN RY)
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and Uy € CH1(RY RY), Corollary 4.1 implies that
Uy — Voo € W:Z’p(Rd,]RN), therefore 02D|”ﬂ"v*hﬂj e Wklmilp»(R? RN). The Sobolev
embedding (4.3) shows

02Dy, by € WhImle (R, RY) € Py (RE,RY) V1 < |my| < |8,

provided that 1 < p < p; < oo and % — (k= |mj]) < f.
J

obviously satisfied, since p > g, 1 < |m;| < k—1. Next, since v € Wéz_l’p(Rd,(CN),
(4.4) implies foDVv € WF=1=IP(RY CN) for all 0 < |y <k —1. Fory =a — 8
with |a] =k — 1 and § < a we have k — 1 — || = |8 and therefore, the Sobolev
embedding (4.3) implies

9,0 Py e WIFP(RY RN) ¢ LPe+1(RE, RY),

These conditions are

provided that 1 < p < pgy1 < 0o and % — 18] < ﬁ. These conditions are satisfied

by the same arguments as above. This concludes the proof of go € L§2 (R4, RM).
Finally, the pointwise estimates follow when combining our previous Sobolev

estimates with (4.4) and the embedding (4.14), in a similar manner as in Corollary

4.3 |

REMARK 5.3 (Higher regularity of the eigenfunction v). Collecting the results
of Theorem 5.1 and Remark 4.2, we obtain

fe cmaxiZkl v e OF — u, —wvg,v € W;z’p

for any k € N, provided that 1 < p < oo from (A4) satisfies p > % if K > 2. We also
recall the role of the parameter € in the exponential estimates. Theorem 5.1 shows
that  every  eigenfunction associated to an  eigenvalue A  with
Re A > —f4 decays exponentially in space. Usually, one expects this behavior even
for ReA > —bg. The rate of decay is controlled by ¢ € (0,1). If
ReX > —(1+4¢€)0 is close to —f we may take € close to 0 and obtain a small rate
o of decay according to (5.4). On the other hand, if A is close to the imaginary
axis we may take ¢ close to 1 and obtain a higher rate of decay.

5.2. Eigenfunctions belonging to eigenvalues on the imaginary axis.
Some classical solutions of the eigenvalue problem (5.1) are due to equivariance of
the underlying equations and can be expressed in terms of the rotating wave itself.
The following result proved in [26, Thm.9.4], specifies these eigenfunctions.

THEOREM 5.4 (Point spectrum on the imaginary axis). Let S € R%? be skew-
symmetric and let U € C»? denote the unitary matriz satisfying As = UTSU
with Ag = diag()\7, ..., )\5) and eigenvalues A7, ..., )\ds of S. Moreover, let v, €
C3 (R4, RYN) be a classical solution of (2.8), then v:R? — CN given by

v(z) =(C™% + C"*, Vo, (z))

d

d—1 d
=3 > CE'x;Di — 2:Dj)v.(z) + > "Dy, ()

i=1 j=i+1 =1

(5.7)

is a classical solution of the eigenvalue problem (5.1) if O™t € C%d Ct> ¢ C4
either satisfy

A=), C*'=0, C"™=Ueg
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for somel=1,....d, or
A==(\3+An), C =U(lun — Lnn)UT, C"* =0

for somen =1,...,d—1 and m = n+1,....d. Here I,,, € R*® denotes the
matrixz having the entries 1 at the n-th row and m-th column and 0 otherwise. All
the eigenvalues above lie on the imaginary axis.

A direct consequence of Theorem 5.1 and Theorem 5.4 is that the eigenfunc-
tions v from (5.7) belong to Wel;p(Rd, C") and decay exponentially in space, [26,
Thm.9.8].

COROLLARY 5.5 (Exponential decay of eigenfunctions for eigenvalues on iR).
Let all assumptions of the statements (1) and (2) of Theorem 5.1 be satisfied. Then
the classical solution

v(z) = (C™'z + O™, Vu,(z)), z€R?

of the eigenvalue problem (5.2) with A, C™' and C%?* from Theorem 5.4 lies in

W(;Z’p(Rd,(CN) for every exponential decay rate (5.4). Moreover, the function v €
W(Z’p(Rd, CN) satisfies the pointwise estimate (5.5).

PROOF. In order to apply Theorem 5.1 to v(z) = (C™'z + C'" Vuv,(z)), we
observe that the map z +— (C™'z + C%2 Vu,(z)) is of class C**! since v, €
CHF+2(R? RY). In particular, B > 0 allows to deal with eigenvalues \ € iR. O

REMARK 5.6. Later on, we numerically approximate the spectrum of the lin-
earization £ for (2.12). For this purpose we decompose the LP-spectrum o (L) of £
into the disjoint union of point spectrum opoins(£) and essential spectrum oegs(L)

(5.8) (L) = 0point (L) U 0ess (L).

The point spectrum of L is affected by the symmetries of the group action and
contains the eigenvalues described in Theorem 5.4. In particular, it contains the
spectrum of S and the sum of its different eigenvalues, i.e.

(5.9) oP2 (L) i= o (S) U {1 + A2 | A1, X2 € 0(8), A # A2} € opoint (L)

point

The associated eigenfunctions are explictly known, see (5.7), and they are expo-
nentially localized as shown in Corollary 5.5. In general, opoint (£) contains further
eigenvalues. Neither these additional eigenvalues nor their associated eigenfunctions
can usually be determined explicitly. The essential spectrum of £ depends on the
asymptotic behavior of the wave at infinity. Under the same assumptions as in
Theorem 2.8 one derives a dispersion relation for rotating waves, see [26, Sec.9.5],

(5.10) det <)\IN +w?A — Df(veo) —i—ianalIN) =0forsomeweR, n €7
=1

which then yields information about the essential spectrum

(5.11) Pt (L) == {\ € C | X satisfies (5.10)} C 0ess(L).

€ess

Here, S has the (d — 2m)—fold eigenvalue 0 and nontrivial eigenvalues +ioy,l =
1,...,m on the imaginary axis. For more details we refer to the examples in Section
6 and to [26, Ch.9,10].
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6. Rotating waves in reaction diffusion systems:
The cubic-quintic complex Ginzburg-Landau equation

Consider the cubic-quintic complex Ginzburg-Landau equation (QCGL), [19]
(6.1) ur = alAu+u <5+6\u|2 +’y\u|4>

where u : R? x [0,00) — C, d € {2,3}, a, 3,7, € C with Rea >0 and f: C — C
given by

(6.2) F(w) = (54 Bluf +v]ul*).

The real-valued version of (6.1) reads as follows

(6.3) u; = AAu+f(u) with A := (0‘1 _0‘2) , u= (“1)
Q2 @ U2

and f : R? — R? given by

64) £(") = (u101 — u2ds) + (1 f1 — uzf2) [uf® + (w1 y1 — uz72) [uf*
’ uz) " \(u1dz 4 u261) + (urfBa + uzB1) [ul® + (u1y2 + ugyr) ul* )’

where |ul? = u? +u3, u = uy + iUz, @ = a; +iag, B = 1 +if, ¥ = M + iY2,
6 =61 +ido.

This equation describes different aspects of signal propagation in heart tissue,
superconductivity, superfluidity, nonlinear optical systems, see [23], photonics, plas-
mas, physics of lasers, Bose-Einstein condensation, liquid crystals, fluid dynamics,
chemical waves, quantum field theory, granular media and is used in the study of
hydrodynamic instabilities, see [21]. It shows a variety of coherent structures like
stable and unstable pulses, fronts, sources and sinks in 1D, see [3, 36, 38, 39],
vortex solitons, see [13], spinning solitons, see [14], dissipative ring solitons, see
[33], rotating spiral waves, propagating clusters, see [30], and exploding dissipative
solitons, see [34] in 2D as well as scroll waves and spinning solitons in 3D, see [22].

We are interested in exponentially localized rotating wave solutions
uy @ R% x [0,00) — C of (6.1) and u, : R% x [0,00) — R? of (6.3). Note that,
given some skew-symmetric S € R%? and some vector z, € R? the function
uy(7,t) = v (et (2 — 2,)) with v, : R? — C is a rotating wave of (6.1) if and
only if u,(z,t) = v.(e*(z —z,)) is a rotating wave of (6.3), where u, = (?niif)

*
and v, = (Re Ux
Imv,
calized by applying Theorem 2.8 and Corollaries 4.1, 4.3 to the real-valued system
(6.3) and Corollary 4.5 to the complex equation (6.1).

First, consider the assumptions (A1)—(A11) for K = R: With A from (6.3) and

f from (6.4), Assumption (A1) is satisfied for every o € C, since

A (a0 (i1 L1/
65 rareaman= (3 ovo (D)ool ).

Assumption (A2) follows from Rea > 0, since 0(A) = {a,@}. Assumption (A3)
holds with 3a = Rea if Rea > 0, since Re (w, Aw) = Rea for w € R? with |w| = 1.
Condition (A5), which is equivalent to (A4), requires « # 0 and FTZ‘O‘ = p1(A) >

. We are going to show that v, (and v,) are exponentially lo-
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[p—2]
p

. The latter condition is equivalent to

2v/p—1

) for some 1 < p < oo,
lp— 2|

larg o < arctan (
or alternatively to
2|al 2|al
6.6 e i i bt I .
( ) pmln |O(| + ReOl p |0¢| _ Rea pmax

The condition (A6) is satisfied with S € R%? given by

0 St 0 S22 Sis
(67) S = _512 0 and S = —512 0 Sgg
—S13 =S 0

for d = 2 and d = 3, respectively. Below we specify the entries Si2, Si3, Ses €
R and the point z, € RY, that will be the center of rotation if d = 2 and a
support vector of the axis of rotation if d = 3, cf. (2.2). All this information come
actually from a simulation. First we simulate the original system for some time.
Then we switch to the freezing method, which yields the profile vy, its center of
rotation, and its rotational velocities. For more details on the computation, see
[26, Sec.10.3]. Some general theory and applications of the freezing method may be
found in [7, 8, 9, 10, 37]. Note that in case d = 2 we have a clockwise rotation, if
S12 > 0, and a counter clockwise rotation, if Sy < 0. Assumption (A7) is obviously
satisfied, even with f € C°°(R?,R?), since every component of f is a polynomial.
With v = (0,0)7, the assumption (A8) is satisfied, and for this choice we have

5 -6
Df(vw):((s; 512)

Assumption (A9) holds for the same transformation matrix Y as in (6.5). The
condition Red < 0 implies both, Assumption (A10) and Assumption (All) with
Bso = —Red.

Next we consider assumptions (A7), (A9,) and (All,): Writing f as f(u) =
g(|ul?)u with

g:R—C, g(v)=05+pv+yv?

Assumption (A7,) is obivously satisfied and we even have g € C*°(R,C). Assump-
tion (A9,) is satisfied with ¢g(0) = ¢ for every «, 0 € C and assumption (All,) with
Boo = —Red if Red < 0. The assumptions (Al)—(A5) for A = a € C lead to the
same requirements as in the real-valued case.

Our discussion shows that if we assume

2|al 2l
la| + Re a sPs o] — Rea — Pmax;
we can apply Theorem 2.8, Corollary 4.1 and Corollary 4.3 to the real-valued system
(6.3), and Corollary 4.5 to the complex-valued equation (6.1). In both cases, the
bound for the rate of the exponential decay reads

Rea (—Re))
|

(6.8) Rea >0, Red <0, pmn=

(6.9) Oéuéeg, for v = and some 0 < £ < 1,

since ag = Re v, by = —Red and apmax = |a-
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6.1. Spinning solitons. For the parameter values from [14], given by

1 1 5 1 1
6.10 =-4-i, B=-4i, y=-1——i, §=-=
equation (6.1) exhibits so called spinning soliton solutions for space dimensions
d =2 and d = 3, see Figure 3. The parameter values (6.10) satisfy the requirements

from (6.8), and therefore our assumptions (A1l)—(All) for every p with

(6.11) L1716~ _ ~ 6.8284,

= Pmin < P < Pmax =
V2 p p<p 22
e.g. for p=2,3,4,5,6. Therefore, the solitons (and their derivatives) are exponen-
tially localized in the sense of Theorem 2.8 and Corollary 4.1, i.e. v, belongs to
W92 PMRYIR?) for p € (Puin,Pmax) and for the weight function

0(z) = exp (,u |z|? + 1) with exponential decay rate

€

12 <p<—.
(6.12) 0<p NG
Corollary 4.1 implies that v, even belongs to W: P(R?, R?) for every k > 0, provided
d =2, p € (Pmin:Pmax) o d = 3, p € [3, pmax) since f € C(R?% R?). Moreover,
Corollary 4.3 shows that the solitons satisy the pointwise estimates (4.16). In
Section 6.3 we will compare this with the rate of decay measured from numerical
experiments.

Next, we discuss the numerical results from Figure 3 and explain how to com-
pute the profile and velocities numerically. For all numerical computations including
the eigenvalue computations we used Comsol Multiphysics 5.2, [1].

Figure 3(a) shows the spinning soliton in R? as the solution of (6.1) on a circular
disk of radius R = 20 centered at the origin at time ¢ = 150. For the computation we
used continuous piecewise linear finite elements with maximal stepsize Az = 0.25,
the BDF method of order 2 with absolute tolerance atol = 107°, relative tolerance
rtol = 1072 and maximal stepsize At = 0.1, homogeneous Neumann boundary
conditions and initial data

! , x} 4 a3
ugP (21, 22) = s (z1 + iz2) exp (—1492 , 22 +a2i< R

Figure 3(b) shows isosurfaces of the spinning soliton in R* obtained from
the solution of (6.1) on a cube [—10,10]* at time ¢ = 100. For the compu-
tation we used continuous piecewise linear finite elements with maximal stepsize
Az = 0.8, the BDF method of order 2 with absolute tolerance atol = 10~%, rela-
tive tolerance rtol = 1072 and maximal stepsize At = 0.1, homogeneous Neumann
boundary conditions and (discontinuous) initial data

udP (21, 29, 23) = udP (21, 29) for |x3] < 9 and 0 otherwise.

Using these solutions as initial data, the freezing method from [7, 8] provides
an approximate rotating wave with profile w, in the following format

(6.13) u,(z,t) = w,(exp(—tS)(z — tE(tS)r)), ze€R% teR,
where S € R%? is skew symmetric, 7 € range(S) C R? and E is the analytic

function E(z) = Zjoil ZJJ—TI satisfying E(z)z = exp(z) — 1,z € C. In order to put
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FIGURE 3. Spinning soliton of QCGL (6.1) ford =2 (a) and d = 3
(b) with real part (left), imaginary part (middle) and absolute value
(right). The colorbar in (a) reaches from —1.6 (blue) to 1.6 (red).
The isosurfaces in (b) have values —0.5 (blue), 0.5 (red) and 0.5
(green).

this into the standard form (2.2) used in our theory, we determine the position
vector x, € R? by solving

(6.14) Sz, +7=0.

Then we may write

exp(—tS)(x — tE(tS)T) =exp(—tS)(xz + E(tS)(tS)z,)
=exp(—tS)(z — zx) + @4,

so that (6.13) turns into
(6.15) Uy (z,t) = w,(exp(—tS)(x — x4) + z4) = Vi (exp(—tS)(x — x4)).
Thus the numerical profile w, is a slightly shifted version of the profile v, used for

the theory. In practice, we solve (6.14) directly for d = 2 and by rank-deficient least
squares for d = 3, see [26, Ex.10.8] for details.
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Using for d = 2 the data at time ¢ = 400, one obtains the following values for
S12, 7 and the center of rotation z2P of the spinning soliton

—0.0054
—0.0071)°

_ 1 T —0.0069
oD . _ g1 _ L (T _
= ST g <—n> ( 0.0052 > '
The rotating wave u, : R? x [0, 00) — R? satisfies

Sz — 22P) + xED) = v, (e_ts(x - :ciD)) .

In case d = 3 at time ¢ = 500 the rotational velocities Siz,S13, 523 and the
translational vector 7 of the spinning soliton are found to be

512 = 10286, T = <
(6.16)

w(z,t) = w, (e

Sis 0.6888 0.0023
(6.17) Sis | = | —0.0043 ), 7= [-00415
Sas —0.0043 0.0005

3D r ¢ R} with support vector z3P and the

spanning the null space of S, is given by

The axis of rotation is {z3P + rz

. . 3D
direction zy/;

Sas —0.0043
23D =-S5 | = 0.0043 |,
Sia 0.6888
1 S12Tg + S1373 —0.0602
LL‘3D = | —=S190m + S9373 | = | —0.0033

* T Q2 2 2
Sia + 513 5% \ _g1um — Syaro —0.0004

As above, the rotating wave u, : R? x [0,00) — R? satisfies
w,(z,t) = w, (e (z — 2iP) +23P) = vi (7P (& — 23P)) .
The periods of rotation for the spinning solitons in R? and R? are determined
by

2 2
T _6.1085 and T3P — T — 9.1216.

- 1522 ‘\/5122"‘5%3‘*‘533‘

6.2. Spectrum and eigenfunctions at spinning solitons. Consider the
eigenvalue problem for the real-valued version of the QCGL-equation

(6.18)  Lv(x) = AAv(x) + (Sz, Vv(z)) + Df (vi(x)) v(z) = Av(x), z € RY,

T2D

where d € {2,3}, v : R? — C2, A € R*? is from (6.3), f : R? — R? from (6.4) and
S € R4 from (6.7).

Recall from Section 6.1 that the Ginzburg-Landau equation (6.3) exhibits spin-
ning soliton solutions for space dimensions d = 2 and d = 3 and for the parameter
values from (6.10).

Below we approximate solutions (A, v) of the eigenvalue problem (6.18) and
apply Theorem 5.1 and Corollary 5.5 to (6.18). Instead of (6.18) we solve the
eigenvalue problem

(6.19)  AAw(z) + (S(x — z,), Vw(x)) + Df (w,(2)) w(z) = Aw(z), 2 € RY,
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with d € {2,3}, S € R*? and 7 € R? from (6.16) and (6.17). Note that (6.19)
is just the shifted version of (6.18) where w(z) = v(x — z,),z € R%. Hence the
eigenvalues are the same.

We use the following values

Voo = <8> . o (DE(va)) = {6,6) = {;}

(6.20) )
by = —s(Df(vs)) = —Red = 3

The spectrum of S € R%? is given by
(6.21) d=2: O'(S) = {iali}, g1 = 512 = 1.0286,

(6.22) d=3: o(S)={0,%0i}, o1 =1/S%, + 5%, + 53, = 0.6888.

For the solution of the eigenvalue problem (6.19) we use in both cases, d = 2 and
d = 3, continuous piecewise linear finite elements with maximal stepsize Ax = 0.25
(if d = 2) and Az = 0.8 (if d = 3), homogeneous Neumann boundary conditions
and the following parameters for the eigenvalue solver

(6.23) neigs = 800, o= —1, etol=10"",

i.e. we approximate neigs = 800 eigenvalues that are located nearest to 0 = —1 and
satisfy the eigenvalue tolerance etol = 10~7. As above, the profile w, and the pair
(S, zy) in (6.19) are obtained from simulating the freezing system until ¢ = 400 for
d = 2 and until ¢ = 500 for d = 3. With the data from the last time instance we
then solve the eigenvalue problem (6.19).

1 25 .o 1
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FIGURE 4. Numerical spectra of QCGL (6.1) linearized about a
spinning soliton for d = 2 (a), and d = 3 (b).

Figure 4 shows the numerical approximation o®PP**( L) of the spectrum o (L) =
Opoint (L) U 0ess (L) of L obtained by linearizing about the spinning soliton v, for
d =2 (a), and d = 3 (b). Let us discuss the numerical spectra in more detail and
compare them with our theoretical results:
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a) Essential spectrum: We replace v, in £ by its limiting value zero and find a
dispersion relation (5.10), leading to

(6.24)  oP2Y(L) = {A=—w’a1 + 6 +i(Fwlay £y —noy) |wER, neZ}

with o1 from (6.21) for d = 2 and from (6.22) for d = 3, c¢f. Remark 5.6 and [26,
Thm.9.10]. Recall the inclusion 022 (L) C 0ess(L) and taking the parameter values

ess

(6.10) into account, (6.24) reads as
1 1
oAt (L) = {)\ = —§(w2 +1)+4 ($2w2 — nal) |lweR, ne Z} C Tess(L).

In both cases the part oP2'*(L) of the essential spectrum forms a zig-zag-structure
that can be considered as the union of infinitely many copies of cones. The tips
of the cones f% —inoy, n € Z lie on the line §; + iR = f% + ¢R. Therefore,
the distance between two neighboring tips equals 1. The gap between the whole
essential spectrum and the imaginary axis equals by = %7 since Re 0ess (L) < —bp =
Red = —3. The inclusion 0B (L) C 0es(L) is proved in [27, Thm.9.10] for the
LP-spectrum of £. We believe that even equality holds, i.e. oP2*(L) = gess(L), but
this has not been proved so far.

Let us now consider the numerical results: The red dots in Figure 4 represent
the approximation g3PP**(L) of the essential spectrum oess(L). They approximate
the collection of cones in the essential spectrum. As expected, the tips are approxi-
matively located on —% + iR, indicated by the black dashed line. Our results show
that the distance between two neighboring tips of the cones agrees with o; from
(6.21) for d = 2 and from (6.22) for d = 3. In particular, the approximation suggests
that we have equality in (6.24). The case d = 2 has been also treated in [5, Sec.8].

b) Point spectrum: From Theorem 5.4 and Remark 5.6 we have the relation

(6.25) oMt (L) = {0, +io1} € opoint (L)

point

with oy from (6.21) for d = 2 and (6.22) for d = 3 (cf. [26, Thm.9.4] for more
details). The eigenvalues 0, +io; are located on the imaginary axis and have (at
least) algebraic multiplicities 1 for d = 2 and 2 for d = 3, respectively, see Theorem
5.4. The numerical results below suggest that we do not have equality in (6.25),
i.e. in general there are further isolated eigenvalues which have to be determined
numerically.

Let us now consider the associated numerical results: The blue circles and
the blue plus signs in Figure 4 represent an approximation apet’™(£) of the point
spectrum opeint(£). The approximate eigenvalues 0, +ioq are visualized by blue
circles. The plus signs indicate further isolated eigenvalues which belong to the
point spectrum, but cannot be determined explicitly. In case d = 2, there are
11 additional complex-conjugate pairs of isolated eigenvalues, of which 8 pairs are
located to the right of the vertical black dashed line —% + iR and 3 pairs to the
left in between the zig-zags. We emphasize that these three pairs are not numerical
artifacts but are robust to spatial mesh refinement and to increase of spatial domain.
Similarly, in case d = 3, we find 12 additonal complex-conjugate pairs of isolated
eigenvalues, of which 11 pairs are located to the right of the vertical line —% + iR
and 1 pair to the left in between the zig-zags. Numerical values of the isolated
eigenvalues are given in Table 1 below.

c) Eigenfunctions: The eigenfunctions associated to eigenvalues from the essen-
tial spectrum are explicitly known and bounded but never localized, i.e. they do not
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FIGURE 5. Real parts of eigenfunctions of 2D-QCGL (6.1) for a
spinning soliton.
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FIGURE 6. Isosurfaces of real parts of eigenfunctions of 3D-QCGL
(6.1) for a spinning soliton.

decay in space, see [26, Thm.7.9 and 9.10]. In contrast to this, all eigenfunctions

associated to eigenvalues from the point spectrum, in particular those on the imag-
inary axis, are exponentially localized. For eigenvalues A\ with Re A > —(,, = —%

this follows from our theory. To be more precise, let us introduce angular derivatives
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by

D(1’2) = $2D1 — {BlDQ, D(1’3) = LL‘3D1 — $1D3, D(2’3) = 1‘3D2 — LL‘QDg.
Then Theorem 5.4 yields eigenfunctions associated to eigenvalues from aggirflt (L) as
follows

A\ = 0, Vi = D(172)V*7
(6.26) ! _ 1 _
Ao 3 = Fioy, Va3 = Div,EiDov,

for d = 2, see [26, Ex.9.6], and by
A =0, vi = S12DU v, + S13DW) v, + S5 DEA)y
Az =0, vz = Sa3D1vy — S13D2v, + S12D3v4,
A3a = Fi01, Vga = (01513 £ 1512523)D1v,
+ (01523 £4512513) Dav,
+i(S75 + S33)D3v.,
X5 = tior, vse=—(S% + S33) DI v,
— (=S12513 £ i1 Sa3) Dy,
+ (812893 £ i01S13) D3,

(6.27)

for d = 3, see [26, Ex.9.7]. We next study the asymptotic behavior of eigenfunctions
with eigenvalues in opoint(£). As shown in the previous section, Theorem 5.1 and
Corollary 5.5 imply that all eigenfunctions with eigenvalues Re A > —% are expo-
nentially localized, in the LP- and in the pointwise sense. The maximal exponential
rate of decay for the eigenfunctions will depend on A as we will see in Section 6.3
below. Note that Theorem 5.1 does not apply to eigenvalues satisfying Re A < —%.

Let us now discuss the numerical results: In Figure 4, there are some isolated
eigenvalues labeled by a green square. Their eigenfunctions are visualized in Fig-
ure 5 for d = 2 and in Figure 6 for d = 3. Both pictures show the real parts of
the first component of the associated eigenfunction w : R — C2. The first two
eigenfunctions in Figure 5 are approximations of vi,va from (6.26). Their corre-
sponding eigenvalues approximate A1, Ay from (6.26), as specified in the title of the
figure. Similarly, the first four eigenfunctions in Figure 6 approximate v, va, vs, vs
from (6.27). Their associated eigenvalues are approximations of A1, A2, A3, A5 from
(6.27) and again specified in the title. Note that the first eigenfunction in Fig-
ure 5 and in Figure 6 agrees with a slightly shifted version of the rotational term
vi(x) = (S, Vv,(z)) which arises in the rotating wave equation (1.5). The eigen-
functions 3 — 10 from Figure 5 and 5— 14 from Figure 6 belong to the eigenvalues in
green boxes carrying a plus sign and satisfying Re A > f%. They are ordered with
decaying real parts. All eigenfunctions with eigenvalues satisfying Re A > —% seem
to decay exponentially, as expected by Theorem 5.1. The last three eigenfunctions
in Figure 5 and the last eigenfunction in Figure 6 show those eigenfunctions whose
eigenvalues are marked by a green box but satisfy Re A < —%. In this case Theorem
5.1 is not applicable. However, even these eigenfunctions seem to have exponential
decay in space. Finally, we note that we found further isolated eigenvalues inside
the zig-zag structure, see Figure 4(b), the eigenfunctions of which seem to decay
exponentially in space as well.
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6.3. Rate of exponential decay for spinning solitons and their eigen-
functions. Let us consider the rates of exponential decay for spinning solitons and
their associated eigenfunctions in more detail. For this purpose we compare theoret-
ical decay rates (short: TDR), guaranteed by Theorem 2.8 and 5.1, with numerical
decay rates (short: NDR) computed from our numerical results by linear regression.
a) Decay rates of spinning solitons: The maximal rate of exponential decay for
the profiles of the spinning solitons, which one obtains from Corollary 4.3, is given
by, cf. (6.9), (6.6),

(6.28) 0< < = < 2= yPo(p) < —— e = B

p p max {pmina %}
Taking the parameter values (6.10) into account, (6.28) implies the following upper
bounds for the theoretical decay rates

1 _o0q0mt o [¥2 506036, d=2,
Vip o p 0 P T L2 a0t d=s.

We compare this with the numerical exponential decay rates for the profile:

# (p)

-10

[

10 15 20

(a) (b)

FI1GURE 7. Numerical exponential decay rate of the spinning soli-
ton profiles for d = 2 (a) and d = 3 (b) arising in the QCGL (6.3).
The black line indicates the level 0.5 use for the isosurfaces in Fig-
ure 3(b).

Figure 7 shows the absolute value of the spinning soliton profile along a straight
line in radial direction, for d = 2 in (a) and d = 3 in (b). To be more precise, Figure
7 (a) shows the function

(6.29) 0,20] = R, r logy, ‘w* (r cos % rsin g) ’
in case of d = 2. Similarly, Figure 7 (b) shows the function

(6.30) [0,10v3] = R, 7 log,,

w < ror T )
"\V3' V3B
in case of d = 3. The functions are almost linear at least in the regions enclosed
by the black dashed lines, which are [5,13] for d = 2 and [5,9] for d = 3. In case
d = 2 the observed NDR is slightly below the TDR. This is attributed to the fact
that the NDR is affected by the size of the bounded domain and by the choice of
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boundary conditions. Summarizing, this indicates that the heat kernel estimates
from [26, 27], which form the origin of these decay rates, are quite accurate.
b) Decay rates of eigenfunctions: The maximal rate of exponential decay for
the eigenfunctions, obtained from Theorem 5.1, will now depend on A, since

Rel—Red

2 =(1=¢)Be = —(1—¢)(= < = .
Re A (1-¢)8 (1—¢)(—Red) <= =« “Res e(A)
This gives us the bounds

ev _e(Nv - e\ )
631)  0< < e ny o EA e ().
(6:31) D D K A) max { Pmin, 4 } Hinax (V)

With parameter values (6.10) the bounds (6.31) lead to

. 2 (ReA+1 .

et = O ) = 2 (Rea+ 1)
This shows, that the decay rate is maximal for eigenvalues on the imaginary axis and
decreases linearly to 0 as Re A approaches —%, cf. Figure 4. Recall, that Theorem
5.1 does not apply for Re A < —%. For the isolated eigenvalues labeled by a green
square in Figure 4, the TDR’s 8 (\) of the associated eigenfunctions are given
in the third columns of Table 1. We compare with the numerical exponential decay
rates for the eigenfunctions:

-10

8

10 15 20

FIGURE 8. Numerical rate of exponential decay of the eigenfunc-
tions for d = 2 (a) and d = 3 (b) of (6.19) linearized at a spinning
soliton.

Figure 8 shows the absolute value of the eigenfunctions along the lines from (6.29)
and (6.30) with w instead of w,. The eigenfunctions are associated to the eigen-
values in green boxes in Figure 4. The color of the graphs vary with Re A of the
associated eigenvalue. Varying Re A from 0 to —%, the graphs change color from
blue to red. A red graph indicates that Re A is near —% and that the TDR is small.
Finally, a black graph indicates an eigenvalue Re A < —%, in which case we do not
have a TDR. All eigenfunctions are approximately linear in the regions enclosed
by the black dashed lines, which are again [5,13] for d = 2, and [5,9] for d = 3.
Moreover, we observe that the decay rate of the eigenfunctions decreases when the
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eigenvalue moves to the left of the imaginary axis. We note that even those eigen-
functions the eigenvalues of which satisfy Re A < —%, have exponential decay. Once
more, we used linear regression on 1000 radially equispaced points to estimate the
NDR. The numerical values are collected in the second columns of Table 1. Again
the TDR’s are surprisingly close to the NDR’s with difference increasing towards
Rel = -1

bR

eigenvalue | NDR | TDR
8.999 - 10~ 15 [ 0.5387 | 0.4714
—5.6162-107% | 0.5478 | 0.4714
0.00110 4 0.68827: | 0.5507 | 0.4714
0.00248 + 0.68747 | 0.5398 | 0.4714
—0.06622 4+ 1.01124 | 0.4899 | 0.4090
—0.07747 4+ 1.52744 | 0.5355 | 0.3984
—0.22334 4+ 1.15934 | 0.4756 | 0.2608
—0.26467 4+ 0.11937 | 0.4785 | 0.2219
—0.30232 4 1.94574 | 0.4649 | 0.1864
—0.43957 4+ 2.3248; | 0.3595 | 0.0570
—0.44063 4+ 1.5128; | 0.3310 | 0.0560
—0.47366 &+ 1.35527 | 0.4781 | 0.0248
—0.48294 4+ 0.91634 | 0.4145 | 0.0161
—0.48506 4+ 0.09914 | 0.2126 | 0.0141
—0.49015 + 0.2535¢ | 0.3307 | 0.0093
—0.55519 4+ 1.1222; | 0.3581 | —

eigenvalue | NDR | TDR
5.29-10-1 [ 0.5713 | 0.6036
—0.00002 £ 1.02707 | 0.5730 | 0.6035
—0.17509 £+ 1.8183¢ | 0.5001 | 0.3922
—0.17695 £ 0.3340¢ | 0.4815 | 0.3900
—0.19882 £+ 1.6205¢ | 0.4139 | 0.3636
—0.21211 £ 2.7050¢ | 0.4652 | 0.3475
—0.22794 £+ 2.2695¢ | 0.5155 | 0.3284
—0.26402 £+ 1.06244 | 0.5355 | 0.2849
—0.31017 £ 3.52247 | 0.4044 | 0.2291
—0.46659 £ 4.27427 | 0.2984 | 0.0403
—0.54131 £+ 2.8166¢ | 0.2972 —
—0.60226 £+ 0.64927 | 0.3982 —
—0.67248 £ 3.60647 | 0.3889 —

TABLE 1. Numerical (NDR) and theoretical (TDR) exponential
decay rates of QCGL (6.1) for the eigenfunctions of the linearization
at a spinning soliton for d = 2 (left) and d = 3 (right).
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