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Abstract

Stationary localized solutions of the planar Swift-Hohenberg equation are
investigated in the parameter region where the trivial solution is stable. In the
parameter region where rolls bifurcate subcritically, localized radial ring-like
pulses are shown to bifurcate from the trivial solution. Furthermore, radial
spot-like pulses are shown to bifurcate from the trivial state, regardless of
the criticality of roll patterns. These theoretical results apply also to general
reaction—diffusion systems near Turing instabilities. Numerical computations
show that planar radial pulses ‘snake’ near the Maxwell point where, by
definition, the one-dimensional roll patterns have the same energy as the trivial
state. These computations also reveal that spots, which are stable in a certain
parameter region, become unstable with respect to hexagonal perturbations,
leading to fully localized hexagon patterns.

Mathematics Subject Classification: 35B32, 35K55

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In this paper, we investigate the existence of localized stationary radial solutions of the Swift—
Hohenberg equation

uy = —(1+ A)u — pu + f (), (x,y) € R?, (1.1)
where

fw) =vu® —ku® +O@u?).

! Current address: Division of Applied Mathematics, Brown University, Providence, RT1 02912, USA.

0951-7715/09/020485+40$30.00 © 2009 IOP Publishing Ltd and London Mathematical Society ~Printed in the UK 485


http://dx.doi.org/10.1088/0951-7715/22/2/013
http://stacks.iop.org/no/22/485

486 D Lloyd and B Sandstede

Figure 1. Spatially localized stationary spots and hexagon patches of (1.1) with f(u) = vu® — u?

at (u,v) = (0.5,2.2).

Stationary radial solutions u(r) depend only on the radial variable r = /x2 + y? and therefore
satisfy the ordinary differential equation

1+ A u = —pu+ fu), (1.2)

where A, = 8,2 + %8,. We are interested in finding localized solutions u (r) of (1.2) that decay
to zero as ¥ — oo and shall therefore seek such solutions for . > 0, where the background
state u = 0 is stable. More restrictively, our results are valid only for 0 < p < 1: the trivial
state u = 0 destabilizes at © = 0, and we shall construct localized radial solutions with small
amplitude that bifurcate from u = 0 at u = 0 into the region p > 0.

Before stating our results, we outline briefly our interest in the Swift—-Hohenberg equation
and its localized radial steady states. The Swift—-Hohenberg equation is a general model for
pattern-forming processes which was first derived by Swift and Hohenberg [39] to describe
random thermal fluctuations in the Boussinesq equation. Equation (1.1) exhibits many
interesting localized and non-localized patterns, and we refer to [10, 14, 17,29, 30] for details;
see also figure 1 and section 9. In particular, localized radial pulses and localized hexagon
and rhomboid patches have been found in numerical investigations of the Swift—-Hohenberg
equation. It was observed in [24] that localized hexagon patches can bifurcate from radial
pulses via symmetry-breaking bifurcations. It is this observation that motivated us to find out
more about the existence of radial pulses.

Numerically, we found two types of radial pulses in the Swift—-Hohenberg equation: spots,
which resemble the Bessel function Jy(r), see figure 2(a), and rings that have a pulse-shaped
envelope in the far field as indicated in figure 2(b). Analytically, we can prove the existence of
radial pulses with small amplitude near the Turing instability of the trivial state # = 0, which
occurs for u = 0.

Theorem 1 (Existence of rings). Fix (v, k) so that

2
cy = B < 0.
4 18
For each integer n > 0, there is a (1, > 0 such that the Swift—-Hohenberg equation (1.1) has
two stationary localized radial ring solutions u(r) for each u € (0, u,) with the following
properties: we have u(r) = O(u%) as i — 0oneach fixedinterval [0, r.], and thereisap € R
and a function g, (s) that has precisely n simple zeros suchthatu(r) ~ %, /g, (\/ir) cos(r+¢)
for large r. Ring solutions with these properties do not bifurcate when cg > 0.
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Figure 2. Stationary radial profiles of (1.1) with f(u) = vu* — u3: (a) spots for (u,v) =

(0.005, 1.833); (b) rings for (u, v) = (0.014, 2.231).

We shall comment below on the interpretation of the number cg that appears in theorem 1;
the envelopes g, (s) are discussed further in lemma 4, and a more detailed asymptotic expansion
of rings near r = 0 can be found in (4.36). In contrast to rings, which bifurcate only when
cg < 0, spots bifurcate for any fixed nonzero value of v.

Theorem 2 (Existence of spots for v # 0). Fix v # 0 and any k € R, then there is a jt > 0
such that the Swift—Hohenberg equation (1.1) has a stationary localized radial solution u(r)
for each € (0, w,): these solutions stay close to u = 0 and, for each fixed r, > 0, we
have the asymptotics u(r) = o /iJo(r) + O(n) as u — 0 uniformly in 0 < r < ry for an
appropriate constant o with sign o = sign v.

The following result covers the existence of spots for v equal to or close to zero.

Theorem 3 (Existence of spots for v ~ 0).

(i) If v =0 and « < 0 is fixed, then small-amplitude spots bifurcate fromu = 0 at u = 0
into the region | > 0, and their amplitude u(0) scales with /ﬁ | log u|_%.

(ii) If v = 0 and k > 0 is fixed, spots do not bifurcate from u = Q: instead, for (i, v) close to
zero, spots undergo a fold bifurcation along the curve v = :I:/ﬁ | log | > [c+0(1)], where
0 < u < 1andc > 0is a constant, and their amplitude u(0) scales with /ﬁ | log /,L|_%.

Spots and rings are initially unstable with respect to the PDE dynamics of the Swift—
Hohenberg equation (1.1). However, our numerical continuation results indicate that spots and
rings stabilize in a certain region in the (u, v)-parameter space, at least when the nonlinearities
fu) =vu?* —u®or f(u) = ku® — u’ are used. Our computations also show that both spots
and rings exhibit snaking, which we shall discuss in detail in section 8.

Remark 1. Though our results are stated only for the Swift-Hohenberg equation, they apply
to general reaction—diffusion systems

U, = DAU + F(U, ), (x,y)eR*® UeRY

near Turing instabilities: indeed, it was shown in [36, chapter 3] that localized radial patterns
of small amplitude are captured by a four-dimensional nonautonomous differential equation
in the radius r which coincides, to leading order, with the radial steady-state equation of the
Swift—-Hohenberg equation that we study here.
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Figure 3. The shaded regions correspond to the existence regions of rings and spots that are given
in theorems 1-3 for the nonlinearity f () = vu? — ku>. Spots undergo fold bifurcations along the
curve labelled sN; see theorem 3(ii).

We now comment in more detail on the results stated above, which are summarized in
figure 3. Theorem 1 is not a surprising result. As mentioned above, the trivial state u = 0
undergoes a Turing instability at @ = 0. In the far field, for » > 1, we therefore expect small-
amplitude roll patterns to bifurcate. It turns out that these patterns bifurcate supercritically
into the region u < 0 for cg > 0 and subcritically into the region u© > 0 when cg < 0.
Thus, we can expect to find radial pulses that resemble rolls in an intermediate spatial region
before decaying to zero as r — oo only when cg < 0, where rolls actually exist. This
is what theorem 1 asserts, in line with the numerical computations that we shall present in
section 8. Note that the ring pulses shown in figure 2(b) indeed begin with small amplitude
near the core and grow towards a roll pattern before converging to zero. The rolls that are
found inside ring pulses bifurcate subcritically and are therefore PDE unstable: our numerical
computations in section 8 indicate that the bifurcating rings have two unstable PDE eigenvalues
near bifurcation. In summary, rings bifurcate in the parameter region where rolls coexist with
the PDE stable trivial background state. The situation for spots is very different. Perhaps
surprisingly, theorem 2 states that spots bifurcate for any value of v > 0, regardless of the
value of k. In particular, there is no condition on the sign of cg, and spots exist even when the
far-field equation does not admit any rolls.

While radial pulses have been studied extensively for the nonlinear Schrodinger equation
and the complex Ginzburg-Landau equation, we are not aware of any existence results for
radial pulses of the Swift-Hohenberg equation. Mountain-pass methods, which have proved
useful in proving existence for the nonlinear Schrodinger equation and fourth-order differential
equations (see, for instance, [16,20]), appear to fail here since the Lyapunov functional is
bounded from below due to the cubic restabilizing term. Topological shooting methods [28]
have been utilized with great success to prove the existence of pulses for the 1D Swift—
Hohenberg equation. However, the apparent lack of a Lyapunov functional for the radial
equation (1.2) seems to make it difficult to use these methods in our setting.

Our approach is motivated by Scheel’s work [36] on the bifurcation to non-localized target
patterns near supercritical Turing instabilities in reaction—diffusion systems. We consider (1.2)
as the nonautonomous first-order differential equation

us
uj
Us
d | u
— 1 U = T
— = = (uy, Ur, U3, U 1.3
ar | u; = s+ ) (ur, uz, uz, us) (1.3)
Usg

1
—Uy U4 =yt Sf@w)
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Figure 4. Schematic diagrams of the geometry of the core manifold W and the stable manifold
W; are shown in panel (a) for « = 0 and in panel (b) for 0 < p < 1.

in the radial evolution variable r. Scheel’s approach was to derive an r-dependent normal form
in the far field for » > 1 which, in the limitasr — oo, becomes the standard Ginzburg—Landau
equation that describes Turing patterns near onset. Using this information, we show that the
r-dependent far-field equation possesses localized pulses precisely when cg < 0. Due to the
employed scaling, we can control the localized pulses initially only in the region r > r1/,/u
for fixed 7;. On the other hand, regular perturbation theory using Bessel functions allows us
to describe all solutions that stay bounded near the core for 0 < r < rg for any fixed ry. To
match the two sets of solutions at » = r,, we employ a different scaling to track the localized
far-field pulses from r = r;/,/i back to r = rq. Using this approach, which is similar to the
one pursued in [36], we find the ring pulses described in theorem 1.

The mechanism that gives rise to spots is different. For fixed . > 0, the origin is an
asymptotically hyperbolic equilibrium at r = oo with respect to equation (1.3). Thus, we can
use the r-dependent far-field equation to describe the tangent space at u = 0 of the stable
manifold of U = 0, that is, the tangent space at U = 0 of the set of solutions that stay
close to U = 0 and converge to U = 0 as r — oo. Tracking this two-dimensional tangent
space back to r = r( and then setting © = 0, we find that the resulting two-dimensional
subspace has a one-dimensional intersection with the tangent space of solutions of (1.3) that
stay bounded as r — 0. In fact, as illustrated in figure 4, the associated nonlinear manifolds
have a nondegenerate quadratic tangency for u = 0. Since the trivial solution U = 0 persists
for all u, we find that the two nonlinear manifolds acquire a second nontrivial intersection for
@ > 0 which corresponds to the desired localized nontrivial radial spot, see figure 2(a).

The outline of the rest of this paper is as follows. In sections 2 and 3, we discuss the
equations near the core and in the far field, respectively. We then prove theorems 1-3 in
sections 4-6, respectively. In sections 7 and 8, we present numerical computations of rings
and spots for not necessarily small values of . Conclusions and open problems are stated in
section 9.

2. The equation near the core
Stationary radial solutions of the Swift—-Hohenberg equation satisfy (1.2)

1 2
<8r2+;3,+1) uy = —puy +vut — Kus, (2.1)
which we rewrite as

02+, 41 ) uy = 22
r rr 1—1/{2, (')

1
<8r2 +—0, + 1) Uy = — Qup + vu% — /cu?.
r
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Table 1. Expansions of the Bessel functions J; and Yy for r — 0 and r — o0; see [1, (9.1.10),
(9.1.11) and section 9.2]. The remainder terms O(1) and O(r2) in the left column have well-defined
Taylor series in 72, which can be differentiated term by term.

r—0 r— oo

J l+O(r2) ‘/lcm(r—ﬁ

0 ar 4
1 /2

J1 r<1 +O(r2)) ;sin (rf %

2 2 2 . b _3

Yo —(1+0(@(7)) logr +O(1) —sm(r—f +0@r™2)
b4 Tr 4

2 2 2 ;
YIS +00Y))rlogr — — +0(1)  — /- cos (r - Z) +0( 1)
k14 r r 4

For the sake of simplicity, we shall omit in the rest of this paper the O(u*)-terms that may
be present in the nonlinearity f(u); their presence would not change any of the subsequent
arguments.

Our approach follows [36]. We begin our analysis by characterizing all small radial
solutions of (2.2) that are bounded and smooth in the interval [0, (] for any fixed finite ry > O.
In particular, we are interested in solutions that are smooth in the limit » — 0. Rewriting (2.2)
as a first-order system, it suffices to find all solutions of

0 o0 1 0

0
0 O 0 1 0
U =AU+FWU,w, A=|_; | _L . FOw-=
; 0
0 —1 0 _l —,uu1+vu%—/cu?
-

2.3)

that are bounded in the interval [0, ro] for any fixed finite o > 0.
First, we set 4 = 0 and linearize (2.3) about U = 0 to get the linear system U, = AU
which has the four linearly independent solutions

Vi(r) = V21 (Jo(r), 0, =Ji(r), )T,  Va(r) = V2w (r Ji(r), 24o(r), rJo(r), =2J1 ()"
(2.4)
Va(r) = V21 (Yo(r), 0, =Y1(r), )T, V4(r) = V2r(r Y1 (r), 2Yo(r), rYo(r), —2Y, ()",

where J; and Y, denote the kth Bessel functions of the first and second kind, respectively.
These solutions can be found by inspecting the equivalent system

2, L _ 2, 1 _
0+ =0, +1)u; =uy, 0, +—=0,+1)u,=0.
r r

Table 1 summarizes known expansions of the Bessel functions in the limits » — 0 and» — oo.
Thus, Vi(r) and V,(r) stay bounded as r — 0, while the norms of V;3(r) and V4(r) behave
like logr as r — 0. We therefore expect that the set of solutions of (2.3) that are bounded as
r — 0 forms a two-dimensional manifold in R* for each fixed » > 0. We denote by P (ry)
the projection onto the space spanned by V| »(r¢) with null space given by the span of V3 4(rp).

Throughout this paper, we shall use the Landau symbols O(...) and O,,(...) with their
usual meaning: the difference between the two symbols is that the constants that bound O(. . .)
can be chosen independently of r(, while the constants that bound O,, (. . .) may depend on ry.
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Lemma 1. Fix ry > 0, then there are constants &y, 61 > 0 so that the set W () of solutions
U(r) of (2.3) for which SUPo<, <y |U(r)| < 8¢ is, for || < 8o, a smooth two-dimensional
manifold. Furthermore, U € W () with | P (ro)U (ro)| < 8; if and only if

U(ro) = d, Vi (ro) + daVa(ro) + Va(r0)O,, (|l |d] + |d|*)

1 ~ - - .
+ Vi (ro) ([ﬁ +o(1)} vd; +0,,(Julld| + |di]* + |d2|2)> (2.5)

for some d = (d, d>) € R®with |d| < 8, where the right-hand side in (2.5) depends smoothly
on (d, ), and o(1) is the Landau symbol in ry as ry — o0.

Proof. We observe that four independent solutions to the adjoint system U, = —ATU are
given by
V2
Wi(r) = T”(—zm (). Yo (r), =2rYo(r), =r*Yi ()",
2
Wa(r) = 220, =V (). 0, = Yo (). 2.6)

W3(r) = @(zm (r), =r2Jo(r), 2r Jo(r), r* Jy(r)T,

Wa(r) = @(0, rJi(r), 0, r Jo(r)T.

It follows from [1, (9.1.16)] that
<‘/i(r)7Wj(r)>R4=8ija 17]21774

is independent of r. For given d= (c? 1, 572) € R2, we consider the fixed-point equation

2 2 ,
UGr) =Y d;Vi(r)+Y_ Vi) / (W;(s). F(U(s), w)) ds
j=1 j=1 0

4 r
+Zvj(r)/0 (W;(s), F(U(s), w)) ds

Jj=3

2 2 .
=Y d;Vi(r)+ Y vj(r)/ W, 4(s)Fa(U(s), ) ds

j=1 j=1
4 r
+DV;(0) /0 W4 F(Us), 1) ds 27)
j=3

on C°([0, o], R*), where W; 4(r) denotes the fourth component of W; (r).

First, each solution U e C°([0, ro], R*) of (2.7) gives a solution of (2.3) that is bounded
on [0, ro]: indeed, in the limit r — 0, the terms W, 4(r) are bounded by r log r and the integrals
multiplying the unbounded solutions V3 4(r) are therefore bounded by 2 log r as r — 0. Since
|V34(r)| = O(1/r) as r — 0, we see that the right-hand side of (2.7) lies in C'([0, rp], R*),
whenever U € C°([0, ro], R*), and it is easy to see that U (r) satisfies (2.3) on [0, r¢].
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Conversely, every bounded solution U € C°([0, o], R*) of (2.3) satisfies (2.7) provided
we add dsV5(r) + da Va(r) to the right-hand side for an appropriate d € R*. Recall that the
integral terms on the right-hand side are bounded as r — 0 whenever U € C 0([0, ro], RY).
It is straightforward to check though that the term d3Vs(r) + dsV4(r) is unbounded as r — 0
unless J3 = d~4 = 0, which proves the assertion.

It remains to solve (2.7), which can be done by applying the uniform contraction mapping
principle for sufficiently small (c?] , &2) and w. The resulting solution U satisfies

2
U(r) = d;V;(r)+ Oy (lulld| +|d|*)

j=1

on [0, ro]. If we evaluate (2.7) at r = ro, we arrive at (2.5) except that we need to calculate
the quadratic coefficient in d; in front of V4(rp): using a Taylor expansion, we find that this
coefficient is given by

"o 2 v [0 5
Wi a(s)vVy(s) ds = — sJo(s)” ds
0 4 Jo

=[] <[ Geon
=71 sdo(s)’ds +o(l) | =v ﬁ+0(),

where we used [43, (3) on p 411] to evaluate the last integral. This completes the proof of the
lemma. u

3. The far-field equations

In this section, we look into the far-field regime, where the radial variable r is large. Recall
from section 2 that stationary radial solutions of the Swift—-Hohenberg equation satisfy the
first-order system (2.3) given by

U, =AU+ F(U, w),

0 0 1 0
0
0 0 0
1 0
A=|_, | 1 | Fo.w= 0 3.1
r
0 —1 0 _l —,uu1+vu%—lcu?
;

with U = (u1, u, u3, u4)". It is convenient to make this equation autonomous by adding the

variable o = 1/r which satisfies the equation o, = —a. Equation (3.1) then becomes
ui us
u Uy
d
—lusz | = —u| — Uz +uy . (3.2)
dr
Uy —uy — ouy — Uy +vud — ku’

o —CY2
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In the remainder of this section, we focus on the regime 0 < o < 1 which corresponds

to the far field r > 1. Asin [13,36], we use the linear normal-form coordinates

1 0

~10 | 2i
U=A]| |+8B +c.c.

i 1

0 -2

or, equivalently,

A 1 (2u; —iQus + us)
<,.,> = - < . ) U=(M1,u2,u3,u4)T.
B 4 —uy — ip

In these coordinates, (3.2) becomes

- oA\ ~ o~ o= ~ S ~
A= (1—5)A+B+§A+0((|M|+|A|+|B|)(IA|+|B|)),

B=(i- %) B- %§+0«m| + A+ |B))(A| +|B])),

o = —a’.

(3.3)

34

(3.5)

Nonlinear normal-form transformations can now be used to remove non-resonant terms to any

given finite order from the right-hand side.

Lemma 2. Fix 0 < m < 00, then there exists a change of coordinates

A . A IO
<B> =e O+ T ()] (g) +O((lul + 1Al +BD(A] + B]))

so that (3.5) becomes

A = —%A+B+RA(A,B,a,u),

o 1 01«12
B, = — §B+ZMA+C3|A| A+Rp(A, B,a, u,
o = —a’.

(3.6)

3.7

The coordinate change (3.6) is polynomial in (A, B, @) and smooth in p, and T (a) = O(«)

is linear and upper triangular for each «, while ¢ (r) satisfies

¢ =1+0(u+af +]AP), ¢(0) = 0.

The constant cg is given by cg = 3k /4 — 19v? /18, and the remainder terms satisfy

Ra(A, B, a, p)

2
=0 > I1A/B¥ |+ |aP|Al + |’ Bl + (|A] + B’ + |ulla|" (Al +|B]) | .
j=0
Rp(A, B,a, 1)

1

=0 Y 14T B |+ 1al’1BI + |ul(lul + o +1AP)IA] + (Al + B’ + |ullel”| B]

j=0

(3.8)

3.9)
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Proof. It follows from [36, lemma 3.10 and corollary 3.14] that we can bring (3.5) into the
normal form
A, = (iky (o, 1) + koo, 1)) A + B +ico (e, )| AP A
2
+O | Y 1ATBY [+ (Al + B + |’ B] + |ulle|" (| Al +|B]) | .
Jj=0

B, = (iki (e, p1) + ko, W) B +ci(a, WA +e3(e, )| A*A +ica (e, )| AI*B

1
+0 ZIA"BS”I+(|A|+IBI)5+|/L||0t|m(|A|+|B|) ; (3.10)
j=0
o = —a?,

by a transformation
A A S
(B) =[1+T ()] (E) +O((lul + Al + [BD(IA] + |B]),

which is polynomial in (A, B, a), smooth in w, and O(ja| + || + |A] + IBI)-close to the
identity. We conclude from [36, proof of lemma 3.10 on p 44] that 7 («) is upper triangular,
and we now briefly outline the reasoning. The transformation 7 («) puts the linear part of
(3.5) for u = 0 into normal form. Upon setting i = 0 and ignoring the nonlinear terms in
(3.5), it was shown in [36] that the B -dependence in equation (3.5) for B can be removed by
the transformation B = B + gl_(r)f? for an appropriate function g;; similarly, the subsequent
transformation A = A — g, (r) A + g»(r) B for an appropriate function g, puts the first equation
into the desired form A, = [...]JA +[1 + O(«?)]B. We note that 1 + 7 () s, to leading order,
given by

= . 11
B (3.11)

A A-2A_%B+0W)A, B)
4 4 _
B+ %E + 0B

Next, we claim that the coefficients ¢y, c3, k| and k, appearing in (3.10) are given by

1 . 3k 197 s
cila, ) =p| 7 +0@+la™) ), csla, ) = — — +O(|ul + e,
4 418
o
ki(or, 1) = 1+ O(u + o), koo, p) = -2 +0(laf).

Indeed, the leading-order terms for « = 0 were computed in [8], and the estimates for the
remainder terms c3, k1 and k, follow again from [36, lemma 3.10] and from the reversibility of
(3.10) with respect to the reverser (A, B, @) — (A, —B, —«). The linearization of (3.5) about
(A, B) = 0 leaves the subspace B = 0 invariant when 1 = 0. Since 7 is upper triangular, the
same is true for the linearization of (3.10) at u = 0, which implies that ¢ (o, 0) = 0.

In the next step, we remove the terms with purely imaginary factors from the right-hand
side of (3.10). We define ¢ (r) to be the solution of

¢r = kile, 1) +2(e WIAP = 1+0(u + [ +]AP),  ¢(©0) =0
and employ the transformation
(A, B) —> € (A, B),
which turns (3.10) into the desired form (3.7). |
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As we shall be interested in small solutions, we rescale (A, B, o) and the independent
variable r with the anticipated amplitude which is of the order /|u|. Throughout this paper,
we consider exclusively the case u > 0 and define

s
A = ./ua, B = ub, r=— (3.12)
J_ ﬂ
for which (3.7) becomes
ag=b— 21 +Ri(a, b, s, n,
b Sa (3.13)
by =——+—+cSlal’a+Ry(a, b, s, ),
2s 4 -
where
Ri(a, b, s, p) = n"Ra(/na, ub, /s, 1) = O(u(lal + b)), G

Ra(a. b, s, 1) = u " Rg(Jua, wb, J/iu/s, 1) = O(u(lal + b))

uniformly in s > s; for each fixed s; > 0. We shall also use the variables

a 1 [a
26

in which (3.13) becomes

S

+0(u(al + b)),

ay =
(3.16)

by = = + Qlala +O(u(al + 11)).

NG

The estimates for the remainder terms given above are valid for s > s, for each fixed s; > 0.
Note, however, that r = ry corresponds to s = ro,/i. To capture the region ro,/it < s < 51,
we use the variables

)=
-] = a , T =logs (3.17)
o)~ \s(b-3)

from [36] so that s = e%, and s — 0 corresponds to T — —oo. In these variables, (3.13)
becomes

d. =b+R(@,b,s, ),

~ Zl 2 gl 0 ~ 2,., =~ ~ 7

b, = 1 +s (Z +c;lal a) +Ro(a, b, s, 1), (3.18)
St =S

with (@, b, s) € C? x R*.

Lemma 3. The remainder terms 7~3‘,~ (a, b, s, w) with j = 1,2 are smooth in (a, 5), continuous
in (s, w) for s > 0, and have the expansion

Rj(@. b, s, 1) = pO(s>)(@, b) +s/mO(|a| + |b)), s = /o (3.19)

uniformly in ro > 1 and u > 0. This estimate is also valid for the derivatives of R j with
respect to (a, b).
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We note that the £O(s~2)(a, b) terms come from the terms O(a> A + «2B) and O(a> B)
in (3.9), which are linear in (A, B) and reflect the dependence on the radial variable . These
terms were neglected in [36, equation (73)] and the subsequent analysis.

Proof. The remainder terms R i(a, l;, s, ;) are given by
R1@@, b, s, ) =sRi@, (b+aj2)/s,s, ), Ra(@, b,s,n)=sRa@, (b+aj2)/s,s, uw.

The claimed estimate can now be verified by inspecting the estimates (3.9) and (3.14). We
omit the tedious but straightforward details. |

Our goal will be to find nontrivial intersections of the stable manifold W;(u), which
consists of all solutions that decay as r — oo, with the centre-unstable manifold W (u),
which consists of solutions that stay smooth at the core r = 0.

It is convenient to use the (A, B)-variables to find such intersections, and we therefore
transform the expression for the centre-unstable manifold W (w) into the (A, B)-coordinates.
To this end, we write expansion (2.5) for each fixed ro > 1 in the (A, B)-coordinates (3.4)
and afterwards in the coordinates (A, B) from (3.6). Substituting (2.4) evaluated at r = ry
into (3.4) and using table 1, we find that

7 i 7 —i+0(@ry ")

‘él _ Lei(ro—rr/él) 1+0(57) ’ ‘?2 = Rl ; 0

B) Jro 0 B, ——+007")
0

1+00) (3.20)
= . —1 e —1+ T,
1‘}3 _ Lei(ro—rr/4) —i+0(@ry ) ’ 1‘34 = Jroeitn ] 0
B3 Vro 0 By ot 0(ry %)
0
where (AJ-, Ej) corresponds to V;(rp) for j =1, ..., 4. Using the variables
(d1, dy) = (d1/\[r0, /Toda), (3.21)

we arrive at the expression

‘i‘ — oi(ro=m/4)
B

5 (dl[l +0(ry D] — dali+O@ry D1+ O, (Illd] + |d?) ) 3.22)
—dory '[i+O(rg ] = [1/+/3 + o(1)1/rovd? + Oy, (|el|d| + |da|? + |dy *) '

for U (ry) from (2.5). We are now ready to express the r = r slice of W (u) in the coordinates
(A, B) given in (3.6). From (3.8), we find

¢ (ro) = ro +O(1/rg) + Oy, (|| + 1d]?).

Applying the transformation (3.6), we then obtain the expression

A . )
Wiu('u)|r=ro . (3) — elifn/4+0(1/ra)+0r0(\m+\d\2)] (3.23)
y di[1+0(ry )] — dali+ O(ry D1+ O, (Illd] + 1d|?)
—dory '[i+ O(rg D] = [1/+/3 + 0(1)1/Tovd? + Oy, (Ield| + |da|? + |dy *)

for U(ry), where We~exploited the facts that 7 («) is upper triangular and that the coefficient
in front of d7 in the B-component scales with /7y so that it is affected only at higher order by
the quadratic terms in the transformation (3.6).
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A

Matching |
Region

o] I—

Figure 5. Schematic illustration of the matching regions for rings.

4. Planar ring solutions

In this section, we prove theorem 1. We begin by considering the far-field equation (3.16)
a; = b+0(u(lal +1b))).

a

A e o .1
b, = 7 +c3lal“a + O(u(lal + |b))),

where s > s; for any fixed s; > 0 and (&, b) € C2. The origin (@, by =0isa hyperbolic
equilibrium of the nonautonomous equation (4.1) for all © > 0. It therefore has a smooth
two-dimensional® stable manifold W3 (1) which consists of all solutions (a, I;) of (4.1) which
converge to zero as s — oo. Such solutions necessarily decay exponentially in s, and W} (1)
is continuous in u > 0 and smooth in ,/u. In particular, we can expand W;(u) at s = s; in
terms of (a, b, /DB

Our goal is to find nontrivial intersections of W} () and the core manifold W' (u) which
giverise to localized radial solutions of the Swift—-Hohenberg equation; see figure 5. We choose
to seek such intersections at r = ro which corresponds to s = ,/ury. Thus, we need to control
the stable manifold W} () for s > ,/uro: note that the estimates for the remainder terms in
(4.1) are valid only for s > s; for each fixed s; > 0. To control W} (u) for ,/urg < s < s1,
we use the variables (3.17) for which (4.1) becomes

gl‘[ = 5+7’-‘3‘1(&159 S, I‘L)7

- a (a2 \ s .-
b, = Z+s <Z+c3|a| a)+R2(a,b,s,,u,), “4.2)
St =9,

where
R;(@,b,s, 1) = nO(s ™)@, b) + s/mO(al + |bl), s> g (4.3)

uniformly in vy > 1 and u > 0; see lemma 3.
We shall first ignore the remainder terms in (4.1) and consider the system

&s = 5 s

. 5 4.4)

by = 2 +laPa

4
for s > 0. In the original (a, b) variables, (4.4) corresponds to the nonautonomous second-
order equation
as

ay = -2 4 4 4% L Oaa 4.5)
ss — s 4S2 4 3 . ’

2 We always count real dimensions and omit the independent variable s from dimension counts.
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Lemma 4. Assume that cg < 0, then, for each integer n > 0, equation (4.5) has a bounded
nontrivial real solution g, (s) that has precisely n simple zeros for s € (0, 00) and satisfies
Gu(s) = O(J/s) as s — 0 and (qn» q,)(s) — 0 exponentially as s — o0o. Furthermore,
the linearization of (4.5) about g, (s) does not have a nontrivial real-valued solution that is
bounded uniformly on R*. If cg > 0, then the only bounded solution of (4.5) on R* isa(s) = 0.

Proof. The assertion for cg < 0 was proved in [35, propositions 1-3] for the equation
ags +as/s — ak*/s* = a — ala|® with k € Z, but the proof works also without any changes
for the case k = % For cg > 0, we multiply (4.5) by sa(s) and integrate over s € (0, c0) to
find that the only possible solution is a = 0: it is easy to see that the resulting integrals exist
whenever a(s) is a bounded solution of (4.5). |

The nonexistence of ring solutions for cg > ( follows from lemma 4. Thus, from now on,
we assume that the coefficient cg satisfies cg < 0.

The functions (a,,, l;n) = /5(qn(s), g} (s)) associated with g, (s) satisfy (4.1) with u = 0
for s > s, and therefore lie in W;(0). We now consider the implications for (4.2): if we omit
the remainder terms in (4.2), we arrive at the equation

Elr :l;a
b, = %+S2 G’ - |c2||zz|2&> , (4.6)
St =9,

which has the hyperbolic equilibrium (a, b, s) = 0 with linearization

a 0 1 0 a
l;, = zlt 0 0 b
St 0 0 1 s

and unstable manifold W"(0). Using the transformation (3.17) with the remainder term
omitted, we see that the functions (a,, En) = (qu(s), 5q,(s) — q,(s)/2) satisfy (4.6) with
s = e’. Since g,(s) = O(/s), the solutions (@, by)(r) = O(e™?) lie in the unstable
manifold W* (0) of the equilibrium (a, b, s) = 0 of (4.6). The same arguments taken together

with lemma 4 show that W"(0) and W;(0) intersect transversely along (a,, by)(7) in the
invariant real subspace of C?> x R*. Since (4.6) is equivariant under phase rotations, there is a
one-parameter family e (a,,, b,)(t) of homoclinic orbits, where 1, € Ris arbitrary. We now
use this information to study (4.2) with the remainder terms R ; being present.

Lemma 5. For each fixed ro > 1 and n € N, there exist numbers q,? # 0and § > 0 such
that the s = /uro fibre of the stable manifold Wi (i) of (4.2) near (el (a,, En)(ﬁro)} is
given by

a i 130 -2 -2 INVA 1
2] = e | (1 g + 0614005 n) + 0 uh) ) () + (m +0n ) ] |-
2 2
4.7
where In1| <6, my e R, and0 < u < 6.
Proof. Recall that our goal is to track the stable manifold of (4.2) from s = s, along the

homoclinic orbit (a,, l;n) back to s = ,/urg. For u > 0, we may already lose control of the
homoclinic orbit, since the perturbation O(u/s?) = O(ry ) present in (4.2) and (4.3) does
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not go to zero when u tends to zero. Thus, we first construct a solution of (4.2) near the
homoclinic orbit. Afterwards, we solve the equation near this newly constructed solution and
use the resulting semiflow to track the stable manifold back to s = ,/ur.

Let o = log(,/iro) and 7; = log s, where 0 < s; < 1 is small but fixed, and note that
7; < 0. Throughout the proof, we consider (4.2),

- b
a; ~ ~
<~)= a (@ .5\ |+nrO6T@, b)+s/mOal + b)), (4.8)
b, Z+s <Z+c3|a| a)

withs = e* for z in[ 1o, 71], which correspondstos € [/iro, s1]. Weintroduce the coordinates

uy 1/ 1 2 a a 1 1 Uy
U= S -, ] = 4.9)
) 2\ 1 =2 J\b b 5 =3 J\w
in which (4.8) becomes
0
Uy = [D +O(ue ") u + O((/1z + e%)e" |u]), D= ( é i ) . (4.10)
2

We denote by QS(‘E) the function corresponding to the homoclinic orbit (a,, b,)(t). In
particular, Qg(t) satisfies (4.10) for t € R provided we omit all remainder terms; using an
appropriate integral equation, it is not difficult to prove that

0

Q(r) =e™? <q0> +0e*g%) (4.11)

for some ¢° > 0, uniformly in © < 7. We first construct a solution Q, of the full
equation (4.10) that is close to Q2 fors > ./juro for all p sufficiently close to zero. Thus, we
set u = QO + v and, using that QY satisfies (4.10) without the remainder terms, arrive at the
equation

v = [D +O0(ue ) v + O((Vit +e"e" [v]) + O(ue ") Q2 + O( /e | Q)

= [D +0(ue™ )] + O((ix + € )e"[v]) + O(ue > + \/1ze™™?)|q,)|. (4.12)
We denote by H (t) the Heaviside function, which vanishes for 7 < 0. The equation
v = [D+ H(t — 19)0(ne > v (4.13)

has an exponential dichotomy for r < 7;, uniformly in y, since O(ue™2") = O(1/ rg) for
T 2> 19 and D is hyperbolic. Choosing coordinates v in the T-dependent stable and unstable
subspaces given by the exponential dichotomy, we obtain the system

3, = [D +O(ue ")id]d + O((\/jx +e")e" [3]) + O(ue 72 + /me’™?)|q°), (4.14)

where id is the identity matrix. The linear transformation v — v is O(1/ rg)-close to the
identity for T € [19, 71], and, since the unstable subspace is unique in backward time, we

also have
1 oG 2
v(w) = < . (rf ) )ﬁ(m, @.15)

which we shall exploit later on. It is straightforward to check that the solution operator
®(t,0) of

U = [D + O(ne2%)id]v (4.16)
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is given by

eT9/2[1 + 0(1/75)] 0
o _ 4.1
(x.0) ( 0 {1+ 0(1/1)] o

uniformly for 7, o € [, 71]. We can therefore rewrite (4.14) as the integral equation

T T
51(r) = f ST DO((VTL +)e [5(o)]) do + f e 0(ue " 4 i) ¢l da,

70 T]

(4.18)

5a(c) = / e HEDO((E +¢°)e” [5(0)) dor + / e HEO0(ue 0 1 /e ) |ql do

To To

on [y, 7;]. We find that the right-hand side is a contraction in v with Lipschitz constant
Cs]2 <« 1in C°([19, 7;]). Furthermore, the inhomogeneous terms are bounded by

401 [0t ry ) + 0, (viD) ] 4.19)

uniformly in [7g, 71]. Thus, (4.19) has a unique solution v = V,(t), which is bounded in the
L*-norm by (4.19) and depends continuously on u (when rescaled to a common interval of
definition). Transforming this solution back to the v-variables, we find that O, = QS +V,
satisfies (4.10) on [1g, 7;] for all sufficiently small x > 0. Furthermore, using (4.11), (4.15)
and the bound (4.19) on V,,, we have

[ 1
0. (1) = ‘I,?Mzi’oz[l +O(r0_2)] ( ) +Or0(M)|‘I,?|,
0 (4.20)
0u(w) = Q(x1) + O(utry 2) + Oy, (VD).

In the next step of our analysis, we consider the full equation (4.10) with u = Q, + v near
the solution Q,, we just constructed. Since Q, satisfies (4.10) for all u > 0, the equation for
v is of the form

vr = [D +O(ue ) v + O((Ji + Ve [v)). 4.21)

We can again use the variables v that correspond to the exponential dichotomies of the linear
part given in (4.13). The corresponding equation is given by

U, = [D +O(ue™>)id]v + O((J/ i +e%)e’|D]). (4.22)

We now solve this equation on [y, t;] by reformulating it as the fixed-point equation

B1(2) = 2T+ O(g )T + f 2OV +e)e” [B(0)]) do =:Gi (°, B, )(T),

T

(4.23)

T

Ba(r) = e 21+ Org )] + / e 2DO((VL +e)e” [i(0)]) do =: G2, T, 1)(x),
T0

where #° = (2?, 99) € C2. The reason for seeking v (t) in the form 9;(z;) = e™/?3) will

become clear below. To solve (4.23), we use the norms

_ 2 ~ ~ 1o ~ ~ X ~ ~
2 sup (510, Nalls = sup e2TTNB(0)], 1Dl = Tl + [Tl

T[T, 1] T€[T0,71]

villu:=e

(4.24)
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for v and its components and obtain the estimates
161 @, 3, wlla < C [1971+ €™ + /0 19]n]
1G.@°, 5, wlls < C[159] +e™ (™ + /) [13]l1n]
for each o € C°([tg, 7;], C?), where the constant C does not depend on @°, 7, 19, 11, w.
Thus, upon choosing 0 < s; = e” <« 1 sufficiently small, we can apply the uniform
contraction mapping principle to (4.23): there exists a § > 0 so that (4.23) has a unique
solution ¥ € C%([ty, 1], C?) for all ° and u with |3°| < 6 and 0 < p < 8. Furthermore, the

solution depends smoothly on #° and continuously on & (when rescaled to a common interval
of definition) and satisfies the estimate

I19]ln < C7° (4.26)

for some constant C that is independent of @°, 19, 71, ). Below, we shall need v(7;) and
v(t9), which are given by

1 (1) = e™/?%Y, B2(11) = ™21+ O(ry 2)109 +e™20((e™ + y)IP°))  (4.27)

and

(4.25)

70
B1(10) = €™ " /2[1 + O(ry H)1) +/ e2(M=e7O((e” + JI|5(0)]) do
T

=e™ (e7"/[1 +O(ry )17} + O™ %)), (4.28)

U2 (10) = B3,
where we used (4.25) and (4.26). Note that the terms O(r, 2) are not present when we evaluate
O (7, 0) from (4.17) at 0 = 7 since (7, v) = id.

In the last step of the proof, we need to find all initial data 3 for which the corresponding
solution Q, () + v(t), in the original v-coordinates, lies in the s = s; fibre of W}(u). Once
this is achieved, Q,(7) + v(zo) lies in the s = ,/ury fibre of W; (1), as desired. Thus, we
set T = 7. The transversality inside the real subspace of the stable manifold W;(0) and the
unstable manifold W" (0) of (4.22) for u = 0 implies that u = Q2(11)+ v(t)) liesinthe T = 14
fibre of the stable manifold W;(u) for any sufficiently small u if and only if

vi(t) = g(va(m), w), lg(v2, | < C(lvz + |1l)

for an appropriate smooth function g, where C is some constant that is independent of 7; and
w: the estimate for g follows from (4.1) and the fact that ; is fixed independently of . Since
the transformation v — v is O(1/ rg)-close to the identity, we have a similar characterization

of the stable manifold that uses v(ty):
(4.20) o _ L2
u(t) = Qu(t) +u(t) =" Q,(1) + (1)) + O(ury *) + O, (V1)
lies in the stable manifold W3 (u) if and only if
_3 s 13
51(1) + Ot 1 *) + 0p, (Vi) = & (2(m) + Ot rg *) + 05, (VD). 1)
[g(v2, )| < C(lva] + [1]).

We need to choose 7° so that (4.29) is met. Substituting expression (4.27) for v(r;) and using
that e®/? = ;ﬁ /7o, (4.29) becomes

i [+ 007 + 0, (uh)]

(4.29)

= & (1} V7o [51 711+ 005 2188 + OG5t + VAT + 005 %) + 0 ()] 1)
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Using the estimate for g from (4.29), this equation is equivalent to

50 = O(s; 2 59) + O((s1 + VDT + 0 2) + 0y ().

Thus, choosing 0 < s; < 1 sufficiently small, we can solve uniquely for f)? as a function of
(ﬁg, ) with

_1
90 = OCs; 209 +752) + Oy (). (4.30)

To obtain the desired expression for Wi (u) at s = ,/urg, we substitute (4.30) into expression
(4.28) for v(tp) and obtain

51 (v0) = iiro (s; "1 + 005 15} + OG5 )

_1 3
= iroOGs; 02 + 7525, %) + Oy (11,
172(1'0) = ﬂg

Using the transformation (4.15) to transform from v back to the v-variable and adding the
solution Q, (7o) from (4.20), we find that the v = 7, fibre of W3 () can be parametrized by

1 _1 -
qOuirg [1+0(rg )1 +O(/Hirg sy *) +O(rg *89) + Oy, (1)

i}g + Oro (M)

u(to) = Qn(70) +v(10) =

Repeating this analysis near the rotated orbits e QY, writing 5(2) = 1™, and transforming
the resulting expression back to the (a, b) coordinates, we arrive at (4.7). |

Recall thata = G and b = (b +d/2)/s; see (3.17). For s = A/Iro, a vector of the form

ool = (1) (1) e

therefore becomes

a ! 1
<b) =cC 1 +c (O)
Jiro

and, since A = ,/ua and B = ub, we get

A— 1 ! 4.32
B_ﬂc1l+czo. (4.32)

ro

TR

Thus, the s = ,/ur fibre of the stable manifold given by

W—is-(/'l“)|r=ro : (5)

. 1 L 1 1 1
= [(wrgq,?[l +005 1+ 0052 n) + 0y, (uh)) (,) + (m+0py () ( 1)}
T2

2

Qe
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becomes

A
w; (/'L)|r =ry ° (B)

1
. 1
= /ne™ (/uro gr[1+0(rg H1+ 0@ *ny) + Oy, (M%)) 1|+ (n+0() <0>
ro
in the (A, B) coordinates.
Our goalis to find intersections of the stable far-field manifold W; () and the core manifold

W< (u), given by (3.23)

1
dy — 1d2+0< >d+0r0(|ﬂ||d|+|d| )

ldz
ro

3

W ()| A = eil=7/4+00/r)+05 (Il +ld1)]
r= ro B 1 ,
+O( 5 ) da+On(ulld] +1d]")

0

(4.33)

for small d € R?. Upon redefining 7,, we therefore need to solve

<d| - idz) <|d|)
. +0 +Or0(/1«2 +|d| )
_1d2 ro
. 11 : !
= Ve [(m%q,?n + 071+ 007 n) + 0y () (1) ’ (2)} |

Writing d; = ﬁc? j» the above equation becomes

ﬁl—iﬁz d| 0
A +0,, (u + Jild[?)
—1d2 ro

) 1 1
fd e]m [( 02 [1 +O(r0 )]+O(r0 nl)+or0(“ )> (1> <if(l)l>i| .

We set 17, = 7 & /2 and reorder terms to arrive at

dr —idy— imei
(‘ 2 T ine ) (' ') tptel® (ragPlL +OGrs?)] + Oty |m|))(>

—1d2 ro

+ /10, (1 +1d)?). (4.34)

For either sign, we can solve the (ReA,ImA, ImB)-components of (4.34) uniquely for
(dl , dz, n1) as functions of (7», 1) and obtain the estimate

(dy, do, 1) = O(rop?) + Oy (/1)
for this solution. The (Re B)-component of (4.34) is then given by

1 s
Vrogy 2 (1+0(#H3)) = O <ﬁ> +0,, (). (4.35)

Choosing ro >> 1 sufficiently large, we can solve (4.35) uniquely for 7, as a function of p
since g° # 0, which proves the existence of pairs of ring solutions.
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For the original amplitudes from (2.7) given by

S (321 W
@ d) = (Jrody, do/ o) =t (Viodi, da/ Vo)

we obtain the estimate (6?1 , d~2) = O(u%) as claimed in theorem 1. We note that the terms
o(1l/ ro)d can be calculated to leading order using expression (3.11) together with expansions
of the Bessel functions that appear in (2.4); substituting the result into (4.34) gives, after some
calculations which we omit, the expansion

~ ~ 3
(d1, do) = £q,u* (5, —1) +O0w)
of the solution of (4.34), and radial ring solutions are therefore given approximately by

u(r) = £q0ut [ Jo(r) = rdi ()] +0(w) (4.36)

uniformly for r in bounded intervals. In the far field, the amplitude of the radial rings u(r)
scales with , /i, and the expansion of u(r) in terms of the envelope pulses g, (s) that we stated
in theorem 1 follows from our proof once we reverse the coordinate transformation (3.6). This
completes the proof of theorem 1.

5. Planar spot solutions for v # 0

As outlined in section 1, spots arise since the tangent spaces 7o W' () and Ty W2 (w) of the core
manifold and the stable manifold at # = 0 have a one-dimensional intersection when u = 0.
If this tangency is quadratic, then spots will bifurcate for i > 0 since the core manifold and
stable manifold intersect transversely along # = 0 for & > 0 as u = 0 is then a temporally
stable solution.

Formally, we can find intersections of these tangent spaces by inspecting the solutions
V;(r) of the linearization of (2.2) about u = 0 at © = 0, which are given in (2.4). We find that
Vi(r) and V3(r) decay like 1//r, while V,(r) and V,(r) grow like /7 as r — oo. Hence, we
may expect that the tangent space Tp W2 (0) of the stable manifold at (4, u) = 0 is spanned by
Vi(r) and V3(r). On the other hand, we showed in lemma 1 that the tangent space To W<"(0)
is spanned by Vi(r) and V,(r). Thus, these tangent spaces would then intersect along the
one-dimensional subspace spanned by V;(r). This argument is formal because the decay of
the solutions V| and Vj is only algebraic in r as r — 0.

To make these arguments rigorous, we proceed as for ring solutions. We first construct the
stable manifold W} (u) of u = 0 near u = 0 in the coordinates (a, l;). Upon transforming
the resulting expression into (a, l;), we can track the stable manifold back to r = ry as in
the preceding section. We can then match with the core manifold W (1) to find radial spot
solutions.

We start by linearizing the far-field equation (3.16) about (a, 13) = 0 to get the equation

ds 0 1 a o a s
~ = ~ ]t ~l, .
N v ) () rom (@) 5.1)

where the estimate of the remainder term is valid uniformly in s; < s < oo for each fixed
s1 > 0. For u = 0, the general solution of (5.1) is given by

a 1
(Z) (s) = cre™*/? (_;) + cpet’? (l) .
2



Localized radial solutions of the Swift-Hohenberg equation 505

Thus, for each fixed s = s; > 0 and for all sufficiently small & > 0, we can write the
s = s1-fibre of the stable manifold W} (u) of (3.16) near u = 0 as

a 1 !
Wi(/i)|s=s1 )T )+ Os (unl +1nl7) <l>
-1 :

where 1 € C. Using (3.15) and (3.17) and redefining 1, we obtain the expression

22 2 2

for W3 (w) in the (a, b)-coordinates. Next, we transform this expression into the u-coordinates
given in (4.9) and get

~ 1 1
a
Wi(u)lml : (5) =n| 1 s |+0,(unl+InP 1 s

S1 S1
Ui 5 B
WMMEM:<)=n S Houun vy [ 2
Uz 1+ — 1——=
2 2
Our next task is to track the stable manifold from s = s to s = so := ,/ury, which

corresponds to r = ry. As in section 4, we use the system (4.10) given by
1
5 0
e = [D+O(ue™")]u + (Vi +eMe"ul), D=<é J, (5.2)
2
where T = logs and 7; := logs;.
Lemma 6. The linear equation
u; = [D+O0(ue™>)\u (5.3)

has an exponential dichotomy with exponents :I:% on [19, 11]. Furthermore, the coordinate
transformation u +— u that brings (5.3) into the form

i, = [D+O0(ue >%)idla

can be chosen such that

we =iy, wey=( . O (5.4)
0) = u(7o), 1—O(r0,2) ) 1). .
Proof. As in section 4, we multiply the remainder terms in (5.3) by the Heaviside function
H(t — 19) and obtain

ury = [D + H(t — 19)0(ue™>)]u.

This equation admits exponential dichotomies as claimed, since we have O(ue ") = O(ry 2)
for T € [, 1]. As in section 4, we also know that the unstable direction at T = 1 coincides
with the u-direction and that the transformation at T = 7y is O(r 2)-close to the identity.

It remains to prove that we can choose the stable subspace at T = 1; so that it coincides
with the u,-direction at t = 13. To this end, we recall that the linearization of the original
equation (3.7) about (A, B) = 0 s, for u = 0, given by

Ar=-5A+B+0@)A+0@)B, B =-5B+0@)B.

When we transform this equation into the u-coordinates, we arrive precisely at (5.3); see the
remark after lemma 3. Going through the coordinate transformations in section 3, it can also
be checked that the subspace (A, B) = (1, 0) becomes the subspace u = (0, 1) at T = 1.



506 D Lloyd and B Sandstede

Note the subspace (A, B) = (1,0) is spanned by the solutions (AL’ By) and (As, B;) from
(3.20). Transforming the expansions for these solutions into the (a, b)-coordinates, we obtain
the subspace

and, consequently,

(@)
wm=<im)

in the u-coordinates. We can now choose this subspace as the stable subspace at s = s;, which
establishes (5.4) and thus the lemma. [ |

Proceeding as in section 4, we can solve (5.2) formulated in the i-variables using the
weighted norms (4.24) and obtain a unique solution & () for each initial datum #° with

i (r) = e™?il, iy (1)) = e™/? (sf% [1+0(@ryH)lis +O((s) + ﬁ)|ﬁ°|)) (5.5)
and
ii1(tg) = €™ (e7"/*[1 + O(ry )i} + O™ [i"])) ir(to) = iy,  (5.6)

see (4.27) and (4.28).
Recall the expression

S$1 51

wiwl_, cu=n| A |+0uunl+mP) [ %

+ — 1——

2 2

for the stable manifold in the u-variables, which, thanks to (5.4), becomes

K S
) ~5 + 0 () o FtOw
Wi, a=n + Oy, (lun| + In1*)

1+ %1[1 +0(rg )] 1— %[1 +0(rg )]

in the u-variables. Choosing 0 < 57 < 1 sufficiently small, we can solve

1 (14 2004005 21) + 0y, Gl + 1) (1= 211+ 0672)1) =3

for n so that

Ul
n= -
L+s1[3+0@; )]

and consequently

+ 0y, (Iedil + 17)

_ sil1+00g )]

=) 5 5 1
s, Tu=n 2+51[1+0(ry )] +OS1(““7| + |77|3)< >
1 0

s e 1
=0\ + O, (| + 117 N (5.7

I =

Wi(w)|

where

1+0@s1 +75 ] > 0. (5.8)
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In light of (5.7), @i (7)) lies in W (u) provided
it (t1) = —s1Tiia (1)) + Oy, (|pita (11)| + lita (7)), (5.9)
where 71 = log s;. Substituting expressions (5.5) for i (7;) into (5.9), we obtain the equation
1 3 . 3 . .
i) = —Tys} ([1 +O(s{ +ry )]y +O(s} |u‘f|)) + Oy, (]’ + /2] ).

After choosing 0 < s; < 1 sufficiently small, we can solve this equation uniquely for ﬁ? asa
function of @) and get

1 3 . - -
@) = —Tysp (1 +0(s) +ry 23 + O, (@S] + /1xlis|).
We can now substitute 12(1’ into expressions (5.6) for i ; (1) to get
ii2(t0) = i,
_1 3 - £
ity (o) = Jiros; ? ([1 +0(s7 +rg )Nl +O(s? |ii? |)>

; ~ ~ ~
= Jurol=T1 +O(s] +ry ity + Oy, (ulis| + /i3,

where we used that e® = ,/urg. With a slight abuse of notation, we shall now set f)g =1.
Using this notation and (5.8), and exploiting (5.4), we find that the stable manifold W} () at
r = rp is given by

1 1 0
Wi, = u = iron [—5 +O(s1 +757) + Oy, (. + Jﬁlnlz)] <0> +1 (1) :

Next, we use (4.31) and (4.32) to transform this expression to the (A, B)-coordinates and
obtain

1
A 1 1
Wj(u)|r_r0:(3) =«/ﬁ «/ﬁl’oﬂ [—5+O(51+Vo_2)+0s,(ﬂ+\/ﬁ|?7|2):| l +77<0>

ro

1 1 D) ) ro
= J/un 0 +w7[—§+0(sl+r0 )+ Oy, (1 + /1eln| )} | . (5.10)

The final step of the analysis consists of finding nontrivial intersections of the stable manifold
W3 () given above and the core manifold W' (w) given by (3.23),

A .
W), <B> — il /400 /140, (ul+1dP)]

5 di[1+0(ry )] — dali+ O@ry D1+ O, (Inlld] + 1d|?)
—~dory '[i+ O(rg D1 = [1/4/3 + o(1)1/rovd? + Oy (|uel|d| + |da|* + |dy )
After redefining 1 to remove the phase in W' (), it remains to solve
. _ 1 _
di —idy + O(ry d + Oy (ld| + |d|?) = /i + pron [—5 +0(s; +74°) + 0, («/ﬁ)} ,
id>

_ 1
- +0(ry dy — [% + 0(1)} Jrovd? + 0, (ul|d| +d3? +d3)

1
= un [_5 +O0(s; +15%) + 0Oy, (\/ﬁ)} )
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If we setd; = \/ﬁc?j and write n = n; +i1,, we obtain
dy —idy — iy + O(rg )d + Oy (uld| + /ild|?) = 1 + J/1areO(),

A A 3 A A A A
_M2+0055d2—[ji+004r§¢ﬁwﬁ+(%0um+Wﬂhg+udﬁ (5.11)

= Juron [—5 +O0(s1 +r5) + Oy, (V)] -
For rg > 1 sufﬁciAently large but fixed, we can solve the (ReA, ImA, Im B)-components of
this equation for (d;, d,, ) as a function of (1, i), and we have the expansion

di = m +0(J/mm), dr = O/, n2 = OGy ym +O(/mm).

Substituting this solution into (5.11) and prOJectmg it onto the remaining (ReB)-component
along the range of the linear map dy > (—i+ O(r0 ))d>, we arrive at the equation

=[5+ o] rg v} + O Gum) = romi [~4 + 0G5 +0(s1) + 0, (VD]
Factoring out the trivial solution n; = 0, which corresponds to u = 0, we need to solve

—[ 25 + o ] Vrovni + 0, (w) = =4+ 005" + O6s1) + 0., (VD).
which has the unique small solution

V3+0@ry ") +O(s1) + Oy, (/10)

> 0.
nm = 3 \/%
In particular, using (3.21) to transform back to the original amplitudes c?l and 5?2, we see that
~ J3 ~
d1=2—u>0 dy = O(w)
v

as claimed. This finishes the proof of theorem 2.

6. Planar spot solutions for v =~ 0

To prove theorem 3, we consider the far-field equation (3.7),

A= — %A+B+RA(A, B, a, p),

o 1 01 (12
B, = — EB + ZMA +c3|AI"A+Rp(A, B, a, 1),
for (u, v) close to zero, where « = 1/r. Applying the scaling
A= uia, B = b, F = s, 6.1)

we obtain

a=b_ wo(ﬂ+u+<||+|b|)3)
2s

6.2)

2s

where the estimates for the remainder terms are valid for s > s; for each fixed s; > 0. As
before, we define

a 1 [a
-+

b p *
by = —— + % +lal’a + 120 (M + (la] + |b|)3)
S
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so that (6.2) becomes
A | b al + b))
aszbmgo(mu lm>

s3 52 s

1A 0 A ~ A ~ N3
~ 24 Cy .. 1 al+|b| (la|+|b))
b u + S1apa+ uto la| ||+ |al +|b] .
s 53 s

Using the scaling

A 1
a 3a
=("1). p=uts, (6.4)
b /,LEb

V al b al+b))?
Gy =b+pto (1Pl Qe D7)
o o 0

v 0 v Y v "3
. a ¢x3 .. al+|b al+ b
b= Gy Sapa s io (1ELEIEL, 1 QELE AT,
4 p P P

we get

(6.5)

It is now easy to show that, for each fixed p; > 0, thgre is a §1(p1) > 0 so that the p = py
fibre of the stable manifold W;(u) of the solution (a, b) = 0 of (6.5) is parametrized by

s a ~ 1 —1,~3 1~ 1
wiwl,_, p) =7\ o Ol H sl ) (6.6)
2 2

where |77] < 8;1(p1). To track the stable manifold back to s = ,u%ro, we use as before the
variables

(51) : 1 a
') = al=—1 . 2l 6.7)
b—— _Z
b s > Vs \sb 5
In these coordinates, the stable manifold at s = 51 = p; ,u_ﬁ is given by

~ ~ 1y
W“(M)| : a~ (6;7) L Aa A (6;4) pi%M% usa
* $=0 b «/H S]b—% ! plu_%ﬂgé—ué%

(6:6) v [ 1+00o Il + D)
= pﬁwn( | 1 S K (6.8)
=31+ p1 + O 717 + 3]
where |77 < §1(p1). Using T = log s, equation (6.2) becomes
&r = 5+7§,[(&, 57 Sa /J/)v
7 (6.9)

.G > L
ho=24s? [“’ a +c(3)|51|251:| +Ra(@, b, 5. 1)
4 4
in the variables (6.7), and the remainder terms satisfy the following estimates:

Lemma 7. The remainder terms R i(a, 5, s, i) are smooth in (a, I;) and continuous in (s, |L)
for s > 0, and they satisfy the estimate

R (@, b, s, 1) = u?0(s )@, b) +spu2 Ol + b)) + > 0(al + b)*), rops <s < pip i
(6.10)

uniformly in rg > 1 and p; < 1. This estimate is also valid for the derivatives of R j with
respect to (a, b).
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We omit the proof of lemma 7 as it is similar to the proof of lemma 3. We now proceed as
in section 5. Using the variables u from (4.9) and the exponential dichotomies from lemma 6
together with the associated coordinates i, we arrive at the system

~ L o=2tyig1s 020~ o~ 20~ |~ 1 INa2t ~ Li~3
i =[D+O0(uze™")idlu + c3e" [uy + us|”(uy + u2) | +O0(u2)e'u+0(u2|ul’),

(6.11)

where T € [19, 71] withe®™ = 59 = rolﬁ ande™ = s5; = plu‘%. We convert (6.11) into the
integral equation

T
ity (1) = e/ +/ e™2(1 + O(ry2)) [O(;ﬁ)ez"ﬂ +0(( + ;ﬁ)|ﬂ|3)] do

T

fin(z) = ™ D20 4 / e D21+ 035 %) [ow%)e”a +0((e™ + M%)WIS)] dar.
To
Next, we set
1
- M4u1 ~ us
i = ———, Uy = ——= (6-12)
Vllog | Vllogpl
and obtain
i (v) = i)
T 2 2 2 [ Liv 62(7_’_“%
+/ e (1+ 03y ?) [e* (O(ui)ul +O(IN)M2)+—
! |log

O Jiiy |+ mm] do,
(6.13)

iy (t) = e™ /25

i 2 20 | 22 N Ly e +u2 Siv 3L 3
# [ e ORa w007 | & (06 + 0uehi) + S0 + i) | do.
7 |log u
We denote the right-hand sides of (6.13) by G, (i1°, iz, ) and G, (ii°, i, 1), respectively. Using
the weighted norms

v —(t— 2~ v —(t0—1)/2|~
lille = sup e "2 (1)), lialls = sup e @ i, (1)),
<< HSTLT

we find after some algebra that the right-hand sides G; (1%, iz, ) of (6.13) satisfy the estimates

B 1 1
3 1 2 1 3 2,72
0 20y 3 3 P1 v o3 3.3, PiTo .13
1Gillu < C | luy| + o llur || + pf rg 2]l + liill” + | pirg + llazll” |,
[log p| [log |
(6.14)
B 5 1
) 2 7% v 2~ 157'()_5 .03 P1ro v o3
1Galls < C | lus| + pirg *llur | + pf lluzll + llay|I” + llaall” |
[log p] |log

where the constant C is independent of (p;, ry) and @°, i, ). Thus, for any fixed K > 0 and
ro > 1, there exists a g; such that (6.13) has a unique solution # for each %° with |i°| < K
and each p; < p;. This solution also satisfies
) y o e -
lill < Clil, i = (g )| < Co71E1 6.15)
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We shall see below that K can be chosen as ,/2/ |c2|. We now evaluate i(7) at T = 1y and
T = 17 and obtain

- 0
uy(ty) = uy,

y -t Lo, OUE°P) vl Lo, . O(E°P)
iip(11) = e~ 1’/2[ +O0(p7 i) + = pirg py * |3+ O3] + ———
[log p| | log 4]

and
v _~0
U (To) = Uy,

iy (1) = 2 [ +0(p{ 10 +0(p; 1°)] = g oy [ +0Go} 8 +OGo} 8°F) |
Setting
i’ = '1—0, valid for |7°] < K
Vog ] VIog il

and transforming the expressions above back to the ii-variables using (6.12), we obtain
~ 1.
i (1) = prid,
~ L3 =570 21~0 ~0,3 (6.16)
iz () = pirg py > [y + Op7|a°]) + O(a° )]
and

1

. N [ Ar2 B .
it (t9) = p2 [rgpl 24 +O(rg p1d°]) — %Hogmw (1 +0(p7 +r; 2>)+0r0<|u°|3>]
(6.17)

ﬁz(‘L’Q) = ﬁg
Indeed, using (6.13) and (6.15), the integral containing the e
for 111 (7p) can be calculated as follows:

2 0|a|2a term in the expression

T
|l | / 0 e(rofa)/zezacg[M%e3(0711)/20(|ﬁ0|3) + e(afrl)/ZerofaO(mOlS)
og i

+p e |2ﬁ3](1+0(r(;2))do

0 T
_ S 610/2/ 0 [O(| | )( L3023 | o=1/2gT0g )+M e3’°/2|12(2)|2112]
|log T

x (1+0(ry ) do

—| e [0 (1he™/2 +e™ 2™ ) 4 1~ (70 — T a3 i | (1+ O )

|log
O 013
- v0,2~v0 -2 P“|u |
= 1+0 + + 0O, .
2 /L | | u2( (;01 Ty ) 0 ( |10gM| )

It is this resonance between the cubic and linear terms that creates the logarithmic terms in our
expansions.

Now that we solved the underlying differential equation in the region [y, 7], we can track
the stable manifold W;(u) from t = 7; to T = 7. Recall from (6.8) that

o (a)_uiﬁ( 1+0G; 7P + 1) )
= \B) o \ A+ o+ OG0 iR + D]

1
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where || < &;(p;). Using the coordinate transformation (4.9) to the u-variables and
subsequently the coordinate change (5.4) to the exponential-dichotomy variables i, we arrive at

L1 —1,~12 1
By — 5+ 007 il + 1)

Wil _, © d(m) =— ,
pi \[1+5 00 il +luip] a1+ 065

T=T]

We need to find #° with |i°| < K|log ul’% so that i(t;), as given by (6.16), lies in W3 (u),
which leads to the system

1

00— 7 _AL O 21712 + 1

1 =1 =5+ 00y “[a17 + |t D)

i~ ~ ~ ~ o 1~ 1 _
ri [+ 0GoRIa") + 0" )] = i [ 1+ 2 + OG0 17 + 115 | (1 + 047
that has the unique solution

n = ro%[l +o(1)]@@ + O(o?|i)),

i = Vrzo'ol[1+o(1)]ﬁ(2’ (6.18)

for |7°] < K| log,u|‘%, where o(1) denotes terms that go to zero at p; — 0 and rp — o0
uniformly in . Substituting (6.18) into (6.17), using (5.4), and setting n := 12(2), we obtain

i (1) = [—’—0[1 + oDl — 278 | log ulnPall +0(1) + 0 (IIOgMII)]}
2 2 & (6.19)
ur(t) =1

for |n| < K|log y,|‘%. Proceeding as in (4.31) and (4.32), except that we use the new scaling
(6.1), we arrive at the expansion

AN A |
Wf(M)L:mI B =i(w) | 1 ) +it2(70) 0

ro

win[1+0, (1) + 0, (1 log ullnP) |

3 1 Sro 2 -1
win —§+0(1)—‘7|10gullnl [1+0(1)+ O, (|log ul™ )]

(6.20)
in the (A, B)-coordinates. On the other hand, (3.23) gives the expansion
Wcu(m| . (A) — oll=T/4+0(1/r)+0,, (ul+1d )]
- r=rp B
5 di[1+0(rg )] = doli + O(rg )1+ O, (|l ld] + 1d]*) 621)
—dory [+ O(rg )] = [1/+/3 + o(D]/Fovd? + Oy, (|ulld| + da | + |di )

for the core manifold. We seek nontrivial intersections of W;(u) and W (u) at r = ro,
which, after redefining n to remove the phase el in (6.21), can be found as solutions
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to the system
di[1+0(ry )] = doli + O(ry )] + Oy, (|alld] + |d )
= iy [ 140, (uh) + 0y, (u log ulInP)] .
—dory '[i+O(rg )1 = [1/v/3 + 0o(D)1/rovd] + Oy, (Inlld| + daf* + |di )

3 1 cor _
= puin [—— +o(l) — 3—OI log ullnl*[1 +0(1) + Oy, (| log | l)]} ;

(6.22)

where | < K|logu|™ > foreach fixed K > 0. We can proceed as in section 5 to find nontrivial
solutions of (6.22): writing n = n; + i1y, and solving the (ReA, ImA, ReB)-components of
(6.22) for (dy, d,, n2) as functions of (1, ), we obtain

dy = wim[1+0G5 )], (dy, ) = l:—:O(m) +0,, (7). (6.23)

Proceeding as in section 5, it remains to solve the equation

v 1 A
ik +o(DI/rom} + Oz +pind) = win [—5 +o(l) — 37°| log uln?[1 + o(l)]] .

Dividing by 7, and using the new variables
M <1
N =———— v=>vu+/|logul
V1ol log ]

with |77;| < K, we obtain the equation
2v 3k
1+o(1)—7[1+o(1)]m +— [1+o(1)]_0 (6.24)

where we also substituted c3 =3k/4 #£0.
First, we set v = 0 and obtain the equation

I+o(l)+ —771[1 +o(l)] =

This equation has two real solutions when k < 0 and none when ¥ > 0. Thus, for ¥ < 0, two
localized radial spots bifurcate from p = 0, and their amplitudes scale like

S _ 2% pi

d, =
«/—3/( +/log |

Next, we set k > 0 and vary v near zero. Fold bifurcations of radial spots correspond to double
roots 771 of (6.24). For « > 0, we find that folds occur when

2 3
m =% I [I+o(D], V= i% [I+o(D],

where the o(1) term becomes as small as we wish upon making p; < 1 small and ry > 1
large. In the original variables, we have

. [2 wi
d ==+, —[1+0(1)] ——— amplitude of Jy(r)
3 VI log |

3
+ % [1+o0o(1)] u= \/ | log | fold curve in parameter space,

which completes the proof of theorem 3.

amplitude of Jy(r).
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7. Numerical algorithms

In this section, we briefly outline how we numerically compute localized radial patterns in
the Swift—-Hohenberg equation and assess their stability with respect to planar perturbations.
We also describe how Maxwell curves of one-dimensional roll patterns can be computed
numerically.

Initial-value problem solver. To assess the stability of localized radial patterns of the Swift—
Hohenberg equation with respect to non-radial perturbations, we use an initial-value problem
solver for the planar Swift—-Hohenberg equation (1.1). We pose (1.1) on a large square domain
with periodic boundary conditions and use the two-dimensional Fourier transform to reduce the
resulting nonlinear PDE to an infinite-dimensional system of ordinary differential equations.
This system is then truncated at a sufficiently large Fourier mode N and solved in time using
the first-order exponential time-stepping algorithm developed in [9, 19].

Numerical continuation of localized radial patterns. 'We compute stationary radial patterns of
the planar Swift-Hohenberg equation as solutions of an appropriate boundary-value problem.
The radial Swift—-Hohenberg equation (1.2) can be written as

2 rrr rr r r
u _u_+”_3+2(ur,+u—)+(1+u)u—f(u)=0, (7.1)
r r

r r2

Urrrr

whereu = u(r) andr = {/x2 + y2 € R*. To ensure that u(r) corresponds to a smooth solution
u(x, y) in Cartesian coordinates, we require that u(r) satisfies

ur(0) =0, urrr(0) =0 (1.2)

at the core r = 0. We compute solutions of (7.1) on the bounded interval r € (0, R) for an
appropriate large but fixed R > 1 with Dirichlet boundary conditions

u(R) =0, Uy (R) =0 (7.3)

at r = R. Rewriting (7.1)—(7.3) as a first-order system in the variables (uy, us, u3, ug) =
(u, uy, uyr, uyrr), we can continue their solutions u in the parameter p with v fixed or in the
parameter v with u fixed using the boundary-value problem solver auto2000 [12]. Initial data
for continuation are obtained by first solving the one-dimensional Swift—-Hohenberg equation
and then using parameter continuation to add in the radial terms; see [18, 23].

We note that we do not need a phase condition since (7.1) is nonautonomous. It is also
known that transversely constructed solutions of (1.2) that decay exponentially as r — oo
persist as solutions to (7.1)—(7.3) provided R is sufficiently large; see, for instance, [33].

While continuing radial pulses as solutions of (7.1)—(7.3), we can assess their stability
with respect to D-symmetric perturbations for fixed k € N by solving simultaneously the
linearized partial differential equation restricted to the kth Fourier mode. More precisely,
consider the linearization

Lv=1+A)v+[u— fu@E)v

of the planar Swift—-Hohenberg equation (1.1) about a radial pulse u = u(r). Since L is self-
adjoint, it suffices to monitor whether the equation Lv = 0 has nontrivial solutions to detect
bifurcations. We seek such solutions in the form v(x, y) = e*?w(r) for fixed k € N, where
w(r) satisfies the fourth-order differential equation

1 K2\ 2
<8rr 0, - r—z) w1+ — W =0. (7.4)
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We solve this equation on (0, R) with the boundary conditions
w,(0) =0, wyr(0) =0, w(R) =0, w,(R) =0 (7.5)

and the integral condition

R
/ w(r) dr—y =0 (7.6)
0

for y € R. In our computations, we focus on perturbations with Dg-symmetry and therefore
pick k = 6. We solve (7.1)—~(7.3) and (7.4)—(7.6) together in AuTo2000 for (u, w, y) with
(w, ¥) = (0, 0) and continue these solutions in u for v fixed. Bifurcation points corresponding
to eigenfunctions with Dg-symmetry are then detected in Aut02000, and we can compute the
resulting eigenfunctions in Aauto2000 by branch switching in y, where p is held fixed at the
bifurcation value. Subsequently, stability curves can be traced out by fixing y = 1 and
continuing solutions (u, w, w, v) of (7.1)—(7.6).

Maxwell curves of roll patterns. 'The Maxwell criterion is a heuristic existence condition for
fronts of the one-dimensional Swift—-Hohenberg equation. It asserts that fronts that connect the
trivial state # = 0 to a spatially periodic roll pattern uy, (x) of period L exist if the roll pattern
has vanishing energy and Hamiltonian (see [24] and references therein for a discussion), where
the energy is given by

L
E(u) = / Guz —u?+ %(1 + u’ — F(u)) dx,
0

where F’ = f with F(0) = 0, and the Hamiltonian is defined pointwise for each x by

HW) = uxtyyx — %uix + ui + %(1 +u* — Fu).

There are various ways of computing Maxwell curves [5, 6, 18]. Here, we consider stationary
solutions of the one-dimensional Swift—-Hohenberg equation, which satisfy the system

uy = uy,
/ —
U, = us,
uy = ug, (71.7)

uy = cuy —2uz — (1 + puy + Fuy)

on the interval (0, L), where c¢ is a new free parameter. Spatially periodic rolls with zero
Hamiltonian satisfy the boundary conditions

u;(0) =u;(L), j=1,...,4,

1 2 2.1 2 (7.8)
u2(0)us(0) — 3u3(0)” + u2(0)” + 5 (1 + wWu1 (0)” — F(u1(0)) = 0.
In addition, we use the integral constraints
L
/ Oyu}) (W —ui)dx =0,
0 (7.9)

L 1
/ (Eug—u§+§(l+,u)u%—F(u1)> dx =0,
0

where the first condition is the standard phase minimization constraint for periodic solutions
(u} denotes the periodic solution at a previous continuation step), and the second condition
enforces that the energy vanishes along u;(x). The Maxwell curve can now be found by
solving system (7.7)—(7.9) in the free parameters (u, v, ¢, L).
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Implementation.  All computations were carried out on PHOENIX, a server with two 3GHz dual
core Xeon processors and 8GB of RAM running Mac OS 10.4. The initial-value problem
solver was implemented in MATLAB. We solved the boundary-value problems described above
using auto2000 [12]: all auTo constants except NTST and NTHL were held at their default values.
We modified the NTHL array to give the L?-norm a weighting of zero in the computation of
the pseudo-arclength. Furthermore, we used NTsT = 200 and R = 100 for all computations
except that we chose NTsT = 5000 and R = 1000 when p gets close to zero.

8. Numerical computations of rings and spots

In this section, we explore the existence and stability of localized radial solutions of the Swift—
Hohenberg equation numerically. In the process, we shall also validate our bifurcation results
for radial rings and spots near © = 0. We consider the Swift-Hohenberg equation

ur:—(1+A)2u—,u¢u+vuz—u3 (8.1)
with a quadratic—cubic nonlinearity and the equation
u; = —(1+ A)zu — uu +rud —u’ (8.2)

with a cubic—quintic nonlinearity, where (x, y) € R2.

8.1. Planar ring solutions of (8.1)

We consider localized radial ring solutions of (8.1). For this equation, the coefficient cg defined
in theorem 1 is given by cg = % - %vz, and we have cg < O0forv > v, 1= /27/38 ~ 0.843.
Theorem 1 asserts that, for each fixed v > v,, infinitely many pairs of localized ring solutions
bifurcate at © = 0 into the region u > 0. For large r, the profiles of the bifurcating ring

solutions are given by

u(r) ~ = /lign (JIir) cos(r + @),
where the functions g, (s) are homoclinic orbits of the far-field equation (4.5), and the index
n € N indicates the number of zeros of the envelopes g,. We have not been able to find
radial rings numerically for n > 0, as the envelopes g, with n > 0 correspond to multi-pulse
solutions of the far-field equation (4.5) which seem to have very large separation between
consecutive zeros. In the following, we therefore present numerical simulations for the two
rings withn = 0.

First, we check the asymptotic expansions
w© =0@™),  urg) =0, maxu(r) =O(/n)

=

that the analysis in section 4 predicts for 0 < u < 1 and any fixed ry > 0. In figure 6, we plot
the values of u(0), #(15) and max u(r) of numerically computed rings withn = 0 forv = 1.6
and find good agreement for the scaling of #(0) and excellent agreement for #(15) and max u.

Next, we continue the two ring solutions with envelopes ¢ (s) away from the bifurcation
point & = 0. The results are shown in figure 7. We find that both branches begin to snake
between the same well-defined limits: as we move up along each branch, the rings become
broader by acquiring more rolls in their interior. Note that the vertical asymptotes of the
saddle-node bifurcations on the left and right are close to the snaking limits 4 = 0.181 and
n = 0.211, respectively, of localized rolls in the one-dimensional Swift—-Hohenberg equation.
This is not surprising as the rings are centred at large values of r, where the radial equation is
close to the 1D equation. All solutions are unstable to Dg-symmetric perturbations but have
alternating stability with respect to radial perturbations as indicated in figure 7.
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Figure 6. Shown are log—log plots of u(0), #(15) and max u versus the parameter p for localized
rings of (8.1) forv = 1.6 with0 < p < 1.
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Figure 7. The bifurcation diagram of localized rings of (8.1) with v = 1.6 is shown. The dashed
bifurcation curve and the associated solution profiles labelled (1), (2) and (3) correspond to the
envelope —qo, while the solid bifurcation curve and the associated solution profiles with labels
(4), (5) and (6) correspond to the envelope go(s) > 0. As one traverses up the solution branches,
rolls are added to the ring structures. All rings are unstable with respect to Dg-perturbations,
but, as indicated in the inset, they are alternately stable (s) and unstable () with respect to radial
perturbations as one moves up the solution branches through consecutive folds.

We note that, in the 1D case, the different branches of localized rolls are connected by
asymmetric localized structures [7], which bifurcate at pitchfork bifurcations from the localized
rolls. We do not believe that there is an analogue of this snakes-and-ladder structure in the
radial case, since there is no evident mechanism for creating additional bifurcations along the
solution branches.
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Figure 8. Spots of (8.1) are shown for v = 0.8. (a) Bifurcation diagram of spots. (b) Log—log
plot of the maximum height «(0) versus the parameter u: the solid line is the result of numerical
computations, which we fit with the dashed line 0.511og i + 0.95. Panels (c¢) and (d) contain the
profile of a typical spot on the lower branch and its deviation from the Bessel function Jy.

8.2. Planar spots of (8.1)

Theorem 2 asserts the existence of spots of (8.1) for any fixed nonzero v when 0 < p < 1.
In particular, spots should exist for v < v, = 4/27/38 ~ 0.843, where rings cannot exist. We
compute spots numerically for v = 0.8 < v, and summarize the results in figure 8. Spots do
bifurcate off # = 0 at u = 0 and turn around at a saddle-node bifurcation at u = 0.0118. At
this fold, spots regain stability with respect to radial perturbations, but they remain unstable
with respect to hexagonal perturbations with Dg-symmetry. The spot then passes through
@ = 0 with nonzero amplitude and turns into a non-localized target pattern: this is reminiscent
of the Turing instability of 1D pulses considered in [34]. The computations shown in figure 8
also confirm the scaling u(0) ~ /i as u — 0 that theorem 2 asserts. Finally, a comparison
of the spot profile with the Bessel function Jy(r) is shown in figure 8(d): we see that the core
is approximated well, while the error increases as we move into the far field. The oscillations
visible in figure 8(d) are due to phase shifts in the underlying roll pattern cos(r + ¢), which
we did not factor in.

Next, we compute spots for v = 1.6 > v, and summarize the results in figure 9. Panel (a)
gives the bifurcation diagram of spots: as predicted by the analysis, spots bifurcate off u = 0
at u = 0. Initially, spots are unstable with respect to radial and hexagonal perturbations. At
© = 0.015, spots undergo a Dg-symmetry breaking bifurcation: from this point onwards, spots
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Figure 9. The bifurcation diagram of spots of (8.1) with v = 1.6 is shown in panels (a) and
(b). Unstable solutions are indicated by dashed lines and stable solutions by solid lines, and the
vertical line indicates the Maxwell point of 1D rolls that occurs for 4 = 0.2. Spots undergo
two Dg-symmetry breaking bifurcations that are indicated by squares in panel (a). Panels (¢) and
(d) contain color plots of the spot and the associated neutral localized eigenmode at the second
symmetry-breaking bifurcation at 4 = 0.15.

are unstable only with respect to radial perturbations. They gain full PDE stability at a fold
bifurcation at © = 0.27. At u = 0.15, a second D¢-symmetry breaking bifurcation occurs:
the spot and the localized neutral eigenmode with Dg-symmetry are plotted in figures 9(c) and
(d). This bifurcation creates localized hexagon patches, which were studied in detail in [24].
The spots then proceed to undergo a sequence of fold bifurcations near the 1D Maxwell point
located at 4 = 0.2. Details of the resulting snaking behaviour are shown in figure 9(b), where
we plot the L?-norm of the radial spot profiles against the parameter ;. As one moves up the
branch, rolls are added one by one to the tails of the spots: for the 2D pattern, this corresponds
to adding concentric rings that surround the spot; see figure 1. Figure 9 shows that the
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Figure 10. The bifurcation diagram of spots of (8.1) in the (i, v)-parameter space is shown.
Folds and symmetry-breaking bifurcations are indicated by the labels sn and sB, respectively. The
Maxwell curve and the fold curve of 1D rolls are labelled mc and sNR, respectively. Spots are linearly
stable inside the light shaded region and snake inside the darker shaded region. The upper fold of
spots, the Maxwell curve and the fold curve of rolls all terminate on the v-axis at v = /27/38,
which corresponds to cg = 0 and is indicated by the bullet. A log—log plot of the lower fold of
spots near the origin is shown in the inset, confirming the scaling predicted in theorem 3(ii).

amplitude at the core is still much larger than the amplitude of the concentric rings that are
added.

Figure 10 summarizes the existence region of localized spots of the quadratic—cubic Swift—
Hohenberg equation (8.1). We find a large parameter region where spots are linearly stable,
and a wedge-shaped region where spots snake. Spots lose stability in two different ways: the
upper stability boundary corresponds to the Dg-symmetry breaking bifurcation where localized
hexagon patches bifurcate from spots. The lower stability boundary is a fold curve: this curve
continues all the way to the origin (i, v) = 0 and coincides therefore with the fold curve
analysed in theorem 3(ii). The predicted scaling v = ;ﬁ | log ,u|% is confirmed in the inset
by numerical computations. We note that stable spots exist below the existence region of 1D
roll patterns, which is demarcated in figure 10 by the fold curve of 1D rolls labelled sNr. The
bifurcation diagram shown in figure 10 forms the radial part of the much richer bifurcation
diagram for spots and localized hexagon patches described in [24, figure 33] to which we refer
the reader for more details.

8.3. Planar spots of (8.2)

Theorem 3(i) asserts that spots exist also in the cubic—quintic Swift-Hohenberg equation (8.2).
The predicted amplitude scaling is

w(0) ~ i |log |2 (8.3)

so that spots of (8.2) bifurcate with much larger amplitudes than the spots of (8.1) that have
amplitude proportional to /ﬁ. Figure 11 confirms the scaling (8.3).
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Figure 11. Log-log plot of the amplitude #(0) of spots of the cubic—quintic Swift—-Hohenberg
equation (8.2) for v = 1.6.

9. Summary and open problems

In this paper, we proved that localized radial structures bifurcate subcritically from
homogeneous rest states that undergo Turing instabilities. Ring-like structures bifurcate
when the Turing bifurcation is subcritical, that is, when stripe patterns coexist with the stable
homogeneous rest state. In contrast, localized spots are found to exist for arbitrary quadratic
nonlinearities irrespective of the criticality of the Turing bifurcation. The major implication
is that coexistence of a patterned state and the trivial state is not required for localized spots
to exist. This is an intrinsically 2D result, since 1D localized patterns require a subcritical
bifurcation for existence, and suggests that other bifurcations should be inspected to see whether
they can give rise to localized structures. Our proofs focused on the Swift—-Hohenberg equation,
with an arbitrary nonlinearity, but our results are also applicable to reaction—diffusion systems
due to the centre-manifold reduction near Turing bifurcations that was proved for planar radial
patterns in [36, chapter 3].

Our analysis of localized rings required a subcritical Turing bifurcation. In this situation,
rings and spots can snake so that a family of localized radial structures with an arbitrary spatial
width coexist. Localized rings of vegetation that expand have been observed in the Negev
desert, see [26, 37]. Numerically, localized rings tend to be unstable with respect to hexagonal
perturbations in the quadratic—cubic Swift—-Hohenberg equation (though they can stabilize in
certain parameter regions). However, rings might be stable in larger parameter regions for
other models.

Localized spots have been found in a variety of physical experiments, for example, in
gas discharge systems [3,4, 15,27], nonlinear optics [25], chemical reactions [11,21,41], and
ferro-fluid experiments [32], to name but a few. In most of these systems, there is bistability
between Turing patterns and the homogeneous rest state.

One exception is the ferro-fluid experiments of Richter [32], where domain-covering
stripes are found to bifurcate supercritically [31]. In these experiments, both domain-covering
hexagons and isolated ferro-solitons were found, but localized patches of hexagons were not
observed. The height of the radially-symmetric ferro-solitons is far larger than that of the
domain-covering hexagons. We will now provide a possible interpretation of this experiment,
by analogy with the Swift—-Hohenberg equation. In [24], domain-covering hexagons were
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Figure 12. Results for radial spots in three space dimensions are shown. Panels (a) and (b)
contain log-log plots of the amplitude max u of 3D spots versus the parameter j, respectively, for
the quadratic—cubic Swift—-Hohenberg equation (8.1) with v = 1.6 and the cubic-quintic equation
(8.2) with v = 2. The associated bifurcation diagrams away from onset are shown in panel (c) for
equation (8.1) and in panel (d) for equation (8.2).

found to be bistable with the trivial state and to exist in a large open parameter region in the
regime where the Turing bifurcation is supercritical. However, localized hexagon patches were
found to exist only in a very small wedge in parameter space. Furthermore, these patches have
large spatial extent. In the ferro-fluid experiments, the dish is comparatively small compared
with the ferro-soliton, and we therefore speculate that a very large dish would be required in
order to observe localized hexagon patches in this experiment. The observed ferro-solitons
correspond to the spots that we found in the Swift-Hohenberg equation with one key difference:
in the ferro-fluid experiment, spots are stable unlike in the Swift—-Hohenberg equation. As in
the supercritical regime of the Swift—-Hohenberg equation, ferro-solitons eventually cross into
the region where the spatially homogeneous state loses temporal stability. In particular, these
spots do not snake. In order to observe the effects of homoclinic snaking in the ferro-fluid
experiment, one would need a fluid that allows for stripes to bifurcate subcritically.

Finally, we outline open problems. One interesting issue is the existence of radial spots in
three space dimensions. Such solutions are of particular interest in nonlinear optics, where they
correspond to light bullets. In figure 12, we show numerical computations of the quadratic—
cubic and the cubic—quintic Swift-Hohenberg equation which indicate that radial 3D spots
bifurcate in the same fashion and with identical scaling as the planar spots discussed in
theorems 2 and 3. We believe that the bifurcation analysis presented in this paper can be
extended to the 3D case. Interestingly, figures 12(c) and (d) indicate that 3D spots do not
appear to snake as we continue these solutions away from the bifurcation point at © = 0: we
do not currently understand this behaviour.

In theorem 3(ii), we proved the existence of localized radial spots near (u, v) = 0. The
computations shown in figure 8(a) indicate that these spots turn into non-localized stationary
target patterns when their branch crosses into the region u < 0 after it turned back at the fold
bifurcation. It would be interesting to study the transition to target patterns analytically as
these structures have their maximal amplitude at the core, in contrast to the ring-like target
patterns found in [36].

One issue that we did not address from a theoretical viewpoint is the stability of spots and
rings. We believe that linear stability will depend on the specific form of the nonlinearity: it
would be interesting to see whether the small-amplitude spots of the Swift—-Hohenberg equation
are indeed unstable with respect to only radial and hexagonal perturbations. It is worthwhile to
recall that ferro-solitons can be stable, which indicates that there may be circumstances where
small-amplitude spots are unstable only to radial perturbations.

The tails of the localized spots we found decay in an oscillatory fashion to zero as
r — oo. This suggests that bound states of several spots may exist, and certain bound-state
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configurations have indeed been analysed in [42]. It would be interesting to study bound states
more systematically using, for instance, the theory developed recently in [45].

A very interesting class of solutions is time-periodic localized radial structures, which are
often referred to as oscillons. Such solutions have been observed in many different experiments,
often under subharmonic forcing, and we refer the reader to [2,22, 38,40] for examples. In
one space dimension, bifurcations to oscillons have been studied recently in [44] near spatially
homogeneous Hopf bifurcations with subharmonic forcing. In [36], the bifurcation to target
patterns at supercritical Hopf bifurcations was analysed. It would be interesting to see whether
radial spots bifurcate near subcritical Hopf bifurcations, possibly under temporal forcing.
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