MULTI-BUMP, BLOW-UP, SELF-SIMILAR SOLUTIONS OF THE
COMPLEX GINZBURG-LANDAU EQUATION

C. J. BUDD *, V. ROTTSCHAFER f, AND J. F. WILLIAMS

Abstract. In this article we construct, both asymptotically and numerically, multi-bump, blow-
up, self-similar solutions to the complex Ginzburg-Landau equation in the limit of small dispersion.
Through a careful asymptotic analysis, involving a balance of both algebraic and exponential terms,
we determine the parameter range over which these solutions may exist. Most intriguingly, we
determine a branch of solutions that are not perturbations of solutions to the nonlinear Schréodinger
equation, moreover, they are not monotone but they are stable. Furthermore, these ring-like solutions
exist over a broader parameter regime than the monotone profile.

1. Introduction. The complex Ginzburg-Landau equation (CGL),

(1.1) i%—f+(1—i5)v2<1>+(1+i(5)|<1>\2<1>:o,xeRd,t>0

arises as a model equation in a variety of problems from physics, biology and chemistry.
These include nonlinear optics, models of turbulence, Rayleigh-Bénard convection,
superconductivity, superfluidity, Taylor-Couette flow and reaction-diffusion systems,
see [17, 2, 22, 7, 8] and in particular the review article [1]. The CGL can be seen
as a normal form that describes the leading order behaviour of small perturbations
in ‘marginally unstable’ systems of nonlinear partial differential equations defined on
unbounded domains, [16]. Hence, it is relevant for understanding the dynamics of
‘instabilities’ in a wide variety of physical and other contexts. The coefficients in
the equation can be expressed in terms of the coefficients of the underlying system of
PDE’s and thus their meaning depends on the problem at hand. As such, in this paper
we would like to consider the dynamics of the CGL for a wide range of parameters.

In the limit of ¢ = 6 = 0 the CGL reduces to the well known Nonlinear Schrodinger
equation (NLS), which lies at the heart of many physical problems related to wave
modulation. This limit can be obtained from the standard form of the complex
Ginzburg-Landau equation

Ay =rA+ (1+ib)VEA+ (1+ic)|A]?A, bceR

by rescaling and considering the limit |b|,|c| — oo. The case of ¢ > 0 which we
consider in this paper is a dissipative perturbation of the NLS.

The cubic NLS has the important property that when posed in dimension d > 2,
there are sets of initial data that lead to solutions which become infinite (blow-up) at
a finite time 7. This phenomenon is called self-focusing in the context of nonlinear
optics and collapse when applied to problems on turbulence. We will study the related
question of blow-up in the CGL in this article. We focus on ¢ < 1 and § < 1 to study
the case where the CGL can be seen as a small perturbation of the NLS.

*Department of Mathematical Sciences, University of Bath, Bath BA2 T7AY, UK
(cjb@maths.bath.ac.uk).

T Mathematical Institute, Leiden University, P.O. Box 9512, 2300 RA Leiden, the Netherlands
(vivi@lmath.leidenuniv.nl).

¥ Mathematical Institute, Leiden University, P.O. Box 9512, 2300 RA Leiden, the Netherlands
(williams@cwi.nl).



Blow-up in the NLS has been extensively studied by many authors, and a recent
monograph [23] gives a survey of the current literature. The dimension d = 2 is
critical for the cubic NLS and marks the boundary between blow-up and integrable
behaviour. When d = 2 the singularity formation is approzimately self-similar where
|®]|o0 is believed to be proportional to log |log(T — )|(T — )~/ [23]. When d > 2
the blow-up takes a self-similar form with ||®||», proportional to (T'—t)~'/? ast — T.
A proof of the existence and local uniqueness of radially symmetric, monotone, self-
similar blow-up solutions for d close to 2 is given in [14], with an extension of this result
given in [20]. In [4] and [3] numerical calculations supported by formal asymptotic
calculations give evidence for the existence of further multi-bump, self-similar, blow-
up solutions for d > 2 where multi-bump is in the sense that |®| may have many local
maxima. Moreover, the existence and local uniqueness of these multi-bump, blow-up,
self-similar solutions is proved in [21].

The NLS is an example of a Hamiltonian partial differential equation of hyperbolic
type with various conserved quantities. Whilst ||®|| becomes singular at a single point,
the unitary nature of the NLS implies that ® has a constant Ly—norm (power) and
a conserved Hamiltonian

(1.2) H = / Vo2 — %|<I>|4 dv.

In this article we will explore the non-trivial relationship between blow-up solutions in
the CGL and the NLS. In particular, we determine for which values of the dimension
d and the parameters € and § self-similar blow-up is observed. This relationship
was firstly considered by Fibich and Levy [10] who looked at the CGL problem in
the limit of small € and § by using modulation theory. Their analysis concentrates
on the blow-up of solutions in two dimensions. In [11] the asymptotic results are
extended by applying a modulational approach to general perturbations of NLS-type
equations for fixed d = 2. The main result of this analysis was the observation that
when o = € + 2§ > 0 there are no stable blow-up solutions which are modulated
NLS blow-up solutions. Indeed, it is established that the solutions are bounded, for
all time, by a term exponentially large in a~!. In contrast, finite time blow-up is
observed if o < 0. The latter results are not unexpected since if we consider spatially
uniform solutions then blow-up in the ODE i¢; = —(1+1id)¢|4|? only occurs for § < 0.
Similarly for € < 0, the CGL is a non-dissipative perturbation of NLS, and is close to
the backwards heat equation. What is remarkable is that blow-up can be observed if
€ or § are positive but only for d > 2. It is the range of values for which this occurs
that is of interest to us in this article.

The radially symmetric, blow-up solutions of the CGL in dimensions d higher than 2,
are already studied in [18]. There it is assumed that the blow-up profile is self-similar
and a similarity reduction is made; we review this dynamical rescaling in Section 2.
The rescaling reduces the study of the radially symmetric blow-up solutions of the
CGL to that of a related second order complex ordinary differential equation combined
with certain far field conditions on the solutions at infinity. Whilst no rigorous proof
of the existence of the solutions of this ODE is available (although some partial results
are known) strong numerical evidence reported in [18] indicates that when d > 2, the
self-similar blow-up solutions of the NLS described in [3] smoothly perturb as e,d
increase from zero, to give a family of multi-bump, self-similar, blow-up solutions.
We show that for 6 = 0, multi-bump solutions appear to exist in a parameter range
0 < e < €;(d) where €5(d) — 0 as d — 2 and k is an integer index denoting the
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Fic. 1.1. The k = 1 solution branch, the solutions with one mazimum on (—oo,00), and the
k = 2 solution branch, the solutions with two mazima on (—oco, ), plotted in the (e,a)-plane where
d =3 and § = 0. The solutions corresponding to the *’s are given in Figure 1.2. On the upper part
of the k = 1 solution branch and the lower part of the k = 2 solution branch the solutions are found
to be stable whereas on the other parts the solutions are unstable.

number of maxima of the modulus of a solution on the real line. Every k-solution
branch consists of two parts which coalesce in a fold bifurcation at ¢ = ¢j,(d). The
solutions on the upper part of the branch are smooth perturbations of the NLS self-
similar solutions. In contrast, the solutions on the lower part of the branch, which
tends weakly to zero as € — 0, are not a simple perturbation of the solutions of the
NLS. In figure 1.1, we give two of these branches where solutions are found in the
(e,a)-plane, these branches where obtained numerically, see Section 7. Here a is a
small parameter that will appear when introducing the dynamical rescaling into the
equation in Section 2. The two solution branches given in the figure correspond to
solutions with one maximum at £ = 0, £ = 1, and with two maxima, k = 2, on the
real line. The norm of the solutions that are found on the upper and lower part of
both of the branches at e = 0.1, the points indicated by the *’s, are given in figure
1.2.

We present an asymptotic analysis which supports both the numerical results pre-
sented here and those in [18]. The form of the monotonically decreasing solution,
k = 1, and the solution with two maxima on the real line, k = 2, is determined. Also,
an indication of how to extend these results to a general k-solution is given. Further-
more, an asymptotic description of the branches of the various multi-bump solutions
is obtained, including an estimate of the location of the fold bifurcation point €} (d).
An interesting feature of this calculation is that whereas the description of the solu-
tions on the upper part of a branch (which are perturbations of the solutions of the
NLS) is valid only for d — 2 small, the description of the solutions on the lower part
of the branch remains valid in the case of quite general d (for small ¢), including the
physically interesting case of d = 3. A particular conclusion of the present study is
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Fic. 1.2. Final-time profiles in the rescaled variables for d = 3,0 = 0 and € = 0.1. The solutions
correspond to the *’s in Figure 1.1

the estimate for the location of the fold bifurcation. Whilst this can be in principle
calculated for general ¢ it is easiest to express when § = 0.

PROPOSITION 1.1. In the limit d — 2%, for the case of 6 = 0, the range of € for
which a multi-bump, self-similar, blow-up solution may exist on the k-solution branch,
is given by 0 < e < &5(d), where

d—2
k D. )
[ log(775)]
to leading order Here Cy > 0 and Dy > 0 are constants that can be determined
explicitly and that depend upon the structure of the solution. For instance, in the

special case of a multi-bump solution with two mazxima on the real line, for which
k =2, we have

. Aa(d —2) 1
(1.4 0 = e+ o)

where Ay = %’T — @

(1.3) ei(d) = C

In Table 1 in Section 3 a comparison is made between the asymptotic formula above
and the results of numerical computations of the fold location for k = 1 and k = 2.
These show excellent agreement.

We use a numerical methods for ordinary differential equations (on infinite domains)
to obtain the branches in figure 1.1 and the solutions in figure 1.2. Note that in figure
1.1 the range of € for which k£ = 2 solutions exist is larger than that of the monotone
(k = 1) solutions. This leads to the question of stability of the solutions. In [18],
stability is studied by numerically examining the spectrum of the linearisation of the
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computed solutions. We investigate this further by doing a numerical calculation
of the radially symmetric forms of blow-up of the full partial differential equation
(1.1). This simulation was suggested but not implemented in [18]. We use a scale-
invariant adaptive numerical method that exploits scaling structures of the underlying
equations to give an optimal temporal and spatial resolution of the solution as a
blow-up singularity is approached. In particular we calculate solutions that grow in
amplitude from their initial data by over nine orders of magnitude. This simulation
allows us to determine both the stability of the various types of blow-up profiles and
the effect of taking different initial data for varying values of e, the results will be
discussed in detail in Section 7. We find that the solutions on the upper part of the
k = 1 solution branch and on the lower part of the k = 2 solution branch are stable.
On the other part solutions are unstable. This is denoted in figure 1.1 by the solid
and dashed curves. Our most interesting observation is that the & = 2 solution is
not only stable over a range of values of €, but that it can be the only stable profile
observed for certain ranges of e, namely for €} (d) < € < €5(d) . This is in complete
contrast to blow-up in other systems such as NLS, the semilinear heat equation and
chemotaxis amongst others where stable exact non-monotone, self-similar blow-up,
profiles are not seen.

The layout of the remainder of this paper is as follows. In Section 2 we describe
the basic scaling laws and self-similar profiles associated with blow-up in the CGL
system. We state in Section 3 the main asymptotic result related to the behaviour
of the solution branches. In Section 4 we analyse the phase of the solution which
makes a matching possible between the far field solution and the solution close to the
peaks. The monotone solution (k = 1) is the subject of Section 5 and in Section 6 we
focus on the self-similar, multi-bump solutions. In Section 7 we first determine the
numerical solution of the ordinary differential equation that the self-similar solutions
must satisfy. This allows us to determine the accuracy of the asymptotic calculation.
We then apply a scale invariant adaptive method to find the time-dependent solutions
of the full partial differential equation.

2. Blow-up and scaling laws. In this Section we consider the equations satis-
fied by the self-similar blow-up solutions of (1.1). We will assume that blow-up occurs
at time T at the spatial origin and is radially symmetric. (In the case of the NLS such
solutions are believed from numerical calculations reported in [23] to be attractors.)
Such solutions satisfy the partial differential equation

2
0P (1—1‘5)(8@ o®

(2.1) i— + Sz Td-1)—

. 2 o
o >+(1+us)|<1> o =0.

In physical applications d will be an integer, however, it is very convenient for asymp-
totic analysis to consider the case of non-integer d. In particular, numerical calcula-
tions of solutions in the physically interesting case of d = 3 can be continuations of
solutions determined when d is close to 2. Furthermore, keeping a cubic nonlinearity
and varying d is essentially equivalent to fixing d and varying the nonlinearity.

In figure 2.1, we give results of a numerical simulation of the CGL when starting with
a monotone initial condition for d = 3 and € = 0.1. In the physical coordinates the
blowup occurs at the origin and in the rescaled variables, we see convergence to a
stationary profile.

It is easy to see that (2.1) is invariant under a change in the phase of the solution,
also under a change in the scale of r,¢ and ® or under a translation in time. That is,
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FiGc. 2.1. Numerical simulation of the full CGL for d = 3 and € = 0.1. (left) Blow-up in
physical coordinates. (right) Blow-up in rescaled coordinates, notice the convergence to a stationary

profile.

it is invariant under the continuous group of transformations

O e’®, or L, =AY &= AT where A > 0.

Blow-up of the solution occurs at the origin for this equation at the blow-up time
T < oo if
max |®(r,t)| = |®(0,t)] - 00, as t—T1,

T

with |®(r,t)] < oo for all t < T, r > 0 and lim; - |®(r,t)| < oo for all » > 0.

In the NLS, blow-up occurs on a length scale L(t) with L(t) — 0 as t — T [23]. We
assume that similar behaviour occurs in the CGL. Accordingly, to resolve the temporal
and spatial structure we introduce a dynamic rescaling of the solution so that space,
time, and ® are scaled by factors of L(t), leading to a more regular equation. Taking
|z

ﬁ’ 'r/o L%(s)ds’ u(&,7) = L(t)®(x,t),

the rescaled solution u(&, 7) satisfies the rescaled partial differential equation

(2.2) ¢

§

(2.3) tur + (1 —ig) <u§§ + u5) + (1 4 46)|ul?u + ta(7)(u)e =0,

where

_ AL 1dL
R TR S

The simplest form of blow-up behaviour, with L(t) — 0 arises when a(7) is a positive
constant and

(2.4) u(€,7) = €“TQ(8).

For simplicity we will consider only the case w = 1. Although left in as an unknown
constant by the authors in [18] this does not affect the solutions under consideration
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as w can easily be scaled out by scaling @, ¢ and a with w. The resulting solutions
are then precisely the self-similar, blow-up solutions which themselves are invariant
under the group transformations. We have

(2.5) L(t) =+v/2a(T —t) and 7 =log(T —1t)/2a,

and

(2.6) (1 —ie) <fo + (dg

1 . .

0c) - @+ ia(eQ) + 1+ D)QPQ =0

The constant a > 0 above is a non-linear eigenvalue for the reduced equation (2.6)
and represents a coupling between the length-scale and the phase. The value of a
needs to be determined as part of the solution process.

Note that choosing different initial values for the PDE (2.1) will in general correspond
to different values of Q(0) and w, where also w # 1 can be found. However, these all
reduce to the same ODE (2.6). We will consider a solution to (2.6) to be stable if, in
the limit ¢ — T a solution of (1.1) converges to a solution of (2.6) under the rescalings
(2.2) and (2.4).

In the rescaled equation (2.3), the perturbations in the CGL of the nonlinear and
Laplacian terms of the NLS are given by du|u|? and eV2u. As u and £ are of unit order
when blow-up is approached, these perturbations are of equivalent order provided that
0 ~ €. This is the motivation to set

0=Ae, AeR

and henceforth, without loss of generality, assume € # 0. This balance between £ and
d is also found in formulae derived in [10] for the saturation of blow-up in CGL.

3. Admissible solution branches.

3.1. Existence of solution branches. The complex ordinary differential equa-
tion (2.6) must be satisfied by the self-similar solutions. Considered as an initial value
problem, it has many solutions, and only those that satisfy certain conditions at in-
finity are admissible as being related to self-similar solutions of the partial differential
equation. These conditions are the same as for the NLS to guarantee agreement
in the limit ¢ — 0. Briefly, the admissible solutions are those solutions of (2.6)
that are slowly varying at infinity. More precisely, the initial and asymptotic condi-
tions for a self-similar solution ®(z,t) of the partial differential equation, namely that
®(x,0) = ®o(x) and that |®| vanishes as |x| — oo, respectively, lead to the following
initial and asymptotic conditions for Q(§), respectively,

(3.1) Q¢(0) =0, ImQ(0) =0,

(3.2) Q)] — 0 as [¢] — oc.

Here we have exploited the phase invariance of the differential equation to define the
phase of ® at the origin. Alternatively, we could have kept w as an unknown in (2.4)

and set Q(0) =1 as in [18]. From a related regularity result, see [23], it also follows
that

(33 e+ (142) 0| ~0aslel
7



must hold for solutions ® with finite H' norm. In the NLS limit this corresponds to
solutions with finite Hamiltonian H (1.2).

The majority of the solutions of (2.6) are rapidly varying as |{] — oo and do not
satisfy the condition (3.3). Such solutions are proportional to exp(ia&?) in this limit
and have unbounded H'-norm. In contrast the slowly varying solutions (for both
CGL and NLS) are polynomially decaying and

(3.4) QO ~ oo (~Liog(©)) = e w g

The value of u given by these solutions of (2.6) that are slowly varying at infinity,
plays a central role in the later work on matching.

Monotone solutions It is believed that the solutions of (2.6) that are slowly varying

at infinity occur only for isolated values of the nonlinear eigenvalue a. However in
the case that |Q(€)| is a monotonically decreasing function of £ (monotone solution) a
proof of the existence and local uniqueness is only known for the NLS close to d = 2
and a = 0 [14, 20]. In particular, if a = e = § = 0 then (2.6) reduces to

a1
3

It is known that this equation has a discrete set of exponentially decaying solutions,
of which the monotone decreasing solution is called the ground state or Townes soliton
and is known to be unique [15]. For a > 0 and ¢ = § = 0 the following results are
known about the monotone solutions of (2.6) satisfying the conditions (3.1) - (3.3)
[23, 20],

THEOREM 3.1 (Sulem and Sulem, Rottschéfer and Kaper). (i) As d — 2 then there
exists a monotone solution of the NLS with a — 0, indeed,

(3.5) Qee + Qe — Q+1QPQ =0.

A
3.6 d—2n~ Ze T/
(36) %
(i) For d = 2+ O(a?) and a sufficiently small, a monotone solution of (2.6) ewists
and is locally unique.

Non-monotone solutions

In [3] the above result for the NLS is extended through a formal asymptotic argument
that implies the existence of further non-monotone slowly varying solutions of (2.6).
These have also been detected in numerical computations [4]. The computations
reported in [18] indicate that similar solutions characterised by the number of turning
points of the amplitude of |Q)|, are found for CGL. Accordingly we define a k-solution
branch to be a branch of solutions, denoted by Qg (&), for which |Qx| has k£ maxima
on the whole real line £ € (—o00,00). (So that the monotone solutions lie on the k =1
solution branch). A particular conclusion of [3] was the existence of a k = 2 solution
branch, where in the limit of d — 2 there is a solution Q2(¢) with a local minimum
at £ = 0 and isolated peaks at points asymptotically close to |£| = 1/a. In the limit
of d — 2 and a — 0, this solution exists when

(3.7) d—2n~ ge_)‘Q/a and \y = 27/3 — V/3/2.
8
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Fi1G. 3.1. (left) The k = 1 solution branch, the monotone solution is found here, in the (¢,a)-
plane for different choices of d where § = 0. (right) The k = 2 solution branch, the solution Q2 with
two mazxima on the real line is found here, in the (g, a)-plane for different choices of d where § = 0.
The value of the fold bifurcation point 5, (d) is also given for the branches.

There is no reason to expect that this is the only two-bump solution, in fact, the
following existence and uniqueness result is also known [21]

THEOREM 3.2 (Rottschéfer and Kaper). For each a sufficiently small, there exists a
no(a) such that, if 2 < n < ng(a), then with d = 2+0O(a') for any 1 > d+1 there exist
4(n — 1) locally unique symmetric 2n — 1-bump solutions with a mazimum at £ = 0
and n — 1 maxima for € > 0.

While this theorem indicates that in the case of the NLS there are multiple multi-
bump solutions, the construction in [21] shows that they are exponentially close to
each other. While we anticipate that these families persist for € and § small but non-
zero they cannot be distinguished by the asymptotics discussed in this paper and we
denote any member of this family as ”the k-bump solution”. We show presently that
we can extend both of the results (3.6) and (3.7) to the CGL system by looking at
the limit of the solutions when the nonlinear eigenvalue a is small. In particular we
have the following.

PROPOSITION 3.3. For a and € sufficiently small
(i) There exists a branch of monotone solutions (k = 1) which are smooth perturba-

tions of the monotonically decreasing solution of the NLS. On this branch the values
of a,d,e and § are related through the asymptotic formula

(38) e M/%=[Cy(d—2)a— Cye — Cs6] (1+ O (a2 ac,ad)), M\ =m/2
with explicitly computable constants Ci(d) > 0 foralld (defined in Section 5), and
03/02 — 2 asd— 2.

(i) There also exist k-solution branches, k > 2, on which the solutions Q (&) with k
maxima on the real line are found. Along every k-solution branch the values of a,d, e
and § are related through

A
(3.9) e~ = [C1p(d—2)a— Cope — C38] (1 + O (a)),
where the constants A\, and C; i, can be computed from integrals of the solution Q(§)
along each branch.
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Fic. 3.2. (left) The amplitude of the solutions |Q2(£)| for € > 0 as a and € are moving along
the k = 2 solution branch for d = 3. The peak of the solution mowves to the right as a is decreased
to zero. For smaller values of a, the solutions have a similar form and the peak £* is located close
to % (Right) The location of the mazimum &* along the k = 2 solution branch for various choices
of d where a&™* is plotted as a function of a.

The solutions on the k = 2 solution branch have a local minimum at the origin and
mazxima located at the points €] = O(k/a) where k can be determined explicitly, and

(3.10) e™2/% = [C) o(d — 2)a — Ca0e — C308] (1 4 O (a))
For § =0 then
Ao =21/3-V3/2, k=1, and Cip=Coo=1/3.

In Section 6 we present the explicit computation of the coefficients in (3.9) where a
k = 2 solution is constructed.

It is possible to consider the solutions as functions of d, € and §. In calculations it is
convenient to fix d and ¢ and to vary the value of €, the branches of the solutions can
then be represented in a diagram by plotting the value of a. A numerical calculation
of the £ =1 and k = 2 solution branches in the (g, a)-plane is given in Figure 3.1 for
a range of values of d, where 6 = 0. Also, the value of the fold bifurcation point e} (d)
is given for each of the branches. Note that the range of existence of the branch drops
to zero as d — 2.

In Figure 3.2 we plot the amplitude of the multi-bump solution Q2(§) on the k = 2
solution branch in the case of d = 3, = 0 and we show how this solution changes
along the branch. In this figure the peak of the solution moves uniformly to the right
as a decreases along the branch (so that e initially starts at zero, reaches a maximum
at €5(d) and then decreases to zero again as the peaks move to the right). The
solution with the peak nearest to the origin is found for € = 0,a = 0.3124... which is
the solution of the NLS computed in [4]. This solution does not have a form which is
easy to analyse. In contrast, as a and ¢ tend to zero (along the solution branch), the
solution takes on a localized form, with a peak located at a point £* close to 1/a. We
demonstrate this in figure 3.2 by plotting a{* as a function of a for various d. It is this
solution with a peak located close to %7 found on the lower part of the solution branch
which is described by the asymptotic formula (3.10) and which will be analysed in
detail in Section 6.
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F1G. 3.3. Comparison of the numerical results (solid line) and the asymptotic expansion for a_
and a4 (dashed line) of the k = 2 solution branch. (left) Here d = 2.1,2.001 and € is plotted on a
log-scale. (right) For d = 2.5 and d = 3.

3.2. The existence of two solutions on each branch. In Figure 3.1 we
clearly see that there exists a €} (d), where the value of ¢}, depends upon the branch,
such that for every value of € < €}, there are two solutions on each k-solution branch
with corresponding values of a: a4 > a_. In fact, in the limit of d — 2 and/or € — 0
we can determine, from the asymptotic formulae (3.8) and (3.10), both the two values
a_ and a4 and, the position of the fold asymptotically, for § = 0. More specifically,
when we set ¢ = 0 and 6 = 0 in (3.9) we obtain an asymptotic expression for a; and
when we set a =0 and § =0 in (3.9) we obtain an asymptotic expression for a_:

/\k €Ak
3.11 ag ~ and a_ ~ .
(10 ™ Tloa(Crpas (4~ 2)) @2
It is clear from comparing these results to with those of Theorem 3.1 that the solution
corresponding to a = a4 is a natural perturbation of the solution of the NLS in the
limit of small e. Moreover, a4 is only small when d — 2 is small, and the asymptotic
description of a4 is only valid in this limit.

In contrast, the solution corresponding to a = a_ is not a perturbation of the solution
of the NLS. Furthermore, the value of a_ is small provided that ¢ is small, regardless
of the value of d — 2; we may even take d = 3.

The agreement between the numerical results of the branches and the asymptotic
calculations is very good indeed, as can be seen in Figure 3.3. There we present a plot
comparing the values of a given in (3.11), to the numerically computed k = 2 solution
branch for various values of d. We observe from this figure that the lower branch
a_ is well approximated for a wide range of values of d provided that ¢ is small. In
contrast, the upper branch ay is only well approximated when d — 2 is small.

This nice agreement for a_ leads us to believe that it may be possible to prove the
existence of this part of the branch for general 2 < d < 4 and, therefore, in the
physically important case of three dimensions. We leave this as future work.

3.3. The position of the fold bifurcation. The two two parts of the branch
corresponding to a = a4 and a = a_ coalesce in a fold bifurcation at the point (a},})
and solutions for each of these parts of the branch only exist for e < ¢f. We can derive
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k=1 k=2
d Asymptotic | Numerical | Asymptotic | Numerical
3 1517 .1980 .2616 .2439
2.5 .0914 .1024 .1034 111
2.1 .0151 .0182 .0148 .0161
2.001 [ 9177 10=> | 1.110 10=* | 8.770 10—° | 8.991 10~°
TABLE 3.1

Comparison of the asymptotic and numerical location of the fold point €* for k =1 and k = 2
for various values of d with 6 = 0.

the estimates (1.3) and (1.4) for ¢} (d) from the asymptotic results presented in (3.9)
and (3.10). Indeed, differentiating (3.9) with respect to a and applying the condition

de , ,
%(ak) = Oa

determines (aj,€},) exactly. In the case of § = 0, this condition yields that a} satisfies
the asymptotic relation

Ak
log (%) — 2log(aj)

ay =

so that as d — 2 we have asymptotically
Ak
S .
log (Cl,k(gfz))

The critical value of e for the k-solution branch is then determined by substituting
the differentiated expression back into (3.9) as

*

ap ~

Cik
Ca

a* 2
(3.12) ef = (d—2) <a; — (Akk) >

Combining these expressions gives (1.3) to leading order, where e} — 0 as d — 2.

In Table 3.1 we present a comparison of the asymptotic values of €} given by formula
(3.12) with the numerical values for the £ = 1 and k¥ = 2 solution branches for
various values of d. The agreement between the numerical and asymptotic calculations
is excellent, especially when considering the various approximations that have been
made to obtain the asymptotic formula for the fold location.

The restriction on the range of ¢ over which self-similar blow-up is observed is fully
consistent with the calculations presented in [10] in the case of d = 2. In particular,
we see that the range of the dissipative values of € > 0 and d > 0 over which we see
self-similar blow-up reduces to the empty set as d — 2 when each branch collapses
to a single point. In the case of d = 2 (when the blow-up of the NLS is marginal)
we only see blow-up for the non-dissipative values of £, < 0 described in [10]. In
contrast, for d = 3 (where blow-up is observed for the NLS) the range of € values over
which self-similar blow-up exists is quite large.

4. Construction of the asymptotic solution.
12



4.1. Overview. The construction of asymptotic solutions leading to the state-
ments in Main Asymptotic Results 1 and 4 is similar to that described in [3], although
rather more subtle as it involves both polynomial and exponential terms. In all parts
of the analysis we presume that a is small, but in contrast to the NLS case described
in [3] we do not necessarily require that d — 2 is also small. The calculation is rather
different for the case of the monotone solutions on the k£ = 1 solution branch com-
pared to that for the multi-bump solutions on the other branches, although both
follow similar lines.

The solutions are constructed by determining them on three distinct ranges of &
which are then matched to eachother. Firstly we examine the far field solution when
aé > 1. Then, the solution is small and equation (2.6) can be approximated by
a linear equation. Secondly, we determine global estimates on the evolution of the
phase of the solution that allow a comparison between the form of the solution for
the large values of a& described above and smaller values of a. Next we construct
an inner solution valid over the range a{ < 1. Similar to the cases described in
[3], this solution is either a regular perturbation of the monotone decreasing ground
state solution of (3.5) or it is an exponentially growing perturbation of the ground
state or the zero solution. However, these exponentially growing perturbations are
only small if a€ is small. The regular perturbations of the ground state solution lead
to monotone solutions of the CGL, whereas the exponentially growing perturbations
lead to multi-bump solutions of the CGL related to those described in [3]. In the
case of the monotone solutions we match an exponentially decay in the solution for
aé < 2 with a polynomial decay when a¢ > 2 by using a WKB analysis. In contrast,
the exponentially growing perturbations lead to multi-bump solutions and we study
these in the vicinity of the isolated peaks which occur when a§ = O(1). Following
this analysis we again match a solution decaying exponentially away from the peak
for a€ < 2 with a polynomial decay when af > 2 by using a WKB analysis.

4.2. Far-field behaviour a¢ > 1. We now consider the behaviour of @ for
large values of a¢. The boundary condition (3.2) requires that |@Q| is very small in
this range of ¢ values and, therefore, equation (2.6) can be closely approximated by
the linearised equation

a1
3

This equation is also obtained after rescaling in £ with y/1 — ic in the far field equation
that is satisfied by the solutions of the NLS (when ¢ = 0). The solutions to that
equation for the NLS are parabolic cylinder functions that now must be rescaled. For
small e, the solutions of (4.1) change type when a& = 2 (as in the NLS case), admitting
exponentially decaying solutions for a§ < 2 and polynomially decaying solutions for
a& > 2. Applying the rescaling of £ to the solutions given in [3] implies that there are
(complex) constants u, v such that as a§ — oo (so that a > 2) and € small

Q) ~ue e (140 (5 ) )

Q(€) ~ vl il =in€ /20 2 (1 e (L» |

(4.1) (1 —ie) (Qgg + Qg) - Q +ia(§Q)e = 0.

or

aé?

13



Of these two solutions, the first is slowly varying and decaying, whereas the second
is rapidly varying and growing when € > 0. Only this first solution can be matched
to the boundary conditions satisfied by a self-similar solution and the consequent far
field condition for Q(&) given in (3.4). Consequently, if we decompose @ in amplitude
and phase as

£
(4.2) Q(€) = A(©)exp ( / w(w)dx>

then for a&¢ > 1

~ ! ~o L 1
(4.3) A~§<1+O<a§2>) and Y= pr: <1+O<a§3>>.

4.3. Global estimates. We can link the far field solution to the global be-
haviour of @ via a rigorous result that relates the amplitude and phase of the solu-
tions of (2.6). This relation is central in our final analysis and we will state it here.
Substituting the decomposition (4.2) of @ in amplitude and phase into (2.6) leads to
the following expression for A and 1

(4.4)  Age = A — %Ag TA-AB ¢ <2A5¢ + A + %Aw) + afAdp

A d—1 d—1
(4.8)c = _21/}?5 - v % <A££ — Ay + TAE) - % (A +EA¢) — AeA?,

where § = Ae. From this system we obtain the following integral equation for 1
LEMMA 4.1. The phase i and the amplitude A satisfy

d

3 —
(4.6) + “_ 1 / {(2—d)A%) ez A (Am — AY? + TlAw) — Acx A} da.
0

2~ €A?

Proof. Consider first the identity

% (w42 (0 + %)) = (424 2044,) (v + 57) + 042 (v + 5)
d—1

T

Ay
— (A% + 22AA,) (w + %) +zA? {g — e - "

£ a2 A1 _a _ 2

+7 (Am Ay® + - Aw) 1 (A+zA, — AcA )]
-1

= (2 d)A® +exA (Ao — Aw2) + d—Az — Aez At
x

Integrating this identity from 0 to £ and using the fact that ¥(0) = 0 we obtain the
statement of the lemma. O

From Lemma 4.1 and the asymptotic estimates (4.3), it follows that for a& > 1

_ 3 13 _
(4.7)%f = W/ A2pda + %/ zA (Am — AY? + d—CElAI - AA3> d
0 0
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where both integrals converge as £ — oo. Thus, we find the exact expression,

(4.8)2 = A2-d) / A%pdx + z / zA (Am — AYp? + EAI - AA3> de.
a 0 a 0 xr

This is a regular perturbation of formulae for the NLS which are given in [23] [Section
8.1.3]. Once the structure of a solution is fixed the integrals can be determined. To
obtain the result as stated in Main Asymptotic Result 4 we make two estimates of
. One estimate follows from matching the solution in the region £ > 1,af < 2, on
the lefthandside of the peak, to the solution for a§ > 1. For this, we link a WKB
estimate of the exponential decay rate of either the monotone solution or the multi-
bump solution, for & > 1,af < 2, to the slowly varying solution for a§ > 1. The
second estimate for p follows from (global) estimates of both of the integral terms
in (4.8). In order to do this we use approximations for the amplitude A which are
derived in the next two section. In the case of a solution with one maximum, we find
the ground state solution, see Section 5 and for the multi-bump solution we obtain a
sech profile, see Section 6. In the latter case the quadratures can be evaluated exactly
while the former requires numerical approximation.

4.4. Asymptotic analysis of the inner region.. We consider next the general
behaviour of the solutions when af is small; the inner region. This analysis is similar
to that reported in [23] and more relevant details are given there. Inspection of the
equations (4.4) and (4.5) shows that if € and a& are both small then to leading order
A and v satisfy the ordinary differential equations

d—1
Age =2 A — TAg + A — A3,
A d-1
= —2 _— —
Ve L) ¢
From Lemma 4.1 we have that to leading order

¢
Y= —%5 + 5%/0 (2 — d)A*pdz,

which validates the introduction of the rescaling ¥ = af¢. Then the equation for A
becomes

d—1
(4.9) Age + TAE — A+ AP =aPE %A,

and Lemma 4.1 gives to leading order

1 @d=2) [

Accordingly, if aé < 1, A will to leading order be given by a solution R(§) of the
ground-state equation

d—1

(4.10) Ree + ¢

Re+R* -~ R=0, R(0) = 0,§lim R(&) =0.

15



This equation has a discrete set of exponentially decaying solutions [15]: Ry = 0, the
unique monotone solution Ry (the ground state solution or Townes soliton) and an
infinite sequence of non-monotone solutions Ry, with

VK _
RK(&) = me € as f — OQ.
Note that the equation also admits exponentially growing solutions.

Starting with one of these solutions Ry it follows that, to leading order, ¢ satisfies
the Volterra integral equation

_ 1 @=2) [,
(b——ﬁf R /0 Rixodr.

We may generally solve this integral equation by using a Volterra series. In the limit
of d — 2 this gives
1 (d=2) (¢ , 2
=——+-—— Ricxdz + O((d — 2)%).
6= 5+ s [, Rieds+0(d=2))
Note, that as Rx is exponentially decaying, all of the integrals in the Volterra series
are rapidly convergent.

The amplitude A now is a perturbation of one of the solutions Rx of the ground
state equation (4.10). Substituting the leading order expression ¢ = al¢ , where
¢ = O(1), and A = Rk into (4.4) it follows that the perturbation to (4.10) is of
order O(a?€?) + O(ae). Therefore, the leading order expressions for A and ¢ must
be perturbed, these perturbations take a similar form as those described in [3], (see
also [23]). If we set A = Rx + B then, to leading order, the perturbation B evolves
according to the expression

(4.11) LB = Bge + (dg 1)3€ — B+ 3R%B = 0(a*¢?) + O(ag).

Therefore, we may develop a regular expansion for A of the form
(4.12) A=Rg+a®4; +acAs + ...

where each of the terms A; is exponentially decreasing. For K = 1 this is a natural
perturbation of the ground state solution.

Significantly, this expansion for A is in general incomplete. For large £, the linear
equation LB = 0 has two linearly independent solutions, which are to leading order
given by

Py = EW@D/2e7E and  qhy = £ @TD/2E,

The regular expansion (4.12) is sufficient as a perturbation of the ground state solution
Ry, however, it excludes the contributions due to ¥y and these should not be ignored
in general. Thus, a more general expression for the perturbation is obtained by adding
the exponentially growing terms given by 2. These terms become important when
looking at a perturbation of the non-monotone solutions Ry, K > 1. Accordingly,
following [3], we extend the expansion for the perturbation to give

(4.13) A=Ryg+a?A; +acAs + .. et (1 +a?By 4 aeBs + )

(67
@12
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To ensure that the perturbation to the ground state solution Ry is small, we require
in this expansion that « is an exponentially small term in @ of the form o = e~7/@,
The terms a?£? and ae then become significant when af is of order one.

5. The monotone solution. First, we focus on constructing the monotone
solutions @1 on the k£ = 1 solution branch. We expect these solutions to have the
form of the regular perturbation to the monotone solution R;(§) described in (4.12).
Since there exist no further maxima, apart from the one in £ = 0, the solutions do
not contribute to the leading order for & > 1 (far-field profile). Substituting the
expressions (4.12) and ¢ = a¢ into (4.8) we have to leading order

w2 :2(27d)/ Ri¢x (1+ O(d? ag)) da
0
2 [ 2 2,0, d—1 3 2
(5.1) —|—; TRy | Ry — Ria”2¢" + TRLI — ARy (1—|—O(a ,as)) dx.
0

Each of these integrals can be estimated in turn, where semi-explicit expressions are
possible in the limit of d — 2 and numerical expressions otherwise. In particular for
d — 2 small

oo 1 oo
/ Rpxdr ~ -5 / Rizdx + O(d — 2),
0 0

since ¢ = f% + O(d — 2), where the remainder term in this expression depends on
(d — 2) but does not depend upon a or €. Likewise, the contribution to the second
integral in (5.1) is also dominated by the ground state profile and

/OOO TR, {RLN —a?¢*Riz? + %RM} dr ~ /OOO tRI(1-R?) (1 + O(a*(d — 2))) dxl
since R; satisfies equation (4.10). Hence

p? = (d—2) (/Ooofodero ((d—2)7a27a6)>
(5.2) —1-2—6 </Ooofo(1— (1+ A)R?) dx+(9(a2,a5)) .

5.1. The matching for the monotonically decreasing solution.. To lead-
ing order, the behaviour of the function A at large values of ¢ for the CGL is identical
to that for the monotone solution of the NLS described in [23]. In particular, the
matching between the exponentially decaying solution for a{ < 2 and the polynomi-
ally decaying solution for a€ > 2 is identical. Following [23], we have that in this case,
a solution which is a perturbation of R;(§) evolves smoothly into one of the form /&
with the matching constant

(5.3) p? =207

Substituting into (5.2) we obtain

—7/2a a2+ 2€(M1 — 1+ A)M)| (1+0 (a27ae, (d— 2)2))

5.4)202 =
( )V1 0
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where
M, = / 2S?(x) dr ~ 1.862 and M, = / xS*(z) dr ~ 3.725.
0 0

Rearranging, this gives the asymptotic expression (3.8) in Main Asymptotic Result 4.

Here S is the monotone solution of the ground state equation (4.10) with d = 2
and the integrals are evaluated by numerical quadrature. It can be shown [11] that
2My = M, for d = 2. We also have from numerical quadrature that when d = 2

vy = lim 2(Y/2e7S(2) ~ 3.150.
Tr— 00
Critically, this gives a condition on the relationship between € and ¢ for which the
monotonically decreasing solutions ()1 may exist and we require

(d — 2)M1 + %(Ml — (1 + A)Mg) > 0.
In the limit case d = 2 [11], this implies that e(1+2A) = £ +2§ < 0 must be satisfied,
recovering exactly the result in [10] where modulational analysis is used to determine
the stability of monotonically decreasing blow-up profiles. Their instability result
relies on exactly the same comparison of integrals, [11, 10]. For d — 2 > 0 and small
we see existence over a wider range of ¢ and ¢. In particular, for § = 0 (hence A = 0)
there exists a solution for a small (the branch a_) with

e~ (d—2)a_/2.

For more general values of d we must evaluate expressions for R, ¢ and the integrals
in (5.1) by numerical methods. In particular, if d = 3, 11 = 2.713,

/ 2R} dr ~2.580 and / xR} dr ~ 18.813.
0 0

This leads to the expression (3.8) with Cy &~ 0.1753, Cy =~ 2.205 and C5 =~ 0.1359.
Similar calculations may be performed for any dimension.

6. Asymptotic analysis of the multi-bump solutions.

6.1. Overview. We now consider the possible multi-bump solutions that were
observed in the numerical calculations presented here and in [18]. In the analysis for
the inner solution (the solution for a£ small) in section 4.4, we identified the possibility
of having exponentially growing perturbations of the solutions of the ground state
equation (4.13). This result was obtained by studying (4.11). We find that in the
region where £ = O(1/a) the perturbation a?¢? in (4.11) to the ground state equation
has the same order as the other terms. And, there is a large perturbation of the
solution from Ry (£) as the terms ae® become significant. It is precisely in this range
of £ = O(1/a) that we observe, in numerical simulations, the existence of additional
peaks of order one. When a is small, we are able to give a precise description of
these peaks in the following two cases: the case of d — 2 small, (indeed exponentially
small in a), and the case of general d but with & small (e proportional to a). When
either of these conditions is satisfied we are able to give a complete description of the
bifurcation diagram.
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We shall concentrate our analysis only on solutions with two maxima on the interval
¢ € (—o00,00). This is due the numerical ODE computations reported in [18] sug-
gesting that only the single and two-bump solutions are stable. We have also seen
numerically that the higher multi-bump solutions are unstable through both PDE
and ODE compuations. As such we leave their further investigation for a future time.

6.2. The form of the peaks. The numerical evidence presented in Figure 3.2,
indicates that the peaks of the function |@Q| are asymptotically located at the points
k/a, with k = 1. Also, the solution |@| takes on a localised form that is independent of
a, provided that ¢ is small. We follow the asymptotic analysis of [3] and assume that
the multi-bumps are found in the region where £ = O( %) Here the peaks strongly
resemble a localized solution of the one-dimensional focussing NLS equation. We

assume that the peak is located at the point
& =k/a

and seek to determine k. In order to do this we rescale the Q-equation (2.6) by setting
K

(6.1) E=—+s
a

and consider an expansion of the solution in terms of @ with a < 1. From this an
expression for x will be obtained.

Substituting (6.1) into (2.6) leads to

(d—1)
K+ as

(6.0 +iKQs — Q +Q1’°Q = icQss — a Qs —ia(sQ)s — iAe|Q|*Q 4 O(ag).

We now express (s), in the neighbourhood of s = 0, as an asymptotic series in a

(6.3) Q(s) = Qo(s) + aQ1(s) + o(a).

This gives the following reduced equation for Qg

(6.4) Qo,ss +1KQo,s — Qo + |Qo*Qo = 0.
We now rescale the phase of Qg in (6.4) by setting

iKs

(6.5) Qo(s) = e 2 So(s)
which leads to

2
(6.6) So,5s — <1 - %) So + 50|28 = 0.

Without loss of generality we may assume the solution of (6.6) to be real, so that up
to an arbitrary multiplicative constant of modulus one, we have

(6.7) So(s) = /2 (1 - %2>sech (M% .

Observe that this solution is valid provided that we are in the region x < 2 (i.e.
¢ < 2/a). Note further that the form of Sy is independent of a. Important for
the matching later on is that for |s| large and a small, this solution is exponentially
decaying. From (6.5) it also follows that the gradient of the phase v is —§ to leading
order.
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6.3. Locating the peaks. The terms on the righthandside of (6.2) are of the
same order when € and a are of the same order and, therefore, we set ¢ = Ka and
estimate the value of K. Consider now the equation for @;. The values of Kk and K
are fixed by the compatibility condition and thus in the asymptotic series, the term
a|@1| is small in comparison to |Qo|. Taking the terms of O(a) together gives the
following equation for Q)

(1-d)

Q1,55 +1KQ1,s—Q1+QFQ1+2|Q0|*Q1 = iK Qo 55+ Qo,s—i(SQo)s—iAK|Q0|2Q0-I

K
(6.8)
Again, we rescale the phase by setting
(6.9) Q1(s) = e~ % Su(s)
then, using (6.5), we obtain

K 25 2
(6.10) S1ss— (1— T S1 4+ 5551 +2|S0|*51 =

2 1- ;
iK (—%So — K505 + 50,55) + ((761) - iS) (—%50 + 50,s> — Sy — IAKSG.
K

Setting S7 = ¢t +iv and splitting into real and complex parts leads to (since Sy is real)

2 d
(6.11) tos — (1 - %) t+3tS3 = KrSos + So.s — %So = f

K

and

2

2 _
(6212)— (1 — H—) v +ng =K (/fSO,SS - %So) + d—3

2

4 S() — SS()’S — AKSg =:4.

For the asymptotic expansion to be consistent we require
t(0)=v(0)=0, and |[t|—0,jv] >0 as |[s|]— oco.

We will determine the form of ¢ and v by using the variation of constants formula. For
subsequent use, we define the right-hand side of (6.11) to be the function f and the
right-hand side of (6.12) to be the function g. First, we focus on the equation for ¢ and
more specifically on the homogeneous part of (6.11). A solution to this homogeneous
equation is 91 (s) = Sp +(s) (which is odd and exponentially decaying). Also, there
exists an exponentially growing, even valued solution 9 that is linearly independent
of ¥1(s); ¥1(s) and 19(s) have a constant Wronskian W;. Computing directly,

(6.13) Pa(s) = S /S& exp \/1—'%—25 for large s
) 2 0,s o Sg’y(y) 4 .

It follows by the variation of constants, using ¢(0) = 0, that

(6.14) () = Aviba(s) + /0 wwifdz—wg O ww%fdz
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where A; is arbitrary. Then using the fact that ¥ decays exponentially we find that

(6.15) H(s) — (A1 - v%) Ua(s) as s — oo
(6.16) H(s) — <A1 + VIV—ll) Uals) as s — —o0

where I is defined as
e e 1-d KS

(617) I = / f¢1d8 = / KHSQS + 7/{ 5075 — ?So SO,SdS.
0 0

Now, we study v and we find that ¢; = Sy is a solution of the homogeneous part of
equation (6.12). Again, ¢ is exponentially decaying and odd. There also exists a
second linearly independent, exponentially growing, even valued solution

S dy
wmso [
0 53 (y)
and, ¢; and ¢ have a constant Wronskian Ws. In a similar way as before, using
v(0) = 0, it follows that

o(s) = Asa(s) + 1 /0 %fdz — 4 /0 %fdz

where A, is a constant. Then

(6.18) o(s) — (A2 _ %) b(s) as s— o0
(6.19) o(s) — (A2 + VIV—Z) ba(s) as s — —oc

where

o o 2 _
(6.2;0%2 / go1ds = / <K (KSO,ss - %So) + d 5 350 — SSO,s — KASS) Sods.
0 0

First, we focus on those solutions with one maximum in the region § = O(%). These
solutions decay exponentially away from s = 0 and therefore, cannot have an expo-
nential growth in #(s) and v(s) for s — oo and for s — —oo. Thus, it follows from
(6.15), (6.16), (6.18) and (6.19), since ¥2 and ¢ are both exponentially growing, that
A1 =0,1; =0, Ay = 0 and I = 0. Substituting the expression for Sy (6.7) into Iy
and I, and using of the exact integrals

3
e 2 K2 e K2
21 sods = —= 1- = 2ds =2¢/1 — —
(6 ) ) 50507 ds 3 ( 4 ) y o SOdS 1 ,



leads to

1 214 2
(6.22) L= 1-’1{3(1-’1)(1{&%1—@“2]
and
K2 2 K2 3k 8 K2

A relationship between the values of x, K and A then follows from the two conditions

(6.24) =0 and I, =0.

We consider first the case of § = 0 hence A = 0. In this case there is precisely one
exact solution of (6.24) with 0 < k < 2 which is given by

(6.25) k=1 and K=d-2
Therefore, we find that

1
(6.26) e=(d—2)a, &maz=— + hot.
a

A key result of this calculation is that the location of the peak depends upon a but
not explicitly upon d. Indeed, in the limit of d = 2 we still have k = 1. The dominant
contribution to the function A = |@] in the global identity (4.8) thus comes from the
localised peak, centred at 1/a for which both the functional form and the form of
the phase 1 are as given in Section 6.2. The integrals in (4.8) can thus be evaluated
explicitly.

It also follows from the above expression, that in the limit of d = 2 we find that e =0
to leading order in a. In fact we see presently that as d — 2, both € and d — 2 are
exponentially small functions of a, which is consistent with the above estimate.

Now we consider § # 0 (hence A # 0) and € = 0. Setting ¢ = 0 would imply that
K = 0, however, if we first substitute A = GLK where § # 0 and then set K = 0, we
find that

Similar to the above calculation, we obtain that x — 1 and 6 — 0 as d — 2.

Additional solutions for general é may also be found, but we will concentrate on the
case d = 0 for comparison with numerics.

6.4. Evaluating the integrals in the identity (4.8). So far, we studied the
structure of the multi-bump solutions in different regions of £. As a final step in
constructing these solutions, we determine the integrals in equation (4.8). We ob-
tain the condition on a,d,e and ¢ under which they exist as stated in the in Main
Asymptotic Result 4. For this we use the asymptotic solution determined in the last
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section. The key result we exploit here is that, for small a, the solution has a peak
at 1/a, to leading order, independent of the value of d. Thus, we study the solution
with a single peak at £ = é + hot over a range of values of d; we construct the k = 2
solution. This solution will be estimated on different ranges of £&. To evaluate the
integrals in (4.8), we split both integrals into three parts from 0 to &£; to & to oo
where 1 < §; < % < &. On each of these three regions the solution is known from
previous sections to leading order and the integrals can be estimated.

When integrating from 0 to &, in other words, z < %, A(x) is either exponentially

small or A(z) ~ Rk and ¢ = —4¢. The contribution over this region to the first

integral in (4.8) is therefore smaller than

fa/ Ri.zdx = O(a).
0

In a similar way, the contribution to the second integral in this regions is either
exponentially small (in the case that A is exponentially small) or it is O(1) when

Now we focus on the integrals in (4.8) in the range where z > &5 > % We find by

using (4.3) that A%y = fa’;—z to leading order so that the contribution to the first
integral in (4.8) over this range is of order a. Similarly, we find that

_ 2
zA (Am — AY? + qu —AA3> ~ _“_3 (iz +d—3—Ap2)
X X a

so that the contribution to the second integral is to leading order given by — %.

Finally, in the middle range of ¢ values, in the neighbourhood of %, here & < = < &3,
we know from section 6.2 that A and v are to leading order given by

6.27)  S(x) = 2(1%2>sech< 1%2(:52)) and ¢:,g_

Therefore, in this region the contribution to the first integral is to leading order given

by

—/1525(1—%2) sech2<\/1—%2(x—g)>dx
—K (1—%2) /_O:o sech? (\/1—%2y> dy + hot
:—2/{\/1—%2—1—]1075

where the first equality is obtained by introducing the rescaled variable y = z — 2
and using the fact that a < 1.

The contribution to the second integral in (4.8) for & < x < & is given to leading
order given by

& 5, d—1 5
283 Saa — SY* + ——8, — AS* p dw
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_ [ ~ N I A N
_/ (y+a)s{syy SV + xS, AS}dy+hot

— 00

- / SS{Syy — Sy? — AS3Ydy

:72/ [(5,)2 + 820% + AS*} dy
2K K2 K2
=—4J1-=(2+k2+8A01-2)].
3a 1 ( + K7+ 8A( 4))

where A is given by (6.27). A similar error analysis to the previous case implies that
the error in the above integral when extended to the real line is O(1) as a — 0.

Sumarising, the two integrals in (4.8) when integrated from 0 to co are given to leading

order by
o] H2
/ A%pdr = —2k4[1 — —,
0 4
and

* -1 2 2 2
/ cAala, —ap?+ Tt g, o aaslgp o 28 18 2+ K2+ 8A(1— ).
0 T 3a 4 4

Substituting these expressions for the integrals into (4.8) and including the error terms
gives

4K K2 € 8 K2
292 = |—— /1 - —(2—d+ —(2+K)+Ae— (1 - =
(6.28) l a\/ 4( d+3a( + k%) + 53(1( 4))

To complete the matching we estimate the value for the parameter p. This is done by
matching the exponentially decaying behaviour to the right and away from the main
peak of the solution to the polynomially decaying behaviour in the tail. The analysis
is, to leading order, identical to the NLS calculation for the multi-bump solutions and
it is based on the WKB approximation that was described in [3]. We obtain that

(14+0(a)).

16k(1 — k2 /4)3/2
(6.29) 2 = SR W/VTE asa 5, o 2sinT(k/2) — m/T R4,

a?

so that if K =1 (as in the case of § = 0) we find that

s 6V3 _(ona_vas
po=—e .
a
The value of k in general follows by imposing both conditions in (6.24).

We now substitute (6.29) into the expression (6.28) to determine a condition relating
k, K and A. On rearranging we obtain

(6.30)(4 — K2)e N2/ = ((d —2)a— %(2 +K?) — gaAe (1 - %)) (1+0(a)).
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In general, this expression is complicated since there is a subtle relationship between
d, k, € and A, although in all cases k — 1 as d — 2. In the case of § =0 (A =0 and
k= 1), (6.30) reduces to

(6.31) 3¢/ (d—2)a—e, Ay =21/3—3/2.

We observe that the values of kK = 1, ¢ = a(d — 2) that were obtained in section 6.3
by the use of the Fredholm alternative, set the right hand side of (6.31) identically to
zero. This is consistent with the exponentially small estimate of p when a is small.
However, the value of the Fredholm alternative calculation in finding the location
(&= %) and form of the peak is plain, as when combined with the global estimate we

not only recover the earlier condition linking a and € but also find the exponential
link between a and d — 2 in the limit of d — 2 and a — 0.

7. Numerical results. In this section, we consider two numerical simulations.
Firstly, we look at numerical solutions of the ordinary differential equation (2.6) that
must be satisfied by the self-similar solutions. These numerics are compared to the
asymptotic formulae computed in the previous sections. It should be noted that the
existence of solutions to this ODE does not in any way guarantee the formation of
blow-up solutions to the full complex Ginzburg-Landau equation (1.1) for a broad
class of initial data. Therefore, we also solve the PDE problem (1.1) directly.

7.1. Solution of the ordinary differential equation. In order to find solu-
tions of the ODE (2.6) a parameter continuation with respect to € was performed with
the (collocation based) two-point boundary value solver and path following algorithms
in the package AUTO [9]. This package requires a good initial guess for the solution
at a certain value of . This initial solution was computed with a shooting algorithm
combining the ODE solver DOP853 [12] and the nonlinear solver DNSQE [19]. In
light of the prediction for the location (6.26) of the maximum of the non-monotone
profile with two bumps on the real line (k = 2), the boundary value problem (2.6)
was solved with the normalization and symmetry conditions (3.1) enforced at the
origin and the slow-growth condition (3.3) enforced at finite L = 1000. From (6.26),
Emaz = % + hot, this means that we should be able to continue the k£ = 2 solution
branch until @ ~ 1073, The bifurcation diagram in the (a,¢)-plane where solutions
with two maxima exist that as computed in this manner is shown in Figure 3.1 and
the structure of the solution as moving along the branch in the (a,¢)-plane is given
in Figure 3.2.

The ODE computation that really motivated us to solve the PDE directly is given
in Figure 1.1. Here we see the remarkable feature that the range of £ for which
multi-bump solutions exist, is larger than that for the monotone solutions! This begs
the question of whether or not multi-bump solutions in this regime are stable. In
[18], the authors considered this question by numerically examining the spectrum of
the linearisation about the computed solutions and found that the lower part of the
branch of £ = 2 solutions is linearly stable for e sufficiently small. This in contrast
to the monotone solutions that are found to be stable on the upper part of the k =1
branch. We now consider computations of the solutions of the full PDE to examine
the stability of the solutions and to see which initial data converge to the various
types of stable self-similar blow-up profiles.

7.2. Solution of the partial differential equation. The numerical approx-
imation of the large solutions of the full PDE (1.1), which evolve over small length
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Fic. 7.1. (left) Convergence of a mnon-monotone initial condition to a multi-bump similarity
solution in the rescaled dynamical coordinates. (right) The grid lines of the moving mesh method
plotted in the rescaled dynamical coordinates. After an initial transient phase, they are essentially
constant in the region of the peak.

and time scales, requires the use of an adaptive method. To ensure spatially accurate
final-time profiles we use the scale-invariant moving mesh PDE approach [13] that
has previously been used in the study of blow-up problems of this type [5, 4]. In this
semi-discretisation method, a set of computational nodes are distributed in a finite
spatial interval and the spatial derivatives of the PDE are discretised by using a collo-
cation method. Then, the resulting system of ordinary differential equations is solved
by using a stiff ODE solver. To ensure a correct resolution of the singularity, the com-
putational nodes are moved to equidistribute the integral of a user-defined quantity, a
monitor function, between mesh points. We use the scale-invariant monitor function

M = |¥)?

so that the blow-up solutions are resolved at all times. This was effective for the
computations of NLS reported in [4] and it has the property that it admits moving
meshes which move nodes along level sets of the similarity variables defined in (2.2).
Since the symmetries of the CGL are the same as for the NLS, a similar method is
expected to work well in this case. We take a slightly different approach from the
dynamic rescaling method described in [23], as we are keeping the physical interval
a fixed length and not assuming any particular solution structure, we instead follow
any emergent scaling in the problem.

In Figure 7.1, we consider a numerical simulation of the full PDE starting with a
non-monotone initial condition for d = 3 and € = 0.2 This value of ¢ is chosen such
that it lies beyond the range of existence of the monotone solutions. The resulting
calculation, presented in the rescaled coordinates, show a stabilization of the blow-up
solution to a multi-bump profile (k = 2).

The history of the numerical investigation of blow-up phenomena is plagued with
errors and false-starts. We have confidence in the methods used here because they
give results consistent with asymptotics and numerically computed ODE profiles.
However, that might not be enough for the skeptical reader. The reliability of these
methods comes from the fact that they can, under appropriate assumptions, lead
to uniform error estimates [6]. This is because of the special scaling structure of the
monitor function used. As an extra consequence, the dynamic grid follows level sets of
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Fic. 7.2. Numerical simulations of the full CGL for monotone and non-monotone initial con-
ditions. The initial solution, t = tg, and some intermediate time-steps, where t; < t;11, are given,
as well as the final-time profile at T~ . Furthermore, the ODE solutions that were observed for the
same € on both the upper and the lower part of the k = 1, resp k = 2, solution branch are given. In
all but one case, the profiles are presented in rescaled coordinates. (a) Monotone initial data where
e = 0.1 < e] < &5 converge to a monotone final profile found on the upper part of the k = 1 solution
branch. (b) Monotone initial data, plotted in the physical coordinates, decay to the zero solution
for el < e =0.22 < eb. (c) Non-monotone initial data, where ¢ = 0.1 < ef < €}, converge to a
non-monotone final time profile found on the lower part of the k = 2 branch. (d) Non-monotone
wnitial data, where €] < e = 0.22 < €3, also converge to a non-monotone final time profile found on
the lower part of the k = 2 branch.

any emergent similarity variable. Hence, the computational variables can be thought
of as mimicking the similarity variables. This can be seen in Figure 7.1(right) where,
after an initial transient phase, the grid lines are essentially constant in the rescaled
variables.

To demonstrate the stability of various solutions on the £k = 1 and k& = 2 solution
branches, we now consider four cases with fixed d = 3. With both monotone and non-
monotone initial data we take € = 0.1 < e} < e} and ] < e = 0.22 < €} (recall that
at €7 5 the fold bifurcation takes place and the k = 1,2 solutions cease to exist). The
data from each case is presented in Figure 7.2. For monotone initial data no blow-up
is observed when € = 0.22, Figure 7.2b; the evolution of the profile is presented in
physical coordinates. All the other cases are presented in the rescaled coordinates
(2.2). For comparison, the ODE solutions found for the same value of € on both the
upper and the lower part of the solution branches is also indicated. We see that the
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ODE solution found on the lower part of the & = 2 solution branch and the final
profile at t = T~ coincide and, hence, in agreement with the ODE numerics in [18],
the lower part of the k = 2 solution branch is stable.

Additional computations lead us to speculate the following.

CONJECTURE 1. 4) For 0 < € < €7 there exists a wide class of initial data such that
the solutions on the upper part of the k = 1 (monotone) solution branch are stable.
For e > €7 there are no stable monotone blow-up solutions.

ii) For 0 < € < &} there exists a wide class of initial data such that the lower part of
the k = 2 solution branch is stable. For ¢ > €5 there are no stable 2—bump solutions.
To summarise, we have not only found stable non-monotone profiles but we have also
found them to exist in a broader region of parameter space than the monotone ones.
This is in complete contrast to other blow-up problems; for most blow-up problems
the pattern of minimal shape is the only stable one.

It would be very interesting indeed to extend to the k—bump solutions for &k > 2.
We have not included our numerics on these solutions here because they indicate, in
agreement with results in [18], that these are unstable. However, in principle they
could be constructed asymptotically as we described in the previous sections. It
would, however, be most intriguingly to try and answer the question what sup,, €}, is,
if it exists at all. This is still an open problem.
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