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Abstract. In this paper we investigate the implementation of the so-called freezing method for second
order wave equations in one and several space dimensions. The method converts the given PDE into
a partial differential algebraic equation which is then solved numerically. The reformulation aims at
separating the motion of a solution into a co-moving frame and a profile which varies as little as possible.
Numerical examples demonstrate the feasability of this approach for semilinear wave equations with
sufficient damping. We treat the case of a traveling wave in one space dimension and of a rotating wave
in two space dimensions. In addition, we investigate in arbitrary space dimensions the point spectrum
and the essential spectrum of operators obtained by linearizing about the profile, and we indicate the
consequences for the nonlinear stability of the wave.
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1. Introduction

The topic of this paper is the numerical computation and stability of waves occurring in second order
evolution equations with damping terms. More specifically, we transfer the so called freezing method
(see [7], [19], [4]) from first order to second order evolution equations, and we investigate its relation to
the stability of the waves. Generally speaking, the method tries to separate the solution of a Cauchy
problem into the motion of a co-moving frame and of a profile, where the latter is required to vary as
little as possible or even become stationary. This is achieved by transforming the original PDE into a
partial differential algebraic equation (PDAE). The PDAE involves extra unknowns specifying the frame,
and extra constraints (so called phase conditions) enforcing the freezing principle for the profile. This
methodology has been successfully applied to a wide range of PDEs which are of first order in time and
of hyperbolic, parabolic or of mixed type, cf. [21], [23], [22], [6], [16], [17], [18], [4]. One aim of the
theoretical underpinning is to prove that waves which are (asymptotically) stable with asymptotic phase
for the PDE, become stable in the classical Lyapunov sense for the PDAE. While this has been rigorously
proved for many systems in one space dimension and confirmed numerically in higher space dimensions,
the corresponding theory for the multi-dimensional case is still in its early stages, see [1], [3], [2], [14]-
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In this paper we develop the freezing formulation and perform the spectral calculations in an informal
way, for the one-dimensional as well as the multi-dimensional case. Rigorous stability results for the
one-dimensional damped wave equation may be found in [10], [9], [5].

Here we consider a nonlinear wave equation of the form

(1.1) Muyy = Atgy + f(u,ug,ur), x € R £ 20,

where u(z,t) € R™, A, M € R™™ and f : R® — R™ is sufficiently smooth. In addition, we assume the
matrix M to be nonsingular and M ! A to be positive diagonalizable, which will lead to local wellposedness
of the Cauchy problem associated with (1.1). Our interest is in traveling waves

Ui (2, 1) = (T — pat), 2 €R, >0,

with constant limits at +oo, i.e.

(1.2) glirinoo v, (€) = vy € R™, gl}rfoo U e(€§) =0, f(vx,0,0) =0.
Transforming (1.1) into a co-moving frame via u(z,t) = v(§,t),€ = = — p.t leads to the system
(1.3) Muy = (A — 2 M)vee + 2p Mugg + f(v,ve, v — pyve), € ER, > 0.

This system has v, as a steady state,

(1.4) 0= (A= piM)vsge + f(0r, V06, —puag), € €R.

In Section 2 we work out the details of the freezing PDAE based on the ansatz u(x,t) = v(z — v(1),1),
x € R, t > 0 with the additional unknown function (t),t > 0. Solving this PDAE numerically will then be
demonstated for a special semilinear case, for which damping occurs and for which the nonlinearity is of
quintic type with 5 zeros. We will also discuss in Section 2.2 the spectral properties of the linear operator
obtained by linearizing the right-hand side of (1.3) about the profile v,. First, there is the eigenvalue
zero due to shift equivariance, and then we analyze the dispersion curves which are part of the operator’s
essential spectrum. If there is sufficient damping in the system (depending on the derivative Dsf), one
can expect the whole nonzero spectrum to lie strictly to the left of the imaginary axis. We refer to [5]
for a rigorous proof of nonlinear stability in such a situation, both stability of the wave with asymptotic
phase for equation (1.3) and Lyapunov stability of the wave and its speed for the freezing equation.

The subsequent section is devoted to study corresponding problems for multi-dimensional wave equations

(1.5) Muy; + Buy = ADu+ f(u), z € R ¢t >0,

where the matrices A, M are as above, the damping matrix B € R"™" is given and f : R™ — R™ is again
sufficiently smooth. We look for rotating waves of the form

Uy (2, 1) = ve(e ¥ (x —2,)), € RE ¢ >0,

where z, € R? denotes the center of rotation, S, € R%*9 is a skew-symmetric matrix, and v, : R — R™
describes the profile. Transforming (1.5) into a co-rotating frame via u(z,t) = v(e™**(x — x,),t) now
leads to the equation

(1.6) Moy + Buy =AAv — Muge(S4€)? + 2Mug Si€ — MueS2E + BugSi& + f(v), € €RY, ¢ > 0,

where our notation for derivatives uses multilinear calculus, e.g.

d d d d
(vechiha)i =Y Y wigye,(h)j(ha)k,  (Av)i =) vige, = > vige(e!).
j=1 j=1

j=1k=1
The profile v, of the wave is then a steady state solution of (1.6), i.e.
(1.7) 0= AAv, — Mu, ¢¢(S:€)? — M, ¢S%E + Bu, ¢S:& + f(vy), € € R

As is known from first oder in time PDEs, there are several eigenvalues of the linearized operator on the
imaginary axis caused by the Euclidean symmmetry, see e.g. [11], [12], [8], [1], [13]. The computations
become more involved for the wave equation (1.6), but we will show that the eigenvalues on the imaginary
axis are the same as in the parabolic case. Further, determining the dispersion relation, and thus curves
in the essential spectrum, now amounts to solving a parameterized quadratic eigenvalue problem which in
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general can only be solved numerically. Finally, we present a numerical example of a rotating wave for the
cubic-quintic Ginzburg-Landau equation. The performance of the freezing method will be demonstrated,
and we investigate the numerical eigenvalues approximating the point spectrum on (and close to) the
imaginary axis as well as the essential spectrum in the left half-plane.

2. Traveling waves in one space dimension

2.1. Freezing traveling waves. Consider the Cauchy problem associated with (1.1)
(2.1a) Muyy = Augy + f(u, ug, uy), r€eR, t>0,
(2.1b) u(+,0) =wug, u(-,0) = vy, xeR, t=0,

for some initial data ug, vy : R — R™ and some nonlinearity f € C3(R3*™ R). Introducing new unknowns
~(t) € R and v(€,t) € R™ via the freezing ansatz for traveling waves

(2.2) u(z,t) =v(&,t), &:=z—v(),zeR, t>0,

and inserting (2.2) into (2.1a) by taking

(2.3) U = =g + v, U = —YuVe + Vi Vee — 2VivVer + Vit

into account, we obtain the equation

(2.4) Muy = (A — 2 M)vge + 27 Mgy + e Mog + f(v,v¢, v — Yeve), EER, > 0.

Now it is convenient to introduce time-dependent functions p;(t) € R and ps(t) € R via
pa(t) i=7e(t),  pa(t) = pae(t) = e (t)

which allows us to transfer (2.4) into a coupled PDE/ODE-system

(2.5a) Muy = (A — i M)vee + 2p1 Mugy + paMug + (v, ve, v — pve), EeR, t>0,
(2.5b) M1t = [2, t >0,
(2.5¢) Yt = M1, t>0.

The quantity (t) denotes the position, uq(t) the velocity and uo(t) the acceleration of the profile v(¢,t)
at time ¢. We next specify initial data for the system (2.5) as follows,

(26) ’U(~, O) = Uo, Ut("o) =vp + /u‘(l)uoév /1,1(0) = /U'(l)a 7(0) =0

Note that if we require 7(0) = 0 and u1(0) = uf, then the first equation in (2.6) follows from (2.2) and
(2.1b), while the second equation in (2.6) follows from (2.3), (2.1b) and (2.5¢). Suitable values for
depend on the choice of phase condition to be discussed next.

We compensate the extra variable ps in the system (2.5) by imposing an additional scalar algebraic
constraint, also known as a phase condition, of the general form

(27) 1/’(1),%&7#17#2) = Oa t>0.
Two possible choices are the fixed phase condition 15, and the orthogonal phase condition .., given by
(28) wﬁx(v) = <,U - 67ﬁ£>L27 t > 07

1porth(vt) = <Ut7U€>L2, t>0.

These two types and their derivation are discussed in [5]. The function ¢ : R — R™ denotes a time-
independent and sufficiently smooth template (or reference) function, e.g. © = wug. Suitable values for
p1(0) = p9 can be derived from requiring consistent initial values for the PDAE. For example, consider
(2.8) and take the time derivative at ¢ = 0. Together with (2.6) this leads to 0 = (v,(+,0),0¢) 2 =
(vo,D¢) 2 + pu(uo e, De) 2. If (uo e, De) 2 # 0 this determines a unique value for pf.

Let us summarize the set of equations obtained by the freezing method of the original Cauchy problem
(2.1). Combining the differential equations (2.5), the initial data (2.6) and the phase condition (2.7),
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we arrive at the following partial differential algebraic evolution equation (short: PDAE) to be solved
numerically:

Muvy = (A — piM)vee + 20 Mg ¢ + paMue + f(v, ve, v — pave),

(2.9a) t>0,
M1t = K2, Yt = M1,

(29b) 0= ¢(vvvtaﬂla /u’2)7 t 2 O7

(2-9¢) v(-,0) = ug, (- 0) = vo + pfuoe, pi(0) = pi, ~(0)=0.

The system (2.9) depends on the choice of phase condition ¢ and is to be solved for (v, 1, t2,7y) with
given initial data (ug, vo, 19). It consists of a PDE for v that is coupled to two ODEs for p; and v (2.9a)
and an algebraic constraint (2.9b) which closes the system. A consistent initial value u{ for u; is computed
from the phase condition and the initial data. Further initialization of the algebraic variable ps is usually
not needed for a PDAE-solver but can be provided if necessary (see [5]).

The ODE for + is called the reconstruction equation in [19]. It decouples from the other equations in (2.9)
and can be solved in a postprocessing step. The ODE for p; is the new feature of the PDAE for second
order systems when compared to the first order parabolic and hyperbolic equations in [7, 15, 4].

Finally, note that (v, 1, u2) = (vy, i+, 0) satisfies

0=(A- ,ufM)v*,gg + 1Moy e + [V, Vag, —laVsg), £ €R,
0= pa,
O = ¢(U*707/~1’*’ 0)7

and hence is a stationary solution of (2.9a),(2.9b). Here we assume that v,, p, have been selected to satisfy
the phase condition. Obviously, in this case we have y(t) = p.t. For a stable traveling wave we expect
that solutions (v, 1, p2,7y) of (2.9) show the limiting behavior

v(t) = Uy, p1(t) = py, p2(t) =0 as t— oo,

provided the initial data are close to their limiting values.

Example 2.1 (Freezing quintic Nagumo wave equation). Consider the quintic Nagumo wave equation,

(2.10) eup = Agy + flu,ug,ue), © €R, ¢ >0,
with u = u(z,t) € R, e > 0,0 < a1 < as < ag < 1, and the nonlinear term
3
(2.11) R3S R, flu,ug,uy) :futJru(lfu)H(ufaj).
j=1

For the parameter values

1 2 1 17
(212) M:€:§, Azl, 041:5, 012:5, 0[3:%,
equation (2.10) admits a traveling front solution connecting the asymptotic states v_— = 0 and vy = 1.

Figure 2.1 shows a numerical simulation of the solution u of (2.10) on the spatial domain (—50,50) with
homogeneous Neumann boundary conditions, with initial data

(2.13) up(z) = 3 (1+tanh (%)), wo(z)=0
and parameters taken from (2.12). For the space discretization we use continuous piecewise linear finite
elements with spatial stepsize Az = 0.1. For the time discretization we use the BDF method of order 2
with absolute tolerance atol = 1073, relative tolerance rtol = 1072, temporal stepsize At = 0.2 and final
time T = 800. Computations are performed with the help of the software COMSOL 5.2.
Let us now consider the frozen quintic Nagumo wave equation resulting from (2.9)
cvie +vn = (1= H3e)vge + 2pneve. + (nae + e + F(v),

M1t = K2, Ve = M1,
(2.14b) 0 = (vi(-, 1), 73§>L2(R’R), t>0,

(2.14¢) v(-,0) = ug, vi(-,0) =vo + puge, p1(0)=pul, ~(0)=0.

(2.14a)
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FIGURE 2.1. Traveling front of quintic Nagumo wave equation (2.10) at different time
instances (a) and its time evolution (b) for parameters from (2.12).
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FIGURE 2.2. Solution of the frozen quintic Nagumo wave equation (2.14): approximation
of profile v(z,1000) (a) and time evolutions of velocity 11 and acceleration ps (b) and of
the profile v (c) for parameters from (2.12).

Figure 2.2 shows the solution (v, y1, 2,7) of (2.14) on the spatial domain (—50,50) with homogeneous
Neumann boundary conditions, initial data wug, vg from (2.13), and reference function o = ug. For the
computation we used the fixed phase condition g, (v) from (2.8) with consistent intial data u = 0, see
above. The spatial discretization data are taken as in the nonfrozen case. For the time discretization
we used the BDF method of order 2 with absolute tolerance atol = 1073, relative tolerance rtol = 10~2,
temporal stepsize At = 0.6 and final time 7" = 3000. The diagrams show that after a very short transition
phase the profile becomes stationary, the acceleration ps converges to zero, and the speed p; approaches
an asymptotic value p2"™ a2 0.0709 which is close to the exact (not explicitly known) value p,.

2.2. Spectra of traveling waves. Consider the linearized equation
(2.15) Muyy — (A — 2 M)vee — 2u,Muvgy — (Do fy — D3 fi)ve — Dafovy — Dy fiv =0
which is obtained from the co-moving frame (1.3) linearized at the profile v,. In (2.15) we use the short
form D, f, = Djf(vx, Vs, —ixvs¢). Looking for solutions of the form v(&,t) = e*w(€) to (2.15) yields
the quadratic eigenvalue problem
(2.16) PNw= (NP, + AP+ P)w=0¢€R
with differential operators P; defined by
Py=M, P =-2uMd —Dsf., Py=—(A—piM); — (Dsfs — puDsfs)0c — D1 f.

We are interested in solutions (A, w) of (2.16) which are candidates for eigenvalues A € C and eigenfunctions
w : R — C™ in suitable function spaces. In fact, it is usually imposssible to determine the spectrum o(P)
analytically, but one is able to analyze certain subsets. Let us first calculate the symmetry set ogym(P),
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which belongs to the point spectrum o, (P) and is affected by the underlying group symmetries. Then,
we calculate the dispersion set og4isp(P), which belongs to the essential spectrum oess(P) and is affected
by the far-field behavior of the wave. Let us first derive the symmetry set of . This is a simple task
for traveling waves but becomes more involved when analyzing the symmetry set for rotating waves (see
Section 3.2.1).

2.2.1. Point Spectrum and symmetry set. Applying O to the traveling wave equation (1.4) yields
Pyv,. ¢ = 0 which proves the following result.

Proposition 2.2 (Point spectrum of traveling waves). Let f € C1(R3™ R™) and let v, € C3(R,R™) be
a nontrivial classical solution of (1.4) for some p, € R. Then, w = v, ¢ and A = 0 is a classical solution of
the eigenvalue problem (2.16). In particular, the symmetry set

osym(P) = {0}
belongs to the point spectrum oy, (P) of P.
Of course, a rigorous statement of this kind requires to specify the function spaces involved, e.g. L?(R,R™)

or HY(R,R™), see [10], [9], [5].

2.2.2. Essential Spectrum and dispersion set.

1. The far-field operator. It is a well known fact that the essential spectrum is affected by the limiting
equation obtained from (2.16) as £ — +oo. Therefore, we let formally £ — 400 in (2.16) and obtain

(2.17) (AP, + A\PE + Pf)w =0, £ €R.
with the constant coefficient operators
Py=M, Pf=-2uMd—Dsfsr, Py =—(A—pu2M)0; - (Dafs — pDsfs)de — Difx,
where vy are from (1.2) and D;f+ = D, f(v+,0,0). We may then write equation (2.16) as
(NP2 + AP+ QT (9) + (P + Q3 ()0 + Q5 (9)) w=0, E€R
with the perturbation operators defined by
Q7 (&) = Dyfe = Dsfe, Q3 (&) = Dofu — Dafs+ pu(Dsfu — Dyfr), Q3(€) = Difse — Dif,
Note that v4(§) — vy implies jS(f) —0as & — oo for j =1,2,3.

2. Spatial Fourier transform. For w € R, z € C™, |z|] = 1 we apply the spatial Fourier transform
w(€) = €™z to equation (2.17) which leads to the m-dimensional quadratic eigenvalue problem
(2.18) (A2A3 + 2T (W) + AF (W) 2 =0

with matrices Ay € R™™ and Ali, AS—L € C™™ given by
(2.19) Ay = M, AF(w) = —2iwp, M — Dsfy, AT(w) = w?(A — p2M) —iw(Dyfs — pyDsfy) — Dy fu.
3. Dispersion relation and dispersion set. The dispersion relation for traveling waves of second order
evolution equations states the following: Every A € C satisfying
(2.20) det (\2As + AT (w) + AT (w)) =0
for some w € R belongs to the essential spectrum of P, i.e. A € gess(P). Solving (2.20) is equivalent
to finding all zeros of a polynomial of degree 2m. Note that the limiting case M = 0 in (2.20) leads

to the dispersion relation for traveling waves of first order evolution equations, which is well-known in
the literature, see [20].

Proposition 2.3 (Essential spectrum of traveling waves). Let f € C'(R3™ R™) with f(v+,0,0) = 0
for some vy € R™. Let v, € C*(R,R™), u, € R be a nontrivial classical solution of (1.4) satisfying
v, () = vy as £ = +oo. Then, the dispersion set

odisp(P) = {X € C: X satisfies (2.20) for some w € R, and + or —}

belongs to the essential spectrum oess(P) of P.
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Example 2.4 (Spectrum of quintic Nagumo wave equation). As shown in Example 2.1 the quintic Nagumo
wave equation (2.10) with coefficients and parameters (2.12) has a traveling front solution uy(x,t) =
Uy (x — pyt) with velocity p, = 0.0709, whose profile v, connects the asymptotic states v_— = 0 and vy =1
according to (1.2).

We solve numerically the eigenvalue problem for the quintic Nagumo wave equation

(2.21) ()\25 + A (=240 — D f.) + (—(1 — ;ﬁa)@? — (D2 fs — pD3f)0 — D1fi)) w=0.

Both approximations of the profile v, and the velocity p, in (2.21) are chosen from the solution of (2.14)
at time ¢t = 3000 in Example 2.1. Due to Proposition 2.2 we expect A = 0 to be an isolated eigenvalue
belonging to the point spectrum. Let us next discuss the dispersion set from Proposition 2.3. The quintic
Nagumo nonlinearity (2.11) satisfies

3
f+=0, D3fy=-1, Dofi =0, Dif =-ajaas, Dify=-— H(1 —aj).
j=1
The matrices Aa, AT (w), AT (w) from (2.19) of the quadratic problem (2.18) are given by
Ay =¢, Af(w)=—2iwpe+1, AF(w)=w?(1 - pe) —iwp, — D1 fs.
The dispersion relation (2.20) for the quintic Nagumo front states that every A\ € C satisfying

(2.22) Ae + M —2iwpee + 1) 4+ (W2 (1 — pe) —iwp, — D1fy) =0

for some w € R, and for + or —, belongs to gess(P). We introduce a new unknown A e Cvia A= X+ iwp,
and solve the transformed equation

< 1. 1
A+ g/\ + E(WZ —Dyfy)=0.

obtained from (2.22). Thus, the quadratic eigenvalue problem (2.22) has the solutions

1 1
A= o Fiwps £ oo V/1 - de(w? ~ Difs), w €R.

These solutions lie on the line Re = —5- and on two ellipses if —4D; f1e < 1 (cf. Figure 2.3(a)).

0.1 0.1 0.1

il
!

-0.05

-0.1 -0.1 -0.1

FIGURE 2.3. Spectrum of the quintic Nagumo wave equation for parameters (2.12) (a)
and the numerical spectrum on the spatial domain [—R, R] for R = 50 (b) and R = 400
(c) both for spatial stepsize Az = 0.1.
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FIGURE 2.4. Eigenfunctions of the quintic Nagumo wave equation for parameters (2.12)
belonging to the isolated eigenvalues A\ =~ 0 (a), Aa & —0.011274 (b), and a zoom into
the spectrum from Fig.2.3(c) in (c).

Figure 2.3(a) shows the part of the spectrum of the quintic Nagumo wave which is guaranteed by Propo-
sition 2.2 and 2.3. It is subdivided into the symmetry set ogym(P) (blue circle), which is determined by
Proposition 2.2 and belongs to the point spectrum o, (P), and the dispersion set oqisp(P) (red lines),
which is determined by Proposition 2.3 and belongs to the essential spectrum oess(P). In general, there
may be further essential spectrum in oess(P)\ 0aisp(P) and further isolated eigenvalues in oy (P)\ osym (P).
In fact, for the quintic Nagumo wave equation we find an extra eigenvalue with negative real part, cf. Fig-
ure 2.4(c). The numerical spectrum of the quintic Nagumo wave equation on the spatial domain [—R, R]
equipped with periodic boundary conditions is shown in Figure 2.3(b) for R = 50 and in Figure 2.3(c) for
R = 400. Each of them consists of the approximations of the point spectrum subdivided into the symmetry
set (blue circle) and an additional isolated eigenvalue (blue plus sign), and of the essential spectrum (red
dots). The missing line inside the ellipse in Figure 2.3(b) gradually appears numerically when enlarging
the spatial domain, see Figure 2.3(c). The second ellipse only develops on even larger domains.

3. Rotating waves in several space dimensions

3.1. Freezing rotating waves. Counsider the Cauchy problem associated with (1.5)
(3.1a) Muy + Buy = ADu + f(u) ,x€RY >0,
(3.1b) u(-,0) = ugp, u(+,0) = v ,x€RY =0,

for some initial data ug, vg : R¢ — R™, where ug denotes the initial displacement and vg the initial velocity.
The damped wave equation (3.1) has a more special nonlinearity than in the one-dimensional case, see
(1.5). This will simplify some of the computations below.

In the following, let SE(d) = SO(d) x R? denote the special Euclidean group and SO(d) the special
orthogonal group. Let us introduce new unknowns (Q(¢),7(t)) € SE(d) and v(£,t) € R™ via the
rotating wave ansatz

(3:2) u(z,t) =& t), &:=Q) (x—7(t), xR t>0.
Inserting (3.2) into (3.1a) and suppressing arguments of u and v leads to
(3.3) Dgu=N0¢v,  f(u) = f(v), u=uve (Q:(x —7)— QTTt) + vy,

2
Urt =Vgg (Q:(:zz —7)— QTTt) + v (QtTt(:c —7)— 2QtTTt — QTTtt)
+2’U§t (QI(I’ — 7') — QTTt) + Vit -
Hence equation (3.1a) turns into
2
Muvy; + Bvy = AAv — Mg (Q:Qf - QTTt) — 2Mug (QZQ& - QTTt)

(3.4)
— Mve (Q4Q¢ —2Q) 7 — Q") — Bug (Q Q€ — Q' 7y) + f(v).



It is convenient to introduce time-dependent functions Si(t), So(t) € R%?, 1y (¢), u2(t) € RY via
S1:=Q"Qs, Sy:=S14, p1:=Q T, o=

Obviously, S; and Sy satisfy S| = —S; and Sy = —S5, which follows from Q' Q = I, by differentiation.
Moreover, we obtain

QIQ=-5, Qn=m, Q'n+Q Tu=po,

QtTtQ =-S5 — S1T51 =5+ Sf» —QtTTt = —Q:QQTTt = S1p1,
which transforms (3.4) into the system
(3.5a) Muy, + Bug = AAv — Muge (816 + p1)? + 2Mug; (S16 + 1)

+ Mue ((S2 — S7)€ — Sipr + p2) + Bue (1€ + pa) + f(v),

(3.5b) <§1>t = (52) ,
o ()@

The quantity (Q(t),7(¢)) describes the position by its spatial shift 7(¢) and the rotation @Q(¢). Moreover,
S1(t) denotes the rotational velocities, p1(t) the translational velocities, Sa(t) the angular acceleration and
w2 (t) the translational acceleration of the rotating wave v at time ¢. Note that in contrast to the traveling
waves the leading part AA — M@g (S1€ + p1)? not only depends on the velocities S; and puy, but also on
the spatial variable £, which means that the leading part has unbounded (linearly growing) coefficients.
We next specify initial data for the system (3.5) as follows,

U('7O) = Uo, Ut(';o) :’UO—"U/O,&(S?g—"_M?)’
S1(0) =87, w(0)=pi, Q0)=1Is 7(0)=0.
Note that, requiring Q(0) = I4, 7(0) = 0, S1(0) = SY and 111 (0) = p9 for some SY € R4 with (S9) T = —S9
and 9 € R?, the first equation in (3.6) follows from (3.2) and (3.1b), while the second condition in (3.6)

can be deduced from (3.3), (3.1b), (3.5¢) and the first condition in (3.6).
The system (3.5) comprises evolution equations for the unknowns v, S and p;. In order to specify the

(3.6)

remaining variables Sy and ug we impose dim SE(d) = @ additional scalar algebraic constraints, also
known as phase conditions
(3.7) Bo,0, (S1,41), (S2,12) =0 €RTT, 1> 0.
Two possible choices of such a phase condition are
<’U — f}, Dl@>L2

(3.8) Prix (V) ((v — 0, DENEY 0,¢20,

L <Ut7 Dl'U>L2 _
(39) worth(vt) = <<’Ut,D(i’j)1}>L2 == 0, t 2 0,

fori=1,...,d,i=1,...,d—1land j=i+1,...,d with D; := 9, and D7) := &0, — £;,. Condition
(3.8) is obtained from the requirement that the distance

p(@Q,7) = o) = 9@ (- = )7

attains a local minimum at (Q,7) = (Ig,0). Since D;, D7) are the generators of the Euclidean group
action, condition (3.9) requires the time derivative of v to be orthogonal to the group orbit of v at any
time instance.

Combining the differential equations (3.5), the initial data (3.6) and the phase condition (3.7), we obtain
the following partial differential algebraic evolution equation (PDAE)

(3.10a)  Muvy + Bu; = AAv — Muge (S1€ + p1)* + 2Mugy (S1€ + 1)
+ Mug ((S2 — S7)& = Sipn + p2) + Bue ($1€+ ) + f(v),  £€R% >0,
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(3.10b)  v(-,0) =ug, vi(-,0) = vg + g (SVE + ), EeRY t=0,
(310C) O:¢(Uavta(Sla,ul)a(SQa,uQ))a = Oa

(3.100) (51)t -(2). (20 = (). o
(g)t - (gii) ’ (?((8))) N (I(;l) ’ t>0.

The system (3.10) depends on the choice of phase condition and must be solved for (v, Sy, p1,S2, 2, Q, T)
for given (ug, vo, SY, u). It consists of a PDE for v in (3.10a)—(3.10b), two systems of ODEs for (S, j11) in
(3.10d) and for (@, 7) in (3.10e) and w algebraic constraints for (Sz, pi2) in (3.10c). The ODE (3.10e)
for (@, T) is the reconstruction equation (see [19]), it decouples from the other equations in (3.10) and can
be solved in a postprocessing step. Note that in the frozen equation for first order evolution equations,
the ODE for (57, p1) does not appear, see [13, (10.26)]. The additional ODE is a new component of the
PDAE and is caused by the second order time derivative.

Finally, note that (v, S1, 11, S2, 2) = (v, Sk, s, 0, 0) satisfies

0=AAv — MU*,gg (S*f + M*>2 - M'U*,ES* (5*5 + M*) + BU*,& (5*5 + /1/*) + f(v*)7 f € Rda

0= <52> :
2
If, in addition, it has been arranged that v,,S,, u, satisfy the phase condition ¥ (vy,0, Sy, tix,0,0) = 0
then (vy, Sy, tix,0,0) is a stationary solution of the system (3.10a),(3.10c),(3.10d). For a stable rotating
wave we expect that solutions (v, S1, p1, S2, 12) of (3.10a)—(3.10d) satisfy
U(t) — Vg, (Sl(t)uul(t)) - (S*,/.t*), (SQ(t)MUQ(t)) - (an)v as t— 00,

provided the initial data are close to their limiting values.

(3.10e

~

Example 3.1 (Cubic-quintic complex Ginzburg-Landau wave equation). Consider the cubic-quintic com-
plex Ginzburg-Landau wave equation

(3.11) cugy + pup = alu + u(d + Blul® +ylu|?), z € RE >0

with u = u(z,t) € C, d € {2,3}, ¢,p,0, 5,7, € C and Rea > 0. For the parameter values
1 5

3.12 =10""* =1 == =—1- =i =-+i, §=-0.73.

( ) E ) p 9 a 5’ 7 1027 ﬁ 2 + Z’

equation (3.11) admits a spinning soliton solution.

20 -0
10 10
fo ' Lttt
I L (L (L CLCLCLCLCL L (L (Y
410 1
20 0 20 20 10 20 30 40 50
X1 t

(a) (b)

FIGURE 3.1. Solution of cubic-quintic complex Ginzburg-Landau wave equation (3.11):
Spinning soliton u(z,t) at time ¢ = 50 (a) and its time evolution along 25 = 0 (b) for
parameters from (3.12).

Figure 3.1 shows a numerical simulation of the solution u of (3.11) on the ball Br(0) with radius R = 20,
homogeneous Neumann boundary conditions parameters from (3.12). The initial data ug and vy come
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from a simulation. To generate the initial data we consider the case ¢ = 0 and p = 1, solve the frozen
QCGL for parameters

1 1 1 5 1

=+t =—1-—1 =—41i, d=-=.

33 7 o A=gTh 2
as in [13]|. Since this value of « leads to an ill-posed wave equation, we gradually change the value of §
and « to arrive at the parameter setting (3.12). For the space discretization we use continuous piecewise
linear finite elements with spatial stepsize Az = 0.8. For the time discretization we use the BDF method
of order 2 with absolute tolerance atol = 10™%, relative tolerance rtol = 1072, temporal stepsize At = 0.1
and final time T = 50. Computations are performed with the help of the software COMSOL 5.2.
Let us now consider the frozen cubic-quintic complex Ginzburg-Landau wave equation resulting from (3.10)

(313&) EVt + pUy = al\v — EV¢e (Slf + ,LL1)2 + 261}515 (Slf + ,LL1)
+eve ((S2 = SP)E — Sipn + p2) + pve (1€ + m) + f(v),  E€RY >0,

(313b) U(‘,O) = Uo, vt('a 0) = Vo + uO,E(S(l)f + u?)v 5 S Rda t = Oa
v— b, Dyd
(3.13¢) ozwh@y=<é_vlwgg ) t>0,

s ()-6) C)-()
o (O~ @), ()

20 20
10 10
x' 0 »‘ 0
[
-10 10
-20 0 ‘ 20
-20 0 20 0 500 1000 1500 2000
X
1 t
(a) (b)
1.5 0
10 —u{Po)
— (M
1 (3)
—_—ps (1)
—iP0 2
—_— R
=05 —uP
= — P 10-10
0
0 500 1000 1500 2000 0 500 1000 1500 2000
t t
(c) (d)

F1GURE 3.2. Solution of the frozen cubic-quintic complex Ginzburg-Landau wave equa-
tion (3.13): profile v(z,t) at time ¢ = 2000 (a), its time evolution along x5 = 0 (b),
velocities pq(t) (c), and accelerations po(t) (d) for parameters from (3.12).
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Figure 3.2 shows the solution (v,S7, 1, Se, p2, @, 7) of (3.13) on the ball Bg(0) with radius R = 20,
homogeneous Neumann boundary conditions, initial data wug, vy as in the nonfrozen case, and reference
function ¥ = wg. For the computation we used the fixed phase condition gy (v) from (3.8). The spatial
discretization data are taken as in the nonfrozen case. For the time discretization we used the BDF method
of order 2 with absolute tolerance atol = 1072, relative tolerance rtol = 10~2, maximal temporal stepsize
At = 0.5, initial step 1074, and final time T = 2000. Due to the choice of initial data, the profile becomes
immediately stationary, the acceleration us converges to zero, while the speed @y and the nontrivial entry
S12 of S approach asymptotic values

pl? = —0.2819, ul® =-0.1999, S5 =1.3658.

Note that we have a clockwise rotation if S15 > 0, and a counter clockwise rotation, if S15 < 0. Thus,
the spinning soliton rotates clockwise. The center of rotation z, and the temporal period T?P, that the
spinning soliton in R? needs for exactly one rotation, are given by, see [13, Exa.10.8],

1 (2) — 2
T, (“1 ):( 0'1464), 720 — T 46004.

" S =V 0.2064 T 1S5
3.2. Spectra of rotating waves. Consider the linearized equation

3.14 Muy + Buy — AN 4+ Muge(S,6)? — 2Muvg So& + MveS2¢ — BueS,& — Df(v)v =0
33 3 3 3

where we set S = S,. Equation (3.14) is obtained from the co-rotating frame equation (1.6) when
linearizing at the profile v,. Moreover, we assume u, = 0, that is the wave that rotates about the origin.

Shifting the center of rotation does not influence the stability properties, see the discussion in [3]. Looking

for solutions of the form v(&,t) = eMw(€) to (3.14) yields the quadratic eigenvalue problem

(3.15) PANw = (N2Py + AP + Py) w=0, { € R

with differential operators P; defined by

d
Py=M, Pi=B-2MJ)S.&=B-2MY (5.8);0,,
j=1

(3.16) Po=— AL -+M (9 ) (S.6)° + M (9¢-) S76 = B(9¢-) Su& — Df (vs)

d d d d d
=AY R A MY D (5.8)(5:8)u0¢,0e, + MY (S26);0¢, — B (8:8);0¢, — Df(v,).
j=1 j=1v=1 j=1 j=1

As in the one-dimensional case we cannot solve equation (3.15) in general. Rather, our aim is to determine
the dispersion set o4isp(P) as a subset of the essential spectrum oess(P), and the symmetry set ogym(P)
as a subset of the point spectrum op(P). The essential spectrum depends on the far-field behavior of the
wave while the point spectrum is affected by the underlying group symmetries.

In a first step let us transform the skew-symmetric matrix S, into quasi-diagonal real form. Let +ioq, ..., tioy
be the nonzero eigenvalues of S, so that 0 is a semisimple eigenvalue of multiplicity d — 2k. There is an
orthogonal matrix P € R%“ such that

S, =PAP", A=diag(Ay,...,A;,0), Aj(?j ‘BJ) 0 € RI-2kd=2k
—Y

The transformation w(y) = w(Py), 0« (y) = vy (Py) transfers (3.15),(3.16) into the form
(3.17) (A2Py + APy, + Py)i = 0.
With the abbreviations

k
Dd) — y;Di —y:Dj, K= ZUZD(mezz)
=1

(3.18) D; =0

Yj»
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the operators ﬁj are given by

d
Py=M, Pi=B-2MY (Ay);D; =B -2MK,
j=1

(Ay); D — Df(0s)

(3'19) d d d d
=1

Py=—AN+MY > (Ay);(Ay),D;D, + M > (A%y);D; — B
j=1v=1 j=1 j
=— AN+ MK? — BK — Df(%,).
In the following we present the recipe for computing the subsets oqisp(P) C Tess(P) and ogym (P) C opt(P).

3.2.1. Essential spectrum and dispersion set.

1. The far-field operator. Assume that v, has an asymptotic state v € R™, i.e. f(vy) = 0 and
U:(§) = Voo € R™ as || — oco. In the limit |y| — oo the eigenvalue problem (3.17) turns into the
far-field problem

(3.20) ()\2152 FAP + 1500) W=0,y€eR? Py =—AA+MK?— BK — Df(vs).

2. Transformation into several planar polar coordinates: Since we have k angular derivatives in k
different planes it is advisable to transform into several planar polar coordinates via

<y2l1> = T(r, &) = <7"z cos(bl) , o€ [-m,7m), € (0,00), I =1,...,k.

Y21 7y Sin ¢y

All further coordinates, i.e. yopt1,...,yq, remain fixed. The transformation w(v) := W (Ta(v))) with

Tz(df) = (T(Tl, ¢1)7 e ,T('I"k, ¢k)vy2k+17 e 7yd) for ’ll) = (7"1, (blv ooy Thy ¢k7y2k+17 e 7yd) in the domain
Q= ((0,00) x [—m,7))* x R4=2F transfers (3.20) into

(3.21) (Vﬁg YR+ POC) W=0,1€Q

with
X X k
Py=M, Pi=B+2MY 00,
1=1
k 1 1 d k k
P = —A{Z (a,%l + Ea@ + 74283”) + ) ajl] +M Y 010204,05, + BY 0104 — Df (vs0).
=1 l 1=2k+1 I,n=1 1=1
3. Simplified far-field operator: The far-field operator (3.21) can be further simplified by letting
r; — oo for any 1 <! < k which turns (3.21) into

(3.22) (AQPQ PP+ P;;m) W=0,1 €0
with
) k d k k
(3.23) P =—AN 2+ D 05|+ MDD 010004,05, + BY 0105 — Df(vec).
=1 1=2k+1 I,n=1 =1

4. Angular Fourier transform: Finally, we solve for eigenvalues and eigenfunctions of (3.23) by sep-
aration of variables and an angular resp. radial Fourier ansatz with w € R*, p,y € R42k n ¢ ZF,
z€C™, 2| =1,r € (0,00)F, ¢ € (—m,7]*:

k k d
= (5 (s 55 o)t
=1 =1 1=2k+1

Inserting this in (3.22) leads to the m-dimensional quadratic eigenvalue problem

(3.24) (AAs + MA;(n) + A (w,m,p)) 2 =0
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with matrices Ay € R™™ and A;(n), A (w,n, p) € C™™ given by

(3.25) Ay =M, Ai(n) =B+ 2i(o,n)M,
3.25
Aa(,m,p) = (1w + [6[2) A = (0,0)2M + {0, m)B — D (vs0).

The Fourier ansatz is a well-known tool for investigating essential spectra, see e.g. [8].
5. Dispersion relation and dispersion set: Asin Section 2.2.2 we consider the dispersion set consisting
of all values A\ € C satisfying the dispersion relation

(3.26) det (A\?As + AA1(n) + Aoc(w,n, p)) =0

for some w € R*, p € R4=2% and n € Z*. Of course, one can replace |w|? +|p|? by any nonnegative real
number. Solving (3.26) is equivalent to finding all zeros of a parameterized polynomial of degree 2m.
Note that the limiting case M = 0 and B = I, in (3.26) leads to the dispersion relation for rotating
waves of first order evolution equations, see [1] for d = 2, and [13, Sec. 7.4 and 9.4], [2] for general
d>2.

Using standard cut-off arguments as in [1],[13],[2], the following result can be shown for suitable function
spaces (e.g. L2(R4,R™)):

Proposition 3.2 (Essential spectrum of rotating waves). Let f € C1(R™ R™) with f(vs) = 0 for some
Voo € R™. Let v, € C?(RY,R™) with skew-symmetric S, € R™™ be a classical solution of (1.7) satisfying
,(§) = Voo as |€] = 0o. Then, the dispersion set

odisp(P) = {\ € C | \ satisfies (3.26) for some w € R, p € RI72* n ¢ Z*}
belongs to the essential spectrum oess(P) of the operator polynomial P from (3.15).
3.2.2. Point Spectrum and symmetry set. Recall the SE(d)-group action
[a(R,T)u)(x) = w(R™ (z — 7)), z € RY, (R, ) € SE(d).

whose generators are D;,l = 1,...,d and D" ¢ = 1,...,d =1, b = a +1,...,d from (3.18). As
with the eigenvalue problem (3.15) we transform the steady state equation (1.7) into y-coordinates via
04 (y) = v+(Py) to obtain
(3.27) 0= Lo, + f(¥,), L=AA—-MK?+ BK.
We apply the generators (3.18) to this equation and find

0=D;Lv, + Df(0,)Di0y, 1=1,...,d,
(3.28) _ Db s D@D o= _
0=D'"YLo, + Df(0,)D'*"0,, a=1,...,d—1,b=a+1,...,d.

Moreover, we can write the eigenvalue problem (3.17), (3.19) as follows
(3.29) (L + Df(0:)0 = (\*M + A\(B — 2M K)).

1. Linear combination of generators: In view of (3.28),(3.29) it is natural to seek eigenfunctions as
a linear combination of generators applied to the profile

d-1 d d

(3.30) D= Y a' DM, 4>l Doy, ajy, ol e C
a=1b=a+1 c=1

This is to be plugged into (3.29) and reduced to an eigenvalue problem for a*°!, a*® by using the equations

(3.28).

2. Commutator relations and eigenvalues of S,: From (3.18) it is straightforward to establish the

commutator relations

DcDj :Dij DCD(i7'j) :D(i"j)Dc+6CjDi _5ciDj

3.31 - . ) , ) )
( ) Db plid) — pEd) plab) 5ajD(%b) + 5m‘D(b’]) + 5biD(J’a) + 5bjD(aﬂ)_



From this we find the commutators with K and A to be
D.K =KD, (c=2k+1,...,d), D® 1A = ADB=12) D12 ¢ — [ pEv=120),
D3y 1K =KDz, 1—0,D2,, D3K =KDz, +0,D2,1 (V =1..., k)

First, all operators D.,c = 2k+1,...,d commute with L. Hence, by (3.28) the operator L+ D f(9,) has the
eigenvalue 0 with geometric multiplicity at least d — 2k with eigenfunctions given by D 0,,c = 2k+1,...d.
Furthermore, we obtain from (3.32) for v =1,...,k

Dy, 1K? = K?Dy, 1 — 20,KDs, — 02Ds,_1, D3, K? = K?Ds, +20,KDs,_1 — 02D,
(3.33) Dy, 1L =1LDs, 1 —0,(B—2MK)Dsy, +02MDy, 1,
Do, L =LDy, +0,(B —2MK)Dy, 1 + 02MDs,,.

(3.32)

Combining the last two rows with (3.28) finally yields
(3.34) (L + Df(9,))(Day +iDay—1)0s = [(i0,)(B — 2MK) + (i0},)> M| (iD2y—1 + Doy ) s,

and similarly for the complex conjugate. Therefore, the quadratic problem (3.29) has eigenvalues +io,,
with eigenfunctions £iDs, 10, + Doy 04, v =1,.. . k.

3. Commutator relations and sums of eigenvalues of S,: Now we use the relation (3.28) for indices
a=2p—1,2pand b=2v—1,2v with 1 < pu < v < k. The following commutator relations follow from
(3.31)

D(2[L71,21/71) 0 —0, -0, 0
(2p—1,2v) 0 0 —

) 7o — (] ol _ | D _|ov Op

(335) DK = (KL 2Dl D= | oy |0 S0 g
Dw.2v) 0 oy o, 0

Note that ¥ is skew-symmetric with eigenvalues +i(o, £ 0,,). We look for eigenfunctions of the special
form

(336) W= Laﬁ*v LDL - Z Z CVa,b-D(a’b) = OZTD[H"V].
a=2p—1,211 b=2v—1,2v

Let A € C be an eigenvalue of ¥ with eigenvector o € C*, so that o' ¥ = —Aa" by skew-symmetry. Then
we obtain from (3.35)

(3.37) LK =a DMK = o (KIy + )DFY = (K — ALy, LoK? = (K? = 2\K + \?)L,,.
Using (3.27), (3.32) and the fact that scalar differential operators commute with matrices, yields
LoL =Lo(AA — K*M + KB) = ALLA — (K? = 2AK + M) LoM + (K — \) LB
=LLy, — (MM + \(B —2MK))L,,.
Finally, we note that L, L0, = —D f(0,)La0, follows from (3.28), which then gives
(L4 Df(,))Lats = (LLo — Lo L), = (\>M + X\(B — 2M K)) Lo, 0.

Hence w = L, 0, solves the quadratic eigenvalue problem (3.29). All 4 eigenfunctions can now be read off
from the columns of the unitary matrix

1 1 1 1
1= —i 4 1 . . . .
V= v B R A A YV = Vdiag(i(o, + 0,),i(0n — 0u),i(on — 0v), —i(on + 0,)).

-1 1 1 -1

The computations for the remaining eigenfunctions are similar. Take pu=1,...,k, c=2k+1,...,d and
replace (3.35) by the relation

DEr=12m) 00 0
DMK = (KI, + 2)prd, plvl — [ pCu-te) | = =10 0 -0,
D@rse) 0 o, 0
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For the zero row and column in ¥ compare (3.32). Then by the same computations as above one finds that
eigenvalues A of ¥ are also eigenvalues of (3.29). The corresponding eigenfunctions are w = aTD[“’C]ﬁ)*
where Yo = M. Therefore, we have further eigenfunctions DZ#=124)5, for the eigenvalue 0 and
DCr=195, + iDRre)g, for the eigenvalue +io,, p = 1,...,k. Finally, note that for any two indices
2k < b < ¢ < d the operator D®°) commutes with K and A, and thus produces another eigenfunction
w = D)3, which belongs to the eigenvalue 0.

Collecting all computations we have found a total of d+4@ +2k(d—2k)+k+ % = 1d(d+1)
eigenfunctions corresponding to eigenvalues of S, and to sums of different eigenvalues of S,. In a generic
sense we expect these eigenfunctions to be linearly independent, but, of course, one cannot prove this in
general. Let us summarize the result in a proposition.

Proposition 3.3 (Point spectrum of rotating waves). Let f € C?(R™,R™) and let v, € C3(R% R™) be a
classical solution of (1.7) with skew-symmetric S, € R™™. Further, let A;,j =1,...,d be the eigenvalues
of S, repeated according to their multiplicity. Then the symmetry set

Oym(P) ={Ae€C:A=Xjor A=\ + \jforsomel <i<j<d}

belongs to the point spectrum o, (P) of the quadratic operator polynomial P(A) in (3.15), (3.16) obtained
by linearizing at the wave. The eigenvalues and eigenfunctions of the transformed problem (3.17) are
displayed in the following table (setting r = d — 2k):

eigenvalue eigenfunction index number
0 D v, 2k <c<d T
:l:iO'U (Dg,, + Z‘Dgu_l)@* 1 S v S k 2k
+i(o, +0,) | (DCA12v=D 3iDCr=12v) 1 pCr2v=1) _ plu2v))5 1<pu<v<k k(k—1)
+i(0, — 0,) | (DPA=12v=1) £ DCH=1.2) 3y pr2v=1)  DEw2v) )5 1<p<v<k k(k—1)
+io, (DP=1e) £ D)), 1<v<k2k<c<d| 2kr
0 DCv=1v)g, 1<v<k k
0 D®:O)g, 2k <b<c<d 2(r—1)

Table 1: Eigenfunctions and eigenvalues (with multiplicities) on the imaginary axis for the linearized
quadratic eigenvalue problem (3.17).

Note that we did not assume any limit behavior of v,(§) for £ — oo as in Proposition 3.2. Therefore,
Proposition 3.3 also applies to rotating waves that are not localized, e.g. spiral waves. This has been
confirmed in numerical experiments.

Figure 3.3 shows the eigenvalues A € ogym(P) from Proposition 3.3 and their corresponding multiplicities
for different space dimensions d = 2,3,4,5. The eigenvalues A € o(S,) are indicated by blue circles, the
eigenvalues A € {\; +X; | A\, Aj € 0(S,), 1 <@ < j < d} by green crosses. The imaginary values to the
right of the symbols (geno)te eigenvalues and the numbers to the left their corresponding multiplicities. As

d(d+1

expected, there are == eigenvalues on the imaginary axis in case of space dimension d. Lower bounds

for the geometric multiplicities can be derived from our table as follows
1
mult(0) > k + Q(d —2k)(d—2k+1), mult(ic,)>d—-2k+1, v=1,...,k

It is a remarkable feature that the eigenvalues coincide with those for first order evolution equations, see
[2], [13].

Example 3.4 (Cubic-quintic Ginzburg-Landau wave equation). As shown in Example 3.1 the cubic-
quintic Ginzburg-Landau wave equation (3.11) with coefficients and parameters (3.12) has a spinning
soliton solution wu, (x,t) = v, (e ™" (v — 2,)) with rotational velocity p(lg) = 1.3658.

We next solve numerically the eigenvalue problem for the cubic-quintic Ginzburg-Landau wave equation.
For this purpose we consider the real valued version of (3.11)

(3.38) MUy + BU, = ANU + F(U), t €R% t >0
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Im A Im A Im A Im A
1 i(o1 + 02) 1 i(o1 +02)
1 () io1 2 (::) 01
1 i(o1 — o2) 1 i(o1 — o2)
1 Q o 2 @ ion 1 Q ios 2 @ ios
1 © (") O 6 3 (‘) Y
Re A T Re A Re A g ReA
O 2 () —ion 1 Q —ios 2 @) —ios
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FIGURE 3.3. Point spectrum of the linearization P on the imaginary axis iR for space
dimension d = 2, 3,4, 5 given by Proposition 3.3.

M= <E1 —62) B— (Pl —Pz) A= <a1 —a2> U— (m)

g2 €1 )’ p2 p1 )’ ay oy )’ ug )’
F(U) = (U101 — Uad) + (U1 B — U22)(UF + U3) + (Urm1 — Uz2) (U7 + U3)?

(U152 + U251) + (Ulﬁz + U251)(U12 + U22) + (U1’72 + UQ’Yl)(Ul? + U22)2 ’

where u = uy +iug, € = €1 + i€z, p = p1 +ip2, @ = a1 +iag, B = B1 +iB2, v = +iy2, 0 = 61 + 102 and
€5, Pj» 5 Bj: 75,05 € R.
Now, the eigenvalue problem for the cubic-quintic Ginzburg-Landau wave equation is, cf. (3.15), (3.16),
(3.40)

(NM - +X[B - —2M (0¢-)S€] + [~ AL - +M(9Z-)(S€) + M (0e)S*¢ — B(0e+)S¢ — DF (v,)-]) w = 0.
Both approximations of the profile v, and the velocity matrix S = S, in (3.40) are chosen from the
solution of (3.13) at time ¢ = 2000 in Example 3.1. By Proposition 3.3 the problem (3.40) has eigenvalues
A =0, tio. These eigenvalues will be isolated and hence belong to the point spectrum, if the differential
operator is Fredholm of index 0 in suitable function spaces. For the parabolic case (M = 0) this has been

established in [2] and we expect it to hold in the general case as well. Let us next discuss the dispersion set
from Proposition 3.2. The cubic-quintic Ginzburg-Landau nonlinearity F : R? — R? from (3.39) satisfies

(3.41) DF(vso) = (g; _5(152> for e = (8).

The matrices Az, A1(n), As(w,n) from (3.25) of the quadratic problem (3.24) are given by
Ay =M, Ai(n)=B+2ionM, Ay(w,n)=w?A—0?n*M +ionB — DF (vs)

with

(3.39)

for M, B, A from (3.39), DF(vy) from (3.41), w € R, n € Z and ¢ = ,ug3). The dispersion relation (3.26)
for the spinning solitons of the Ginzburg-Landau wave equation in R? states that every A € C satisfying

det (A\>M + \(B + 2ionM) + (w*A — 0°n*M +ionB — DF (vs))) = 0

for some w € R and n € Z, belongs to the essential spectrum oess(P) of P. We may rewrite this in complex
notation and find the dispersion set

(3.42)  0aisp(P) = {A € C: Ne + X(p + 2ione) + (w?a — o*n?e +ionp — §) = 0 for some w € R,n € Z}
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The elements of the dispersion set are

1
A2 = —% —idon =+ g\/p2 —4e(w?a—4), neZ,weR.

They lie on the vertical line Re = —4£- and on infinitely many horizontal lines given for n € Z by
ion+ 5=[—p— \/p> + 476, p+ \/p? + 476], see Figure 3.4 (a),(b).

10 5
5
c 0 2 o 3
= - o
-5
-10 -5
-10000 -5000 0 -1.5 -1 -0.5 0
Re A Re A
(a) (b)
10 .. 8, t:"t't'l""..;: . ® o o o X
WHNIANREE 5 L LT L X
K] :" 0'..0'0’-‘: )‘.f """ :.':.'.'2& . o o oo X X
~< °: o“.."‘.a".o”.-'...‘ﬁ ’. ,i E ‘:‘:..‘:"‘E« ~< . * o0 oo X )
= ::::.::.::::::::-:::i;;:::::% 0 .= o s oee X )
= o '.,.-.,-...-...--‘!..' i FirinieX = o e ce oo X @
-5 s ~-. '-.“..‘-.’:" 288 l..luc-)( . o, 00 X X
PSP I 3 o § T Y1) 0 e e oee X X
":loc'\i:n’l'!..“ _5
-10 8 & o P800 o o eee X
RS TR = e & s e X
-10 -5 0 -1.5 -1 -0.5 0
Re A Re A

FIGURE 3.4. Subsets oqisp(P) and ogym(P) of the spectrum for the cubic-quintic
Ginzburg-Landau wave equation for d = 2 with parameters (3.12) (a),(b) and two different
views of the numerical spectrum on a ball Br(0) with radius R = 20 (c),(d).

Figure 3.4(a) and (b) shows two different views for the part of the spectrum of the spinning solitons which
is guaranteed by Proposition 3.2 and 3.3. It is subdivided into the symmetry set ogym(P) (blue circle),
which is determined by Proposition 3.3 and belongs to the point spectrum oy, (P), and the dispersion
set o4isp(P) (red lines), which is determined by Proposition 3.2 and belongs to the essential spectrum
Oess(P). In general, there may be further essential spectrum in oess(P) \ oaisp(P) and further isolated
eigenvalues in opt(P) \ 0sym(P). In fact, for the spinning solitons of the cubic-quintic Ginzburg-Landau
wave equation we find 18 extra eigenvalues with negative real parts (8 complex conjugate pairs and 2
purely real eigenvalues), cf. Figure 3.4(c),(d). These Figures show two different views for the numerical
spectrum of the cubic-quintic Ginzburg-Landau wave equation on the ball Br(0) with radius R = 20
equipped with homogeneous Neumann boundary conditions. They consist of the approximations of the
point spectrum subdivided into the symmetry set (blue circle) and additional isolated eigenvalues (blue
cross sign), and of the essential spectrum (red dots). Three of these isolated eigenvalues are very close
to the imaginary axis, see Figure 3.5(c). Therefore, the spinning solitons seem to be only weakly stable.
Finally, the approximated eigenfunctions belonging to the eigenvalues A &~ 0 and A\ ~ +io are shown in
Figure 3.5(a) and (b). In particular, Figure 3.5(a) is an approximation of the rotational term (Sz, Vv, (z)).
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FI1GURE 3.5. Eigenfunctions of the cubic-quintic Ginzburg-Landau wave equation for pa-
rameters (3.12) belonging to the isolated eigenvalues A; ~ 0 (a) and Ay ~ io (b) and a
zoom into the spectrum from Fig.3.4(c) in (c).
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