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Abstract

This paper constructs a fast and effective novel numerical scheme which accurately calculates the dynamics
of weakly-interacting pulses in the two-dimensional quintic-complex Ginzburg-Landau equation (QCGLE). The
numerical scheme uses a global centre-manifold reduction, where the solution to the QCGLE is constructed as
the sum of the individual pulses plus a remainder function, which is chosen to be orthogonal to the zero adjoint
eigenmodes of the QCGLE linear operator. Projecting this constructed solution onto the stable centre-manifold
leads to a fast-slow system of equations consisting of slow ordinary differential equations for the position and
phases of the individual pulses and a fast partial differential equation for the remainder function. By considering
the pulses to be well-separated, the system can be expanded asymptotically in terms of the small parameter
e = e % « 1, where )\, is the spatial decay rate of the pulse, and d > 0 is the minimum pulse separation
distance. Here the remainder function is determined via a stationary partial differential equation that can be
readily solved in an efficient manner using GMRES. Results for N = 2,3,4 and 5 pulses are considered, and it is
found that different equilibrium solutions are possible such as stable fixed points and limit cycles. The interaction
of two stable N = 3 coherent structures is also considered, where the common tendency found is for the structure
to degenerate into pairs of pulses which propagate away from the initial configuration of pulses.

1 Introduction

Interest in the existence and interaction of spatially localized structures in physical systems is vast; see for instance
the various reviews [15, 14, 22, 5]. One of the most common localized structures to be observed in these systems is
the soliton or pulse, also known as a spot. Such structures have a central peak surrounded by exponentially decaying
tails back to the background state, and have been observed in a variety of systems such as vibrating granular
materials [42], shear flows [11, 39], neural networks [17, 16], crime hot-spots in criminological models [20], solitons
in nonlinear optics [45, 2] and ferrofluids [34, 19]. These localized pulse solutions occur in systems due to balances
between nonlinear effects and either, dissipation or dispersion [1, 4]. These structures have also been extensively
studied mathematically using canonical differential equations such as the Swift-Hohenberg equation [6, 21], the
Ginzburg-Landau equation [37, 48, 36], the nonlinear Schrodinger equation [35, 8], the Klein-Gordon equation [33]
and the Kadomtsev-Petviashvili equation [46] to name a few. When these pulses are sufficiently separated, then their
dynamics are solely due to their individual construction, however as the distance between the pulses reduces they
begin to interact via their exponential tails forming so-called coherent structures or clusters [40, 44, 45, 41]. If the
pulses become closer still, then the interacting dynamics become strong, and the pulses can behave like elastic objects
or even collide. A collision between pulses can lead to annihilation, merging into a single spot, or even more general
complex dynamics such as spatiotemporal chaos [30, 28, 27, 29]. The main focus of this paper is to investigate the
possible dynamics of weakly interacting pulses in the two-dimensional quintic complex Ginzburg-Landau equation.
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As the magnitude of the nonlinear interaction between pulses is exponentially small with respect to their separation
distance, numerically calculating their interaction dynamics is highly challenging. Direct numerical methods are
usually ineffective due to the fact that the interactions are small and the time-scales are typically long, leaving
the integration scheme prone to numerical round-off errors. A more effective numerical scheme to investigate these
delicate dynamics was first investigated by [36] and was based on the so-called centre-manifold reduction approach
[12, 38, 48]. The approach is valid for any dissipative partial differential equation of the form

P bt fw). f(0)= F(0) =0, (1)

ot

where u(x,t) is an unknown vector function, A is an elliptic differential operator in x € R™, ¢ € [0, 00) is time and
f is a given smooth, nonlinear function. If it can then be shown that (1.1) exhibits an equilibrium pulse solution
V(x) then it in fact possesses a whole manifold of solutions, parameterised by &(t), due to system symmetries, where
&(t) lives in the Lie group of the system symmetries. A solution is then sought in terms of a sum of these individual
pulses, plus a remainder function w(x,t), which is assumed to be small compared to the pulse magnitudes. It is
then shown that the dynamics of the system can be written as a fast-slow system; A set of slow ordinary differential
equations (ODEs) for the Lie group parameters £(t) and a fast partial differential equation (PDE) for the remainder
function w(x,t) [48, 32, 36].

In [36], the efficiencies of this numerical scheme were examined on a canonical equation for pattern formation and
nonlinear optics, the one-dimensional quintic complex Ginzburg-Landau equation, which is well-known to possess
spatial reflection, symmetric pulses [26, 3, 24, 9]. Hence, the parameterization of these pulses are the shift in
the z—direction, r®* € R and €'Y € S, where g is the phase shift. Under the assumption that the original one-
pulse manifold is hyperbolic, then the centre-manifold reduction can be justified. In [36] they focused extensively on
justifying the numerical implementation of this centre-manifold approach for the interaction of two pulses. In this case
the slow ODEs, in the absence of the remainder function, led to a Hamiltonian system, consisting of a phase-plane
with closed cells of periodic orbits oscillating around a centre equilibrium, with heteroclinic orbits linking saddle
points defining the edge of each cell. When the remainder function was included, the centre-manifold reduction
approach was able to rigorously show that these heteroclinic orbits ‘split’, and the centre equilibria become foci for
the phase trajectories, which either spiral into these foci, or in some parameter scenarios, spiral into a stable limit
cycle. For three pulse interactions the centre-manifold reduction approach was able to identify equilibrium solutions
of the system, such as fixed points, which are useful for characterizing the existence, bifurcation, and local stability
of coherent structures in infinite-dimensional dynamical systems [43, 13, 7].

In this paper, we extend the centre-manifold reduction approach of [36] to incorporate two-space dimensions, and
identify the possible dynamics of multiple pulse interactions. In moving from one to two spatial dimensions, the
challenges lie in the increasing size of the numerical system that needs to be solved. As we are considering symmetric
pulses, the solution of the steady pulse from (1.1) is not significantly more complicated, but the number of eigenmodes
required to project the system onto the centre-manifold increases from two to three. While the size of the slow system
of ODEs increases from 2N to 3N, where N is the number of pulses, the major challenge is that the dimension of
the fast PDE for the remainder function increases from one to two dimensions. Hence we need to identify a fast and
effective method to calculate this remainder function such that the computational run time of the scheme remains
tractable.

The paper is laid out as follows. The formulation of the governing fast-slow system equations is given in §2, while
their simplified asymptotic form in the case of well-separated pulses is given in §3. The numerical scheme to solve
the fast-slow system is given in §4.1, while solutions to the N = 2 problem are considered in §4.2. In §4.3.1 we
consider the steady equilibrium solutions for N = 3,4,5 and in §4.3.2 we consider the interaction dynamics of two
N = 3 pulse coherent structures. Concluding remarks are given in §5.



2 Formulation of the centre-manifold projection approach

In this investigation, we consider the interaction of multi-pulses in a two-dimensional model equation, that we choose
to be the two-dimensional complex quintic Ginzburg-Landau (CQGLE) equation

up = aV>2u + Bu+ yulPu + Slul*u = aVu + Bu + f(u). (2.2)
Here u(z,y,t) = u(r,0,t), where r = (22 4+ 3?)1/2, 0 = tan~!(y/x) are plane polar coordinates with the operator
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and the function
fu) = ¢(lul®)u = ylu[*u + 6[ul*u,

contains the nonlinearity of the problem, with «, 3, and ¢ complex constants. We choose to study equation (2.2)
because this is a canonical equation for pattern formation and nonlinear optics, and it is one of the simplest equations
that can generate the complexity of real patterns.

The equation (2.2) has been shown to emit two-dimensional, axisymmetric, steady pulse solutions of the form
V(z,y) = V(r) (see for instance [22, 23]), where this pulse satisfies the steady equation

1
a (V,.,. + rVT> + BV +4|V|2V +5|V|*V = 0. (2.3)

The Ginzburg-Landau equation (2.2) can now be linearised about this steady solution (2.3) and the resulting linear
equation has a linear operator of the form
L=aV:+ 3+ f(V), (2.4)

with linearized equation
Lz =aV2z+ Bz + (V22 + VIR (VP2 + VA (V)Z =0, (2.5)

where here the V? operator retains the 6 derivatives, which are neglected in the solution of the steady pulse, and
the overbar denotes the complex conjugate.

We now consider N of these axisymmetric pulses at different positions in the two-dimensional plane (z,y) = (rf,r})
and with different phases, g, which is possible because (2.2) posses the shift symmetries z — « — 1%, y — y — r?
and the phase symmetry u — e'9u. Each of these pulses then takes the form

Vi(@,y,t) = V(re) = €OV (x —rf(t),y — r{(t), (2.6)

for k =1,..,N, where r;, = (rf,r},gx) and these variables depend on time, ¢. In the derivation of the governing
equations that follows, we will suppress the variation of these quantities with respect to ¢ for brevity. To identify
a solution of (2.2) due to these N pulses, we assume the solution can be written as a sum of the N pulses and a
remainder function, namely

N
u(x,y,t) Z (z,y,1) + w(z, y,1). (2.7)

We are now interested in deriving governing differential equations for the positions and phases of each pulse, as
well as the form of the remainder function, assuming that the pulses are weakly interacting, i.e. that the remainder
function is small in comparison to the pulse magnitudes. To do this, we follow the global centre-manifold reduction
technique laid out in [36], which will allow us to derive a system of slow ODEs for the locations and phases of the
pulses, and a fast PDE for the remainder function. Substituting the solution form (2.7) into (2.2) gives

Navk aw ) ) al al
e ZVVk+Vw]+B D Vitw |+ Vitw]|.

k=1 k=1 k=1



However, from the steady solution (2.3) we know that
aVVy = =BV — f(Va),

for each k, and thus

YoV, | ow al al
k _ 2
W+E =aVw+pw+ f (ka—Fw) —Zf(Vk).
k=1 k=1 k=1
N
Subtracting f’ (Z Vk> w from each side of this equation allows us to write
k=1
N N
Z%+aﬁ— 1Y Vi | w=aViw + fu+ G(V,w) + B(V), (2.8)
piiel ot k=1

where we have defined the functions

N N N
G(V,w) = f <ZVk+w> - f (ka) w— f (ZW) ;
k=1 k=1 k=1
N N
V) = f (Z Vk> > F(),
k=1 k=1

and V = (V4,,...,Vn). The function ® is the so called interaction function, and for small ||w|| for some suitable
norm, the function G is a quadratic function in w, which can be seen by Taylor expanding the first term, or noting
that

G(V,0) = G(V,0) = 0.

From the form of (2.6) we note that

o
ot

= ieig‘“V(:E — T,y — TZ)Qk — eig’“Vx(x -y — rZ)f’,f - eingy(z — T,y — rZ)fZ,

where ¢z (z,y,t), Gry (x,y,t) and ¢4, (x,y,t) are the associated zero eigenfunctions of the linear operator (2.4), and

d
the overdots denote T The eigenmodes satisfy

oV,

z,Y,t = I =iV z,Y),

Gg(T,y,1) 99 | (z,y)
Vg,

(z)T”: (xay’ t) - 87"% o - _Vl(xa y)7
Vi

Gru(w,y,t) = | —Vy(z,9),

where r = (r*,7¥,g). The main assumption we make here, and assume holds throughout this paper, is that these
are the only zero eigenvalues (i.e. we do not consider Jordan blocks at zero) and the rest of the spectrum for L
lies in the left-hand plane of the stability plane. The notations ¢,¢ etc, mean we write the shifted and modulated

eigenfunctions as

bg. = eig’“gzﬁg(:v — T,y —Trh), (2.10)
g = o (T —1i,y — 1), (2.11)
er}c’ = 6lgk ¢Ty (1‘ - Tﬁa Yy — TZ) (212)



Inserting (2.9) into (2.8) leads to the governing fast PDE for w(x,y,t) as

N

) N
8%} Y <Z Vk> w—aViw — fw = — Z [qsrzfg + qbrzfz + g 01| + G(V,w) + (V). (2.13)
k=1 k=1

To identify the governing slow ODEs for rj, = (rf,r}, gr), we project this system onto the neutral adjoint eigenfunc-
tions of the system. The adjoint eigenfunctions are defined in the same way as the eigenfunctions, namely v4(z,y,1),
Ve (2,y,t), Yru(x,y,t), with the spatial and phase shifted versions given the notation g, (v,v,t), ¥ (z,y,t),
Vv (2,9,1) as in (2.10)-(2.12). We also introduce the L?(C) inner product defined such that

(u,v) = Re [/_Z /_Z u(z, y)v(z,y) dydz |

where the over bar denotes the complex conjugate. Using this inner product, the eigenfunctions and adjoint eigen-
functions satisfy the following orthogonality properties

<¢r17wrm> = <¢Ty7'(/er> = <¢guwg> = 1, (214)
<¢r%wry> = <¢r%¢g> = <¢ry»wrm> = <¢)ry,wg> = <¢ga'¢)r1‘> = <¢ga'¢}r’y> = 0 (2'15)

The projection onto the adjoint eigenfunctions of the system is constructed such that the remainder function w(z,y, t)
is transversal to the adjoint eigenfunctions, meaning that

<w;1/1rg> = <w7¢'r‘fc’> = <w7¢gk> = 07

for each k. The consequence of this construction is that

<wt7'(/}rz> + <w7 8t¢rg> =0.

d
&(wﬂ/}rﬁ = Re

However, by the definition of v,

0 » . i 0 - .
S = POz 1)y~ O — O S (o (), — )
10 Lo = 10,y — L),

thus
d . . . .
a<w7¢r£> = <wtawr§> - <1w7wr;f,>gk —(w, awwr,f>rk —(w, ay%;')?";z =0.

Therefore we can identify that
(we, ¢7',f> = (iw, wr@ék + (w, ax¢rg>7.‘lgcc + (w, ay¢r§>f‘za

with similar expressions valid for (wy,,s) and (w, g, ).

A similar simplification can be made to the aV?w term in (2.8) after the projection, by noting that integration by
parts shows that
<C¥V2’w,d},«i> = <waav2wr,f>'

However, the adjoint eigenfunctions satisfy

andJTz +B¢’I”z + [f,(vk)]* wri = Oa



where the x denotes the adjoint, thus
(@V2w, ) = = (w, (B + [f' (V)] )vorg ),
- <’LU7 ﬁwrﬁ> - <w7 [fl(Vk)]* wTﬁ%
- <Bwa 1/}7“,“5> - <f/(Vk)w7 1/%«;%
by the definition of the adjoint. Similar expressions can be found projecting onto v,» and 1y, .

Therefore, projecting the remainder function equation (2.13) onto the adjoint eigenfunction 1, for each value of &,
gives ODEs for r{, 7] and gi of the form

N
Z |: ¢r 7¢rk 7" + <¢7 7'lprk >T + <¢g] wrk>g]} <w7 8xwri>7;z + <w7 8ywr;>7zz + <1w»¢r:>f}k
j=1
= (G + Vpw + @,¢y), (2.16)

where
ZV — ' (Va),

for k=1,...,N. Similarly, projecting onto t,s and v, gives the ODEs

WE

> [ )5 + (g VgV + (B, )] + (0, Oabg )T + (w0, 0, )7 + (i, Vg )

<.
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—

and

M=

[<¢r§a¢gk>f§ + <¢r’]%’a7/’gk>7:§‘} + <¢g]‘?¢gk>gj + (W, Oxthg, )T + (w, 8y¢gk>7.‘z + (iw, ¥y, ) Gk

<.
Il
—

= (G+ Vw+ D,1,,). (2.18)
This gives a system of 3N equations, which we can write in matrix form as
C(ry,....,rn,w)X = F, (2.19)

where

P
[

(I‘l, ceey I'N)T7

F = (G+Vw+®,9),(G+ V1w + ,9,0), (G + Viw + @, 1y, ),

AG+HUNw+ D, yr ), (G + Unw+ D,y ), (G + Unw + D, 4y, )T

For well-separated pulses, where the norm of the remainder function ||w|| is small in amplitude compared to the
initial pulses, then the matrix C is close to the identity, and hence is invertible.
For a given remainder function w(z,y,t), (2.19) is integrated forward in time from some initial condition Xy =
(r1(0),...,rx(0))T to update the time dependent values in
X =C'F. (2.20)

This gives the positions and phases, of the pulses which are then substituted into (2.13) to update the remainder
function w(z,y,t). Equation (2.13) is solved together with the boundary conditions

w(x — +o00,y,t) = w(zr,y — +oo,t) = 0. (2.21)



and the initial condition
w(zx,y,0) = 0. (2.22)

This initial condition is chosen because it is close to our stable solution manifold, and so we expect our numerical
solution to be indistinguishably close to the solution manifold after a short transient period [36].

Under the assumption that the pulses are well-separated, we can perform an asymptotic analysis on (2.13), leading
to a form of the equation which is more readily solved at leading order, yet retaining sufficient accuracy to solve for
the full system dynamics.

3 Asymptotic structure for well-separated pulses

The time-dependent motion of the pulses in the plane is determined by the slow ODEs (2.16)-(2.18) together with
the fast PDE (2.13), with the time-dependent distance between pulses V; and Vj, given by

din(t) = [(F = )2 + (¥ —r1)?] 2. (3.23)

The minimum separation distance for all pulses is denoted d, where
d = miny; k jk ve{djx(t)}-
If the pulses are well-separated, then d is large, and we define the small positive parameter
e=e M (3.24)

which is small enough for linearization. Here A\ = A\, +i); is a measure of the decay of the pulses at infinity and
satisfies the relation
al? + 3 =0. (3.25)

Given condition (3.24), it has been shown that a stable centre-manifold exists for this fast-slow system by theorem
2.1 in [36], which is proved in [48]. In appendix A, we restate this theorem for completeness and proceed here with
the understanding that such a stable centre-manifold exists. In the theorem itself we note that the constant x > 0 is
not usually small (it is related to the spectral bound of the linear operator L after excluding the zero eigenvalues),
and as such if we start with an initial condition sufficiently close to the manifold, i.e. the condition in (2.22) puts
us e-close to the manifold, then after a short initial transient behaviour, we will be indistinguishably close to this
manifold, and hence the initial condition (2.22) for the remainder function is justified.

With this understanding, we can remove the fast time scales by introducing the new scaled quantities
t=et, &= e&), w=ew, V= e(I\'k, G = 62é, (3.26)

where the hat variables are O(1) [36]. Note, neither ® nor ¥ are O(e) everywhere in the (z,y)-plane, but they are
O(e) in the regions where they interact with the adjoint eigenfunctions. Thus, the inner products can be considered
of the form (®,¢,s) = O(e) and (¥rw, vy, ) = O(e*) for example.

Substituting the forms (3.26) into the fast-slow system leads to an expansion of the matrix C from (2.19) of
C(I‘l, ...,rN,w) =Isy + 66(1‘1, ...,rN,w) + 0(62).

Thus (2.19) becomes
€(Isy + €C)X; = eFy + EFy + O(€%),

where
Fio= (B,0g), (B, 00), (@,0g,), ooy (D005 ), (@, ), (D, 05,)) 7,
F, (<é+‘i’1@,¢r§>,<@+‘ff1@, ¢rf>’<@+‘i’1@7%l>,
ceey <é + (I\’Nﬁ;7 ¢T‘}’\’]>7 <é + \/I}N{ﬁa q/}7“}“'\,>7 <é + @N@a 1/}gN>)T'



Retaining only terms at O(1), leads to the leading order problem
X;=F;. (3.27)

We term this system the Projected ODE System (POS). Here the fast variable w does not appear, and hence the
solution of (2.13) is not required and can be neglected. Equation (3.27) gives a good approximation of the system
dynamics for very-well-separated pulses. If the pulses are closer but still well-separated, then we can include terms
at O(e) to give a system which is a correction to (3.27) and thus we solve

X;=F) +e {FQ - (A:Fl} . (3.28)
We term this system the Projected System (PS). However, we note that the @ which appears in Fy can also be
expanded for small e, thus with the (3.26) variable scalings, (2.13) becomes

28w — el = —eH - X;+ 62G+e<1)

where H = (¢y¢, v, dgy s .- ¢7’}E\;7¢7"}U\77¢9N)T' Therefore retaining terms of O(e) only, the leading order form of the
equation for @ is
Ld=H- X;— D, (3.29)

which is a stationary PDE, and hence is simpler to solve than the full time-dependent equation (2.8).

3.1 Approximation of POS for very-well-separated pulses

At leading order the governing equations do not depend on the remainder function w = e and so the forms of the
inner products in F; can be constructed explicitly, making their numerical evaluation fast, in the very-well-separated
pulse limit. Here we construct the form of these inner products for the interaction of pulses V; and V.

The inner products in the vector F; can be simplified by using Lemma 10.2 of [48] whereby we can write

Mz
Mz

(@, ) = (AVj,hry) = Vj, Wby ), (3.30)
k= ;;
N N

(B, ) = fZ AV, ) = = (Vi Bpyw), (3.31)
Jsék ﬁ;i
N

(@, 9g,) = _ZAvvagk :_Z<V37A¢gk>7 (3.32)
J#k ;;i

where A is the elliptic differential operator of (2.2), namely

A=aV?+ 4.

Each of the inner products can be approximated by performing the two-dimensional analogue of the one-dimensional
calculation in [48]. The calculation assumes the large r = (2% + y?)'/? asymptotic form of the pulse and the adjoint
eigenmodes, and evaluates the inner product in this overlap region. It will also be useful to have the integral identity
for the linear operator A, where for functions & (r,0) and &»(r, 0)

2 oo 2T 2 ')
/O /0 €1 (AS)r drdd = a /0 [r€ar — 11 &)X dO + /O /0 (A&1)Ear drd,



after integrating by parts twice. Therefore, for pulses at (z,y) = (rf,rY) and (rf,r}) we have

—(Vj, Mabg,) = / / V(:U—rf,y—rf)ﬁ@g(m—r}ﬁ,y—r}j)dmdy,

27 oo
/ / V(ri —rj + Rcosf, 7] —r! + Rsin0)Ay,(Rcos 6, Rsin )R dRd,
o Jo

2m (o]
/ / V(rk —rj + Rcos,r] —r? + Rsin0)A [JQ(R cosf, Rsinf) — E:(R cos 6, Rsin 0)] RdARAd6,
o Jo
2m

/ a lim [RV(T‘;: — 1k + Rcos0,7? — ] 4+ Rsin0) [Eg(Rcos 0, Rsinf) — E;(Rcos 0, Rsin 9)}
0 R

R—0

—RVRg(r; — ri + Rcos6, Rsin0) [ﬂg(R cosf, Rsinf) — @;(R cos 6, Rsin 0)” de
2w oo
+/ / AV (rj —ri + Rcos 6, Rsin ) [Eg (Rcos, Rsinf) — E; (Rcosf, Rsin 0)} RdRdY,
o Jo

where we have used (z,y) = (rf,r}) + R(cos6,sinf) in the second line, and the ‘a’ superscript denotes the large-r
asymptotic form of the adjoint eigenmode. The final integral is now small, due to the fact that the asymptotic result
has been subtracted from the full eigenmode, and we have used the fact that as R — oo the pulse and eigenmode
are exponentially small. Thus

27
e . . T T Yy Yy . - . —a .
—(V;, Mg,y = /0 e 11%1310 [RV(rk —ri 4+ Rcos,r —r! + Rsind) [wg(Rcos 0, Rsin®) — 1, (Rcos?, Rsm@)] R
—RVg(rx — r; + Rcosf, Rsin0) [%(R cos, Rsin0) — go(R cos 0, Rsin 9)” a6. (3.33)
The asymptotic forms of the pulses and the adjoint eigenmodes can be determined from the governing linear equations
and are
Va(rve) = pHo(l)\’f')7
Yg(r,0) = sHo(ixr),
V% (r,0) = qHo(i\r)cos®,
e (r,0) = qHo(ilr)sin®,

where p, ¢, s are complex constants, A is found in (3.25) and H,(X) = J,(X) +1iY,(X) is the Hankel function of
the first kind of order n, with J,(X) and Y, (X) Bessel functions of the first kind.

As R — 0 in (3.33) then

V(ri —rj + Rcosf,rj —ri + Rsin®) = pHo(iAdji) — pAH:(iAdjx) Rcos 0 — pAH; (iAd;jx) Rsin 6 + O(R?),
—a 2i
Ui (Rcosf, Rsin) = 5—log(iAR) + O(1),
m
¥, (Rcosf,Rsinf) = C1+ O(R),

where C; is an unimportant constant and d;j from (3.23) is the separation distance of the two pulses. Therefore,
as R — 0 the inner product using (3.32) becomes

N
(,1bg,) = — > diapsHy(ird;y)e 9797,
j=1
j#k
For the inner products involving 1,= and ,v there is a problem to overcome, as



as R — 0 and hence would give a zero inner product, whereas numerical evaluations give these as a non-zero inner
product. This issue is down to the singular form of the asymptotic eigenfunctions for the 2D problem, but this issue
is not evident in the 1D problem in [48] where the asymptotic eigenmodes are just exponential functions. Examining
the above limit as R — 0, and considering the one-dimensional result in [48], it can be seen that (®,,r) and
(®,1,v) have a form

)

N
_ (rE
(@,4rs) = = > BapgrA——7_"

Hy(iNd,jy,)e (9 =95)
dj

j=1
#k

and

N y
T T .
<q)7 '(/}rz> = - Z Bapaﬂ')\(kdij)Hl (i)\djk)el(gk_gj)7

j=1 gk
Jj#k
where B is a complex constant. This asymptotic result will be confirmed numerically in §4.1, where the value of B

will be estimated.

In the case of two pulses, which we consider as both being located on the z-axis without loss of generality, we can
write the four ODE system as

7"% = <®a¢r{>7 7.'% = @ﬂ/’r;% gl = <(I)a¢gl>a 92 = <(I)a¢92>'

In this case we are able to simplify the system to a pair of ODEs for the difference functions 7 = r{ —r%, g = g1 — g2,
which by using the following asymptotic forms of the Hankel functions

2i - -
Ho(ixr) = - m\lﬂ e MmN/ 4 o (e‘*””|?|‘3/2> , (3.34)
2i e _
Hl(i)\?) - //T>\|17|e—Ar‘T“el(—AilTl"Fﬂ'/‘l) +0 (e—>\7~\r|‘F|—3/2) ’ (3.35)
as |[F| = oo, can be written as
7= 2|77 2e MM cos(= || + k1 4 7/4) cos(g), (3.36)
g = —2Jo|7 72 M sin(—\|F| + kg 4 7/4) sin(g), (3.37)

where

. : 2
J1e™ =1iBapgv2ir  J2e'™? = —4apsy/ by (3.38)

The form of equations (3.36)-(3.37) have the same structure as those found for the one-dimensional problem in
[48, 36], and depending on the sign of JjJo); cos(ke — k1), this system can exhibit a Hamiltonian structure with

Hamiltonian ,
ﬁ cos(ka—K1)

. _ T
sin (—/\ir + K1+ Z)

)

A = sin(g) exp [—frsin(ﬁg - /ﬁ)}
1

which has the same structure as for the one-dimensional problem in [41]. Our interest is in the case where
J1JaA; cos(ke — k1) > 0 which leads to Hamiltonian (reversible) dynamics. The phase plane for this two pulse
problem is given in Figure 1, and the contours are closed with equilibria consisting of centres and saddle points. The
centres correspond to equilibrium points of (3.36) and (3.37) with cosg =0 (sing = 1) and hence 7 satisfies

sin (*)\im + ko + %) =0,

thus
Ko+ F +nm

7| = "y . n=1,234,..

10



Similarly, the saddles are equilibrium points with sing =0 (cosg = +1) and hence

ki +5+02n—-1)5
Ai ’

7| = n=1,23.4,..

The saddle points are connected via heteroclinic orbits which split the phase plane into different cells, each containing
periodic orbits. The cell shown in each panel of Figure 1 are the first such cell or the cell 1 dynamics.

Y AN

4 2 0 2 4 5 0 5

(a) 7| cosg (b) 7| cosg

Figure 1: Plot of the cell 1 phase space for (3.36) and (3.37) in the (7cosg,7sing)-plane for the parameters in (a)
(4.41) and (b) (4.42).

In one-space dimension, [36] showed that this Hamiltonian structure breaks down when the O(e) terms (i.e. incor-
porating w) are included in the analysis. It was shown that the first cell contained a stable focus or stable limit
cycle, depending upon the values of «, 3, 7, 0, and all initial conditions converged to these stable results, including
those initial conditions inside cells 2, 3 etc. We expect a similar structure of solution here for the two-dimensional
CQGLE, which we examine in the next section.

4 Results

4.1 Numerical Scheme

The steady localised pulse solutions we are seeking in this work are axisymmetric, and thus we can numerically solve
for the pulse by solving the axisymmetric form of the steady CQGLE in (2.3). We set up this problem as a boundary
value problem for V(r) on the finite truncated domain r € [0, L]. To solve this equation, we split the solution into
real and imaginary parts, V = V,. +iV;, and solve directly the resulting coupled set of equations. The axisymmetry
of the problem means we solve these equations subject to the origin conditions

dv, dv;
= =0 4.39
dr |,_, dr|,_, ’ (4.39)
while at 7 = L we require the correct exponential decay at infinity, hence we impose
dv, dv;
ar + Ve =NV = 7 + NV + ANV, =0, (440)

11



where A = A, +i)\; satisfies (3.25).

The problem has 8 real parameters from the real and imaginary parts of «, 3, 7, §. We fix 7 of these and find
the eighth, 8; = Im(g8), by imposing (3.25). Equation (2.3) along with (4.39), (4.40) and (3.25) are solved using the
chebop routine of chebfun for nonlinear boundary value problems, with a tolerance of machine precision [10].

To calculate the eigenfunctions and adjoint eigenfunctions of the zero eigenvalues, we consider a solution of the form
‘7(7‘)6”"’9 to the linear and adjoint problems L(Vel™?) = I]_*(YA/eimg) = 0. Here there are three zero eigenfunctions
(as opposed to two for the one-dimensional problem), one with m = 0 and two with m = 1. With m fixed at 0,1,
the linear and adjoint problems are again solved by considering real and imaginary parts V= ‘/}T + iIA/i, and again
using the same chebfun structure as before, but now the origin and boundary conditions

dv, av; . -
= =V L = . L =0,
ar| | (L) =Vi(L)=0

for the m = 0 eigenfunction and
V:(0) =V(0) = V,(L) = Vi(L) =0,

for the m = 1 eigenfunctions. For m = 1, the two eigenfunctions come from the real and imaginary parts of Vel
The resulting zero and adjoint eigenfunctions then need to be normalized for the projected system such that (2.14)
and (2.15) hold.

The projection scheme requires translations and phase variations of the pulses and eigenfunctions, such as in (2.6).
This is achieved numerically by firstly projecting all these functions back to the Cartesian domain (x,y) € [—L, L] X
[-L, L], and then, because the functions are constructed using Chebyshev polynomials in chebfun, the translations
are calculated via spectral interpolation within chebfun.

The time-evolution for (ry,...,rx)? can now be determined by solving (2.16)-(2.18) with the given initial conditions
(r1(0),...,rx(0))T and @w(x,y,0) = 0, and integrating forward in time using MATLAB’s odel5s or ode45 solvers.
Both odel5s and ode45 are variable size time-stepping routines, and their accuracy is determined by the function
and time-step errors which are both set equal to Err = 10~®. To update @ at each time-step we solve (3.29) by
discretizing the domain (z,y) € [-L,L] X [-L,L] on an M x M grid, and making use of MATLAB’s sparse matrix
storage ability. The resulting large system of nonlinear equations are then solved via gmres with the boundary
conditions (2.21). The inner products in (2.16)-(2.18) are calculated using Boole’s rule in two-dimensions.

For the results presented in this paper, we consider two specific axisymmetric pulse solutions with parameters
a=0.54+0.5i, [f=-0.06—-13.2i, ~v=18+1i, ¢ =—0.05+ 0.05i, (4.41)
and
a=05+05i, B=-20-108, y=18+1i, ¢ =—0.05+ 0.05i, (4.42)

where the value of §; in each case was found as part of the initial pulse calculation. The real and imaginary parts
of these pulses are plotted in Figure 2, together with their one-dimensional equivalent, where in the one-dimensional
case § = —0.05 —37.91 and 8 = —2.0 — 34.7i respectively.

In §3 we identified the leading order asymptotic forms of the pulse interaction terms, and here we are able to verify
these forms numerically and provide a numerical calculation to determine the value of the constants in (3.38) for the
pulse parameters given in (4.41). In order to do this, we consider N = 2 pulses such that when using the large-7
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Figure 2: Plot of (a,c) Re(V) and (b,d) Im(V') panels (b,d) for the parameter values (4.41) in panels (a,b) and (4.42)
in panels (c,d). In each plot, the solid blue line represents the two-dimensional result while the red dashed line give
the corresponding one-dimensional result.

form of the Hankel functions (3.34)-(3.35) then

<q)7 wa> _ Jleircl (Tld:2r2 ) ei(gl—gg)e—)\roilgei(—)\i(112+7r/4)7 (443)

(D, ¢T§> = Jlei"l %ei(gz*91)6*>\7-d126i(*>\id12+ﬂ/4)’ (4.44)
. y — y . .

(@, ¢T111> = Jei™ %61(91_92)6_)\rd1261(_)\id12+77/4)’ (4.45)
. y —_— y . .

<(I)7¢r;,> = Jem %61(92—91)6—)\r(112el(—)\id12+ﬂ'/4)’ (446)

(@,1hy,) = Jpel2ell01792) = Ardhzpi(=Xidiadm/d) (4.47)

<<I), wg2> _ J2eili2 61(92*91)e*/\rdmei(*)\«;d12+7f/4)7 (4.48)

where we have omitted the O (e*ATdmdl_;/ 2) correction terms for brevity. The unknown real coefficients Ji, Jo, k1, Ko
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200

100

1 2 3 4 5 1 2 3 / 5

(a) r{ — 73] (b) r{ — 73]

Figure 3: (a) (®,,s) (solid lines) and (®,1),s) (dashed lines) and (b) (®,1,,) (solid lines) and (®,),) (dashed
lines) as a function of |rf — r%|. The black result signify the full numerical results and the red results signify the
asymptotic result. In each case the inner product is multiplied by e*:%> to remove the exponential decay of the
inner product with pulse separation distance.

can then be calculated for the parameters in (4.41) by calculating the inner products for various values of 7§ — r
and g1 — g2 and approximating the best fit surface using MATLAB’s fit subroutine. Note, we simplify the calculation
by setting ¥ — r§ = 0 throughout the fitting procedure, which we are able to do by choosing the pulses to lie on
the z-axis. The fit subroutine gives a 95% confidence interval for the complex coefficients Jiel*1, Jye'*2 for a
numerically specified function. To make sure we are in the very-weakly-interacting regimes, we choose to evaluate
the inner products for values

r{ —ry €[2.2,5.7], g1 — g2 € [—m, @],

to perform the fit. Taking the central value in the confidence interval, we find

Ji = 19.43732 k1 = —0.17263,
Jo = 76.88165 ko = 0.07856,

to 5 d.p.. In Figure 3, we plot the full numeric and asymptotic forms of the inner products (4.43)-(4.48) (multiplied
by e*d12) as a function of |dis| = |r¥ — rZ|, where the pulses are located at

(r:lvargl/agl) = (7‘d12|/27070)7 (75»7’12/792) = (|d12|/2,077r/4)

Here we see that the approximation and the full numerical result agree well for |r{ —r3| 2 1.7. For comparison, the
approximation in (3.38) gives
Jo =76.71014, ko = 0.07910,

which is within 1% of the value found above by the numerical fitting procedure. Also note, comparing the approxi-
mation found in (3.38) for Jye®! with the numerical results above gives

B ~0.277 - 0.117i.
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4.2 Case N = 2 pulse interactions

The case of N = 2 pulses in one-space dimension was extensively studied in [36], and as the two pulse problem in
the plane effectively reduces to a quasi-one-dimensional problem, we expect similarities with our results presented
here. However, there are subtle differences between the one and two-space dimension problems, namely the shape
and far-field decay rates of the pulses, see Figure 2, and so we examine the two-dimensional analogue of this problem
in order to validate our numerical scheme.

As noted in §3.1, the leading order two pulse problem is Hamiltonian and hence the phase-plane portraits in the
(7] sing, |F| cos g)-plane (Figure 1) consist of closed periodic orbits, where 7 = r{ — 73 and g = g1 — g2. Note here
we have chosen to fix r{ = 7§ = 0, but the phase plane is identical for any r{ and 73 values, except now the pulse
interaction occurs along a line in the (x,y)-plane passing through the centre of the two pulses, rather than along
the x-axis, as we have constructed here. Figure 1 shows the first cell of these periodic orbits with additional, weaker
interacting cells, existing for larger |7| values.

2561 l R 2.559624,
2.555 | — 2.5596238 »
7|sing 7(T)

2.95] , 2.5596236

2545 f 2.5596234

254 ‘ ‘ ‘ 2.5596232
-0.2 0 0.2 -10 -8 -6
(a) [7|cosg (b) | log,o(Err)

2.5596

2.5595
7(T)
2.5594

2.5593

Y A
5 100 150 200 250
(c) M

Figure 4: (a) Blow up of the 7(0) = 2.56 phase plane trajectory with leading order @w(z,y,t) effects included. The
red circle denotes the trajectory starting point and the green square denotes the trajectory end point after one period.
Position of the trajectory end point 7(T') as a function of (b) log;o(Err) and (¢) M = L/Ax defining convergence.
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When we consider the O(e) effects of the projection scheme, i.e. when we retain the leading order effects of the
remainder function w = ew as in the PS, then this periodic structure breaks down. In Figure 4(a), we consider
the phase trajectory for a result with initial separation 7 = 2.56 and the phase difference § = w/2. Here the red
circle signifies the starting point of the trajectory when g(0) = n/2 and the green square denotes the end point of
the trajectory when g(7T') = 7/2 again, where 7' denotes the time value (when it exists) where this phase difference
reoccurs. This event can be detected using MATLAB’s odel15s subroutine. Note, the value of T is not unique, and in
fact there are multiple times when this condition is satisfied, so we also need to stipulate a condition on the sign of

d —~
d—g\ to uniquely determine this value. For d—“;i > 0 the trajectory corresponds to t = T and the value of § = 7/2

da
again at the initial point of the trajectory, while d—g\ < 0 with § = 7/2 corresponds to the point on the trajectory

directly below the centre in Figure 1. The trajectory in Figure 4(a) shows that at ¢ = T’ the value of 7(T) —7(0) < 0,
which means the two pulses move closer together in time. A plot of the pulse positions along the trajectory where

dg d ~ A
g =m/2 with Y 0and > 0, along with the corresponding forms of w(z,y) = ew(x,y) are given in Figure 5.

The Figure shows that |w| < |V| in the weakly interacting limit, and also demonstrates that the pulses slowly drift
in space as they interact with each other.

Before we go on to discuss the significance of the pulses moving together over time, we first consider the convergence
of the numerical scheme in Figures 4(b,c). Here we plot the value of 7(T') for the result in Figure 4(a) as a function
of (b) log;o(Err), the error of the MATLAB integration scheme, and (c) the spatial grid size M, where Az = L/M .
It is clear from the scales on the y-axis that the results very quickly converge as Err and Ax are reduced. In the
results which we present in this paper, we use Err = 10~ and M = 150 (Az = 4 x 10~2), which give a good balance
between resolution and run time.

By considering multiple trajectories around the equilibrium centre/focus point, like the one in Figure 4(a), we can
determine the dynamics of the system by considering the function
II(7(0)) =7(T) — 7(0). (4.49)

Ultimately, the system dynamics can be classified into three possible scenarios:

1. II(7(0)) > 0: Unstable dynamics, pulses move apart and away from the equilibrium point,
2. II(7(0)) < 0: Stable dynamics, pulses move together and toward the equilibrium point,
3. II(7(0)) = 0: Neutral dynamics, pulses oscillate in position in a periodic limit cycle.

Here 7(0) is chosen to lie above the centre/focus equilibrium point, which in the phase plane plots in Figure 1 lie
at (a) (7,9) = (2.432,7/2) and (b) (3.352,7/2) for the parameters in (4.41) and (4.42) respectively. In Figure 6,
we plot the function II(7(0)) for the parameters in (a) (4.41) and (b) (4.42). What this Figure shows is that for
Br = —0.05 in (a), IT < 0 for all 7(0) in cell 1, this shows that here the point at (2.432,7/2) is the only stable
point, and all trajectories will spiral into this stable focus. For 8, = —2 in (b) however, between the equilibrium
point (3.352,7/2) and the point (3.543,7/2), the value of II > 0 and so the equilibrium point is an unstable focus
and trajectories spiral out towards the limit cycle which exists at 7(0) a2 3.543. This same qualitative behaviour, i.e.
having a stable equilibrium transitioning to a stable limit cycle as [, varies, was also seen in the one-dimensional
version of this problem, except here the values of 3, where this transition occurs, is different [36]. This quantitative
difference is to be expected given the variations in the pulse shape seen in Figure 2.

4.3 Case N > 2 pulse interactions
4.3.1 Steady states and basins of attraction

For the case of N > 2 pulses with no remainder function, the system no longer appears to be Hamiltonian as the
governing equations cannot be determined from an energy functional, and hence the only way to identify information
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Figure 5: Heat map of the real-part of the solution (a,c) u(x,y) and the remainder function (b,d) w(x,y) = ew(x,y)

for the trajectory starting with (7,g) = (2.56,7/2) at (a,b) t = 917.06 where § = 7/2 and Z—‘(t]A < 0 and (c,d)

~ d ~ ~
t =T = 1834.96 where g = 7/2 and d—g\ > 0. (e) Plot of 7{(t) (black line) and 73 (¢) (red line) for this trajectory

showing the drift of the pulses to positive x values over each period of the phase.
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(b) 7(0)

Figure 6: Plot of II(7(0)) for the parameters in (a) (4.41) and (b) (4.42). In (b) the value of 7(0) where II = 0
signifies the existence of a periodic orbit.

about the system is to directly integrate the governing system equations and seek states, such as steady fixed points
or periodic states. In cases where only translational pulse states are considered, i.e. all the phases are constant, then
the system could be written in gradient form, as was the case in the two-dimensional optical cavity problem of [45].
However, we are unable to fix the phases in this way to make this simplification and so have to resort to numerical
solutions of the system only.

Here we examine the properties of systems of N = 3, 4, and 5 pulses. The first key piece of information to identify
is whether there exists any stationary equilibria points in parameter space, which are solutions (r1,...,rx)7 of (2.19)
with X = 0. In principle this is a challenging task numerically, because of the huge parameter space which needs to
be explored. However, we can make progress by examining pulse configurations with particular symmetries as initial
guesses, in particular we consider those regular geometric states given in the schematic Figure 7. In each case, we
seek fixed equilibrium states relative to the other pulses. Hence, we are able to fix the steady state properties of one
pulse, thus we choose to set

ry =2, =0, gn=0, (4.50)

and then seek solutions with reflectional symmetry through the z-axis (denoted by the dotted lines in Figure 7), in
order to reduce the number of unknowns and to make the solution procedure more robust. Thus for N = 3, have
the three unknowns

(Talvvr?agl) Wlth (rga’rgmgQ) - (va_rqagl)a

for N =4 we, have the five unknowns
(Tfﬁ%aglﬂ";,gﬁ Wlth (7122/77%77%/793) = (Oarfv_r%vgl)v
and for N =5 we, have the six unknowns

x Y T Y : x Y x Y _ x Y T Yy
(Tlarl7glar2ar27g2> with (7"3,7“3,93,7“4,T4,g4) - (7"2,—7“2,927T1,—7“1,g1).
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Figure 7: Initial pulse configurations considered when seeking fixed point equilibria for N = 3, 4, 5 pulses. The
dotted horizontal lines denote the z-axis in each case.

In order to readily sweep the three-, five- and six-dimensional parameter spaces, we first identify fixed points by
solving the O(1) POS problem (3.27) with @ = 0, using Newton iterations. These fixed points are then used as
initial guesses in the PS (3.28) with @ # 0 to identify fixed points of the full nonlinear system. Here we present
results only for the parameter set given in (4.41).

One set of possible equilibrium positions are the two-dimensional set, of pulses lined up along the y-axis with

(r7,rY, g1, Jmax) = (2.00,1.38, 3.08,8.02 x 1071),
= (2.00,2.39,—1.76,2.49 x 1073), (4.51)
= (2.00,3.27,-0.06,2.73 x 107).

The term Jy.x denotes the largest eigenvalue of the corresponding Jacobian matrix of the Newton solver, and as
Jmax > 0 in each case, then these points are unstable to symmetric perturbations. Of interest to us in this study
is the existence of stable equilibrium points (Jmax < 0) as these would constitute structures which persist for large
times, under symmetric perturbations, and hence it would be a convergence point for solutions to (3.28). In each of
the cases, N =3, 4, 5, we could only identify one stable equilibrium point in the full (@ # 0) system. These stable
point values are

N=3 (%Y, g1, Jmax) = (—0.13,1.37,1.72, —8.38 x 10~%), (4.52)
N=4 (1Y, 91,18 go, Jmax) = (—2.48,1.36, —3.06, —0.40, 1.48, —8.49 x 10™%), (4.53)
N=5 (% 1Y, g1, 18 1Y 9oy Jmax) = (—0.02,1.38,1.62, —2.42,,1.52, —2.98, —4.17 x 107%),  (4.54)

and the form of real part of each solution, Re(u) are given in Figure 8. These results show that the N = 3 and
N =5 equilibrium points form a regular polygon configuration, while the N = 4 result resembles a triangle of pulses
with an additional central pulse. Note, we were unable to identify stable equilibrium points for N > 5 for initial
guess configurations of the form similar to those in Figure 7, however it is possible that stable points may exist for
more elaborate initial guess configurations.
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Figure 8: Plot of Re(u) for the equilibrium point solutions for (a) N = 3, (b) N = 4 and (c) N = 5 for the
parameters in (4.41)

We expect the stable equilibrium points in (4.52)-(4.54) above to be convergence points for the full system when
some particular initial conditions are chosen. Here, we examine precisely the size and shape of the basin of attraction
of these equilibrium points in parameter space. To calculate the basin of attraction, we solve the O(1) POS version
of the problem (3.27), as this amounts to solving ODEs only, which can be performed readily and to a high degree
of accuracy (Err = 10712). In order to reduce the number of initial condition parameters which need to be varied,
we choose to fix the position of the N*™™ pulse to the values in (4.50), fix the other initial parameters to be their
equilibrium point values from (4.52)-(4.54), i.e. (r§,g2) for N =4, (r§,r},g2) for N = 5, and hence only vary
the three parameters (r{,r¥,g1). Also, for both the POS and PS systems in (3.27) and (3.28) respectively, we
enforce the reflection symmetry given in Figure 7. Enforcing this symmetry means that when the solution reaches
the equilibrium point, it remains there for a significant period of time. If we do not enforce this symmetry, then
the pulses would only remain at the equilibrium point for a short period of time, because round off error in the
calculation would ultimately build up in an asymmetric way, eventually causing the pulses to move away from the
equilibrium point, and exhibit chaotic motions. This is because these equilibrium points are only stable to symmetric
perturbations, by construction, not to asymmetric ones.

In Figure 9, we plot the basin of attraction of the equilibrium point (4.52) in the (r{ —r%)(r{ —r¥%)-plane for different
values of g; — gn. Here the ODES (3.27) are integrated to ¢ = 6 x 10*. We check the values of 7§ —r%|, |r¥ —rY|
and |g; — gn| at this point, and if they are all found to be within 10~* of the fixed point values, then we declare the
point to lie in the basin. The results presented here were checked against using different end times, and the results
were consistent with each other. The size of the basin is large, and relatively coherent, although it appears to split
into multiple regions for g1 — gy = 0 and 7/2. However, in the three-dimensional parameter space these regions
are all connected. For g; — gy = —7/2 we see some evidence of speckled behaviour, especially close to the basin
boundary and this is evidence of the existence of chaos in the system at this point [31, 25, 47]. The basin extends
close to 7¥ — ¥ = 0 where the only equilibrium points are those aligned pulses in (4.51), which are unstable to
symmetric perturbations.
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Figure 9: Basin of attraction (inside black contour) for the N = 3 fixed point as a function of r{ —r% and r{ —r%;
for (a) g1 —gnv =—-7/2, (b) g1 —gn =0, (¢c) g1 —gn =7/2 and (d) g1 — gy = 7. The star denotes the projection
of the equilibrium point (4.52) on to each plane, and the squares denote results considered in Figure 10.

The four squares in panels (b) and (d) indicate four cases, the time evolution of whose parameters are given in Figure
10. For each value of g; — gn the two cases correspond to one inside and one outside the basin of attraction. For
the cases inside the basin (Figures 10(a) and 10(d)) the three pulses quickly converge to the equilibrium point result,
after an initial transient regime, and then propagate together in the positive z-direction. For the two cases outside
the basin, the pulses appear to drift slowly away from one another, with the distance in the y-direction increasing
most rapidly. These results have clearly not settled down to the equilibrium point result by t=06x10%. Integrating
these cases further we find that they do not converge to the equilibrium point in (4.52), nor to any other stable state,
before numerical round-off begins contaminating the results. Hence, we are confident these cases lie outside the basin
of attraction and that the results presented in Figure 9 are robust. The circles in Figure 10 give the corresponding
results for the time evolution of the pulses for the PS method (3.28) when w # 0. For these results, the agreement
with the leading order calculations is excellent; this is due to the fact that for these initial conditions the pulses do
not leave the weakly-interacting regime.

When we consider initial configurations where the pulses are close together (strongly interacting) then we can
see differing results between the POS and PS results, similar to what we found for the N = 2 pulse case in
§4.2. In Figure 11, we consider the time evolution for two initial configurations close to the basin boundary, with
(r¥,7{,91) = (0,0.667,0) in (a) and (0,0.666,0) in (b). The case in Figure 11(a) lies inside the basin of attraction,
and both the POS and PS methods integrate to the equilibrium point solution, but the PS scheme has a much
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Figure 10: Time-evolution plots of the pulse parameters for the case N = 3 with the initial data (a) (r§,r7{,91) =
(0,2,7), (b) (=0.75,2,7), (c) (—0.5,1.5,0) and (d) (—0,1.5,0). In each case, the other parameters are given by
(4.50). The solid lines are results of the POS (3.27) with @ = 0 and the symbols are the results of the PS (3.28)
with @ # 0. The red lines signify the physical positions and phases 77, g; of the pulses, while the black lines give
the differences r{ — r§, r{ — 1Y, g1 — g3. Fixed points are2léeached when these differences are constants.
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Figure 11: Time-evolution plots of the pulse parameters for the case N = 3 with the initial data (a) (r§,r7{,¢1) =

(0,0.667,0) and (b) (0,0.666,0). In each case, the other parameters are given by (4.50). The solid lines are results

of the POS (3.27) with @w = 0 and the symbols are the results of the PS (3.28) with @ # 0. The red lines signify
y

the physical positions r7, while the black lines give the differences ri —rg, Y —rf.

shorter transient period, and a much smaller overshoot in 7{ — r§ compared to the leading order POS scheme. For
the case in Figure 11(b), the POS sees (r{ — ) — 0 very rapidly around t = 10, and the two pulses annihilate.
The PS scheme on the other hand converges to the equilibrium point in much the same way as the r{ = 0.667 result
in Figure 11(b) (although with t on a log scale this is difficult to see), and hence this shows that the true basin of
attraction for the full system is larger than is presented here, with the extension occurring close to regions where the
pulses initially interact more strongly.

In Figure 12, we plot the corresponding basins of attraction for (a,b) N = 4 and (c,d) N = 5 pulses. The main
difference in these cases compared to the N = 3 scenario, is that now there are different equilibrium solutions
possible. For N = 4 we can identify simulations which integrate to the equilibrium point given by (4.53), denoted by
the black contour, and an example of the time-evolution of the pulse motions for this case is given in Figure 13(a).

23



(c) TN (d) TN

Figure 12: Basins of attraction for (a,b) N =4 and (c¢,d) N =5 fixed point as a function of r{ —r%; and r{ — %

for (a,c) g1 — gn = 0 and (b,d) g1 — gnv = 7. The other initial parameters are given by the fixed point values in
(4.50) together with (4.53) and (4.54) respectively. Inside the black contours the initial conditions converge to the
N = 4,5 equilibrium point respectively, inside the green contour they converge to the N = 3 equilibrium point, and
inside the red contour they converge to a periodic limit cycle. The star denotes the projection of the fixed point
(4.53) and (4.54) respectively, while the triangle denotes the N = 3 fixed point projection. The three squares in (b)
denote results considered in Figure 13.

In addition to this equilibrium point we also find the green central basin contour which denotes the basin where
trajectories integrate to the N = 3 equilibrium point in (4.52). In this case, after an initial transient period, the
influence of one of the pulses becomes so weak that it remains stationary, while the other three pulses move away as
a coherent structure. An example of the time-evolution of this case is given in Figure 13(b). In this case, after an
initial transient period the pulses appear to enter a periodic regime until ¢ &~ 2 x 10° where the r1, ro and ry pulses
begin moving in the negative x-direction. The periodic state in Figure 13(b) is just a transient, but it is also possible
to observe persistent periodic limit cycles too, and the basins for these results are denoted by the red contours in
Figure 12(a,b). These basins tend to be smaller than the other two equilibrium states. This is possibly due to them
being more vulnerable to being ‘knocked’ into the other states by small numerical noise, which could be the case for
the result plotted in Figure 13(b). An example of a persisting periodic trajectory can be found in Figure 13(c). We
note that periodic limit cycle solutions do not have to be stationary in physical space, as the result in Figure 13(c)
shows, here the pulses drift slowly in the negative z-direction while performing periodic interactions.

The basin contours for both N =4 and N =5 in Figure 12 are much more fragmented at the boundaries than the
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Figure 13: Time-evolution plots of the pulse parameters for the case N = 4 with the initial data (a) (r§,r{,91) =
(—1,2.5,7), (b) (1,2.5,7) and (c) (5,1, 7). In each case the other parameters are given by the fixed point values
(4.50) and (4.53). The solid lines are results of the POS (3.27) with @ = 0 and the symbols are the results of the
PS (3.29) with w # 0. The red lines signify the physical positions and phases 7§, g; of the pulses, while the black

lines give the differences r§ —rf, 7% — 1}, g; — g

N = 3 case, suggesting that the system is chaotic close to these points. This is probably not surprising, given the
more complex structure of the problems. For N = 5 in Figure 12(c,d) there are now just the two possible basins,
which are both fixed equilibrium points, these are the N =5 (black contour) and the N = 3 (green contour) cases
in (4.54) and (4.52).

For cases with N > 5, we were not able to identify any stable equilibrium solutions for the parameter ranges we
examined with initial configurations similar to those in Figure 7, but the results in this section suggest that it
is common for larger systems to try to fragment and breakdown into smaller systems, which appear to be more
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inherently stable. Therefore, in the next section we briefly investigate the evolution of two N = 3 configurations in
the equilibrium point scenario when they are placed next to each other in the plane.

4.3.2 Interaction of coherent structures

In §4.3.1, we found that as the number of pulses in the system increased, N > 3, there was an increased possibility
that the system would interact in such a way as to ‘strip off” some pulses and reach an equilibrium state involving
only N = 3 pulses. In Figure 12, it was clear that this scenario gave a larger basin of attraction for the initial
conditions we used than the respective N =4 or N = 5 basins. In this section, we consider two of these coherent
N = 3 states and investigate their interaction.

center-line
o ) :
direction of
travel

Figure 14: Configuration of the two N = 3 coherent structures from the equilibrium point calculation (4.52), whose
centres are separated by a distance S and each structure is rotated by an angle #; and 65.

The results in Figure 10(a) and (d) show that the N = 3 equilibrium point structure propagates in the (z,y)-plane
in the direction of the pulse which is out-of-phase with the other two, i.e. along the x-axis in the example in Figure
8(a). With this information, we consider an initial condition of two N = 3 structures, where the centres of the
structures ((ry +ry +r3)) are separated by a distance S, and each structures’ orientation is defined by an angle
6, or 02, as depicted in Figure 14. These structures will then propagate along the directions indicated in Figure 14
and we examine their interaction when/while the pulses of one structure are close enough to affect those in the other
structure. In order to simplify the number of parameters in this problem, we only consider the case of symmetrically
aligned structures which have reflection symmetry about the centreline, i.e. #; = 7 — 61, and we also only consider
solutions to the POS in order to identify interesting phenomena, to speed up the calculations. The agreement between
the POS and the PS trajectory results in §4.3.1 show that this is a robust assumption. For these simulations, we
solve the POS using a 4'" order Runge-Kutta integration scheme, and we use quadruple precision calculations in
order to eliminate rounding errors from the long-time runs which can break this symmetry at large times.

We consider the discretised set of initial conditions given by

1
Sj=4—|—(j—1)1, j=[1,21],
and .
=(k—1)— =1,21
Hlk (k )207 k [ 5 ]a

and run each simulation to ¢ = 6 x 10*. We then plot the trajectories and identify by eye what behaviour the
structures are exhibiting.

When 6, = 7 the two structures just propagate away from each other, with a small transient region of adjustment
for cases with S < 5. For #; = 0 the two structures propagate towards each other, reaching a slow drifting state

26



Figure 15: Results of the two N = 3 coherent structure interactions. The red and blue pixels denote results where
two 2-pulse pairs are ejected away from the original structure position, the green pixels denote results where the two
structures drift slowly towards or away from each other, and the white pixels denotes cases where either the 6 pulses
continue to interact with each other, or the two N = 3 structures remain intact. The red pixels indicate cases where
the leading out-of-phase pulse is included in the ejected pair and the blue pixels denotes cases where it is the two
in-phase pulses which make up the ejected pair.

when the two leading pulses are a distance of ~ 2.6 units apart. At this point the two trailing pulses slowly drift
outward and towards the centreline, while for the other combinations of §; and S, we observe scenarios where the
pulses either remain as 6 interacting pulses, two sets of 3 interacting pulses, or we observe two-sets of 2 pulses being
stripped away to propagate away from the initial system. This final case is another example of a large system of
pulses wanting to degenerate into smaller systems. In Figure 15, we identify where in the (S, 6;)-parameter space
these pairs of propagating pulses exist. In Figure 15, the red and blue pixels indicate parameter values where the
pair of pulses is ejected from the initial configuration, after some initial transient period. Two examples of this can
be seen in the pulse position plots in Figure 16. The difference between the colour of the pixels is, the red pixel
denotes cases where the leading pulse is included in the pair of pulses propagating away (see Figure 16(a)), while for
the blue pixels the pair of pulses propagating away are the rear two pulses (see Figure 16(b)). What Figure 15 shows
is that there is no clear, coherent region of the (5, 6;)-plane where these two pulses are ejected from the system, and
it is strongly dependent on the initial condition. Clearly, when the two structures are initially closer, and moving
towards each other (67 < 7/2) there are more interactions which ejects the two pulse pairs. However, even for the
case S = 7.5 with #; = 47 /5, such that the structures are moving apart, as shown in Figure 16(a), two of the pulses
are ejected. It is plausible that in those cases where two pulses are not ejected (white pixels in Figure 15) they might
eventually lead to this scenario if the problem is integrated for longer. However, in these cases, numerical round-off
becomes significant and can contaminate the results.
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Figure 16: Time-evolution plots of the pulse parameters from the POS for the rightmost set of pulses from Figure
14 for the initial conditions (a) S = 7.5, 6; = 47x/5 and (b) S = 5.25, 61 = 37/20. In each case the red lines are
the two rear pulses which are initially in phase with each other, while the blue line is the trajectory of the initially
out-of-phase pulse.

5 Conclusions and Discussion

In this paper, we examined the dynamics of multi-pulse interactions in two-space dimensions in the quintic-complex
Ginzburg-Landau equation (QCGLE). The approach used was based on the centre-manifold approach used on the
one-dimensional equivalent problem in [36]. In this approach, the governing equations were formulated by writing the
solution as a sum of the individual pulses plus a remainder function. The dynamics of the pulses are then determined
by projecting the solution onto the stable centre-manifold such that a system of slow ODEs govern the pulse motion,
coupled to a fast PDE for the remainder function. This Projected Scheme (PS) is advantageous over more direct
numerical methods to solve the QCGLE because it has a distinct speed advantage, which is only restricted by the
time taken to solve the stationary approximation of the fast PDE. In this work, we also highlight an asymptotic
approach which allows us to investigate these pulse interactions when these pulses are very-well-separated, and in
this case the governing PDE for the remainder function reduces to a static PDE, which can be solved readily using
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GMRES methods.

Initially, we applied the centre-manifold reduction scheme to the case of two interacting pulses. In this case, the pulses
interact along a line joining the centre of the pulses, so the problem reduces to a quasi-one-dimensional problem.
We showed that the problem shares the same solution structure as the one-dimension problem in [36]. Namely, that
when neglecting the remainder function, w(z,y), the so called Projected ODE Scheme (POS) limit, the phase plane
(Feosg,7sing) contains cells of periodic orbits circling a centre. When the remainder function is included for a
typical parameter set with 8, = Re(8) = —0.02 then the closed periodic orbits open up and the centre becomes
a stable focus with all the trajectories spiraling into this point. As 3, is varied, the form of the underlying pulse
solution changes and for the case when [, = —2, we were able to identify a stable limit cycle in this cell to which
all initial trajectories converged to.

We then considered the case of N > 3 pulses in the two-dimensional plane. For each of the cases 3 < N < 5 we were
able to identify stable equilibrium solutions where the pulses were arranged in near regular geometric configurations.
For N = 3 we find a large basin of attraction for this equilibrium point using the POS and we confirm its robustness
via the PS. This shows some differences in the trajectories near to the basin boundary where the pulses are initially
close together, such that the assumptions in the POS are invalidated. For N = 4, we find a much smaller basin of
attraction for the 4 pulse equilibrium point, and in fact we find a larger basin for initial conditions which converge
to the N = 3 pulse equilibrium point. In these cases, one of the initial pulses is ejected from the system leaving just
three interacting pulses. In the N = 4 case we also identified solutions which converged to periodic limit cycles, as
we found in the N =2 case. For N =5 pulses, we find just the N =3 and N =5 equilibrium points, without any
periodic limit cycles.

Finally, we investigated the interaction of two N = 3 stable coherent structures. Here each coherent structure moved
in the (x,y)-plane in the direction of the pulse which is out-of-phase with the other two. We found that when these
two structures are symmetrically placed together they can degenerate into systems which have two sets of two ejected
pulses, which propagate away from the initial configuration, showing that the QCGLE multi-pulse systems can be
relatively unstable to high-order coherent structures.

The motivation for considering the interaction of coherent structures in this project was the observation that coherent
hexagonal structures are observed in the ferrofluid experiment [19] and also in the Swift-Hohenberg equation [18]
with a quadratic and cubic nonlinearity, which is a canonical equation capturing many fundamental features of the
ferrofluid problem. In both these cases the hexagonal patterns of pulses are stationary and hence it would be easier
to examine their interaction as they would not be constantly propagating and affecting their overall dynamics. These
hexagonal patches also appear to be stable, as they are observable in the experiments, and so perturbing them
with another hexagonal patch might lead to further stable structures, including the possibility of them coalescing.
Hence, one interesting avenue of future research would be to apply the centre-manifold reduction technique on the
Swift-Hohenberg equation and examine pulse interactions in this context.

The centre-manifold projection method in this paper can be readily extended to any dissipative partial differential
equation of the form (1.1) of arbitrary spatial dimension, P. In the case of symmetric P-dimensional pulses, the
steady problem remains a function of r = (23 + 23 + -+ + x?;)l/ 2 only, and is tractable, along with the eigenvalue
problem for the P + 1 independent eigenmodes. The resulting projection onto the eigenmodes leads to a system
of ODEs of size PN for the PN unknown system symmetries £(¢). Finally, the remainder function w(x,t) is a
solution to a P-dimensional linear partial differential equation, and while in the weakly-interacting limit this can be
written in the form (3.29), the fast and effective solution for w is the limiting factor on the generalization of this
approach.
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A Statement of Theorem 2.1 from [36]

This theorem was first stated and proved in [48].

Assume the pulse solution V satisfies the QCGLE (2.2), and the PDEs linear operator L, given in (2.4), is such that
it has distinct zero eigenvalues (no Jordan blocks are allowed at zero), and the rest of the spectrum of L lies in the

stable half plane. Then for all separation distances d > d, for sufficiently large d, there exists a small neighbourhood
of

~

Py = P (d) = {Vx(x),X € (RxRxS),d> d},
where

N
Vx(x) =Y Vi(x), x=(z),
k=1

~

(which is independent of d), say, in the metric of L°°(R) such that the projected system 3.28 together with 2.13 is
equivalent to the initial QCGLE (2.2) as long as the trajectory w(x,t) remains in this neighbourhood.

Moreover, there exists a C%-smooth function W : @n(@ — L°(R) such that

[[W]|c2 < Ce,  €:=e M

~

where ). is from (3.25), and the manifold defined by the graph of W (w = W(X), X € £,(d)) is an invariant
centre manifold of the projected system. In particular, the dynamics on this manifold is determined by the system
of ODEs (2.20) with

HC_1(67 X, W(X))F(e, X, W(X))|c2 < Ce,

and the trajectory X starting on this manifold can only leave through the boundary 02, (@

Finally, this manifold is exponentially stable and normally hyperbolic, so for any trajectory (X(t),w(t)) of the
projected system there is a trace trajectory (Xo(t), W (Xo(t))) on the manifold such that

[1X(t) = Xo(t)]] + [[w(t) = W (Xo(®)) ||z~ < Ce,

for some positive xk which is independent of d. This estimate holds until the trace trajectory X, reaches the

~

boundary 042, (d).
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