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ABSTRACT. We analyze the effect of adding a weak, localized, inhomogeneity
to a two dimensional array of oscillators with nonlocal coupling. We propose
and also justify a model for the phase dynamics in this system. Our model
is a generalization of a viscous eikonal equation that is known to describe
the phase modulation of traveling waves in reaction-diffusion systems. We
show the existence of a branch of target pattern solutions that bifurcates from
the spatially homogeneous state when ¢, the strength of the inhomogeneity,
is nonzero and we also show that these target patterns have an asymptotic
wavenumber that is small beyond all orders in €.

The strategy of our proof is to pose a good ansatz for an approximate form
of the solution and use the implicit function theorem to prove the existence of
a solution in its vicinity. The analysis presents two challenges. First, the lin-
earization about the homogeneous state is a convolution operator of diffusive
type and hence not invertible on the usual Sobolev spaces. Second, a regular
perturbation expansion in € does not provide a good ansatz for applying the
implicit function theorem since the nonlinearities play a major role in deter-
mining the relevant approximation, which also needs to be “correct” to all
orders in . We overcome these two points by proving Fredholm properties for
the linearization in appropriate Kondratiev spaces and using a refined ansatz
for the approximate solution which was obtained using matched asymptotics.

1. INTRODUCTION

Reaction-Diffusion equations describe the evolution of quantities u(z,t) that are
governed by “local” nonlinear dynamics, given by a reaction term F'(u), coupled
with Fickian diffusion,

ou
(1) py = DAu+ F(u).

They are generic models for patterns forming systems and have applications to a
wide range of phenomena from population biology [Fis37, [KPP37], chemical re-
actions [Win73|, [KH81l Mer92], [TEF80a], fluid [NW69, [Seg69] and granular [ER99,
AT06] flow patterns, and in waves in neural [Fit61l NAY62l [CH09] and in cardiac
[GIP*95] tissue.

The onset of self-organized patterns in reaction-diffusion models typically corre-
sponds to a bifurcation where a steady equilibrium for the local dynamics @ = F'(u)
loses stability either through a pitchfork bifurcation, giving a bistable medium, or
through a Hopf bifurcation, giving an oscillatory medium. In the latter case, a defin-
ing feature is the occurrence of temporally periodic, spatially homogeneous states,
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and an analysis of the symmetries of the system show that they can generically give
rise to traveling waves, spiral waves, and target patterns [GSS88, [DSSS05]. A pro-
totypical example of these behaviors is the Belousov-Zhabotinsky reaction where
chemical oscillations are manifested as a change in the color of the solution. This
system displays self-organized spiral waves, i.e. they form without any external
forcing or perturbation, as well as target patterns, which in contrast form when an
impurity is present at the center of the pattern [SMOG, [PV87, [TF80a].

As already mentioned, these patterns are not specific to oscillating chemical
reactions and in fact can be seen in any spatially extended oscillatory medium.
In this more general setting, and for the particular case of target patterns, an
impurity or defect constitutes a localized region where the system is oscillating at
a slightly different frequency from the rest of the medium. Depending on the sign
of the frequency shift, and for systems of dimensions d < 2, these defects can act
as pacemakers and generate waves that propagate away from the impurity. In the
case when d = 2, these waves are seen as concentric circular patterns that propagate
away from the defect.

Showing the existence of these target pattern solutions in reaction-diffusion sys-
tems, and related amplitude equations, has been the subject of extensive research,
see [KHS1, [TES0D, [Hagl1], Nag91l IMMI5, [GKS00, [SM06L, [KSO7, [TJarT5] for some
examples as well as the reference in [CH93]. Mathematically one can describe these
patterns as modulated wave trains which correspond to solutions to of the form
u(x,t) = us (d(x,t); Vo(x,t)), where u,(&;k) is a 27 periodic function of £ that
depends on the wavenumber, k [KH81l [DSSS05, [KS0T7]. In other words, these pat-
terns correspond to periodic traveling waves, whose phase varies slowly in time and
space. Using multiple scale analysis one can show that the evolution of the phase,
¢, over long times is given by the viscous eikonal equation,

b1 = Ad - |V

This equation has been studied extensively in the physics literature, starting with
the work of Kuramoto [KT76]. More recently it was shown that it does indeed
provide a valid approximation for the phase modulation of the patterns seen in
oscillatory media [DSSS05].

Since oscillating chemical reaction can be thought of as a continuum of diffusively
coupled oscillators, it is not surprising that an analogue of the above equation can
also be derived as a description for the phase dynamics for an array of oscillators.
Indeed, in Appendix [A] we formally show that the following integro-differential
equation provides a phase approximation for a slow-time, O(1) in space, description
of nonlocally coupled oscillators,

(2) $r=Lxp=|T Vo +eg(z,y) (z,y) e R

This equation will be the focus of our paper. Here the operators £ and J are
spatial kernels that depend on the underlying nonlocal coupling between the os-
cillators. In particular, the convolution kernel £ models the nonlocal coupling of
these phase oscillators and can be thought of as an analog of A. Similarly, the
term |J * V@|? = J * Vé - J * V¢ represents nonlocal transport along diffused gra-
dients and is a generalization of the quadratic nonlinearity of the viscous eikonal
equation. Finally, the function g(z,y) represents an inhomogeneity that perturbs
the “local” frequency of the oscillators. Notice that the viscous eikonal equation
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is recovered when £ and J are the Laplacian and the identity operator, respec-
tively. This framework also incorporates other models for spatio-temporal pat-
tern formation, including the Kuramoto-Sivashinsky equation which corresponds
to L=-A-A% 7 =1d.

Our mathematical motivation for studying the above model comes from its non-
local aspect and the resulting analytical challenges. The approach we propose for
studying the operator £ is novel and could be adapted to study other problems
which involve similar convolution operators. In particular, the type of linear oper-
ators that we will consider are a generalization of the kernels used in neural field
models or continuum coupled models of granular flow. Just as in reaction-diffusion
systems, these models exhibit spatio-temporal periodic patterns, bumps, and trav-
eling waves, (see [Coo05], Erm98, [PE01, [KB10al for the case of neural field models,
and [UMS98] [VO98, [VOO1l,[AT06] for the case of patterns in granular flows). In par-
ticular, among the examples of traveling waves seen in experiments and replicated
in the neural field models are spirals and target patterns [HTY 04, [KB10b, [FB04],
which are of interest to us.

The challenge however is that, like our model , these systems are not amenable
to methods from spatial dynamics which are typically used to study these phenom-
ena. So we look for a more functional analytic approach, specifically using the
implicit function theorem, for proving the existence of solutions. As with other
integro-differential equations the difficulty comes from the linearization, which is
a noncompact convolution operator, and in general not invertible when considered
as a map between Sobolev spaces. This is a significant analytical challenge, and
one way to overcome this difficulty is to use specific convolution kernels that allow
for these integro-differential equations to be converted into PDEs via the Fourier
Transform [LT03], or in the radially symmetric case use sums of modified Bessel
functions as models for synaptic footprint to simplify the analysis [FB04].

The approach we consider in this paper is broader as it allows us to consider a
larger class of convolution kernels by showing that these operators are Fredholm in
appropriate weighted spaces. This approach is similar to the one in [JS16], where we
treated the one dimensional case and showed existence of target patterns in a large
one dimensional array of oscillators with nonlocal coupling. For the applications
we have in mind, e.g. neural field models, we need to extend these results to two
dimensional arrays.

The two dimensional case is technically more interesting because a regular per-
turbation expansion in € does not always provide the correct ansatz. Indeed, in the
case with local coupling, the equation

—WZAQ;—|Vé|2+Eg($7y)7 ($7y)€R2

which results from inserting the ansatz ¢(z,y,t) = ¢(z,y) — wt into the perturbed
viscous eikonal equation, is conjugate to a Schrodinger eigenvalue problem via the
Hopf-Cole transform, ¢ = —In(¥):

wU = AU —eg(z,y)¥, (z,y) R

In two dimensions, it is well known that the Schrodinger eigenvalue problem has
bound states if € [ g < 0 [Sim76]. Notice that the ground state eigenfunction ¥,
can be chosen to be everywhere positive, so that —In(¥y) — wt does define a phase
function ¢ solving the viscous eikonal equation with inhomogeneity. At the same
time, the eigenvalue corresponding to the ground state is small beyond all orders



4 GABRIELA JARAMILLO AND SHANKAR C. VENKATARAMANI

of € (see [Sim76] and Section [2f below), and is therefore not accessible to a regular
perturbation expansion. This is the other analytical challenge that we have to
overcome, and our approach is to develop a superasymptotic perturbation expansion
for ¢, i.e. an approximation whose error is O(exp(-|c/e|)) and captures behaviors
that are small beyond all orders in €, [Boy99].

To show the existence of traveling waves for equation we make the following
assumptions on the convolution kernels £ and J. First, we assume the kernel L is a
diffusive and exponentially localized kernel that commutes with rotations. Conse-
quently, its Fourier symbol L depends only on & = [k|>. We also impose additional
properties that we specify in the Hypotheses and[[.2] A representative example
to keep in mind throughout the paper is the convolution kernel that would result
in the formal operator A(Id — A)~%.

We reiterate that the model is derived under the assumption that the phase
¢(x,t) varies slowly in time, with no assumptions on its spatial variation. If we
assume that the solutions also vary slowly in space, then hypothesis implies
that the nonlocal operator £ can be (formally) replaced by A, and reduces to
the “local” viscous eikonal equation. Indeed, this is the setting for a substantial
body of work on weakly coupled nonlinear oscillators [Kur84, [SL12]. Our additional
contribution is that we rigorously show the existence of target solutions of that
vary slowly (on a scale ~ e'/€) in space and time, if the model satisfies:

Hypothesis 1.1. The multiplication operator L is a function of & = |k[>. Its
domain can be extended to a strip in the complex plane, Q = R x (-i&,1&y) for some
sufficiently small and positive §y € R, and on this domain the operator is uniformly
bounded and analytic. Moreover, there is a constant &,, € R such that the operator
L(&) is invertible with uniform bounds for |Re&| > &,.

Our main result, Theorem [I| requires £ = 1 in the following hypothesis. We state
the hypothesis in more generality because some of the intermediate results also hold
more generally with £ > 1.

Hypothesis 1.2. The multiplication operator L(€) has a zero, £*, of multiplicity
£ > 1 which we assume is at the origin. Therefore, the symbol L(£) admits the
following Taylor expansion near the origin.

L(&) = (-9 +0("™), for £~0.

Hypothesis 1.3. The kernel J is radially symmetric, exponentially localized, twice
continuously differentiable, and

[R2'~7(X)dx:1

Our strategy to show the existence of traveling waves will be to first establish
the Fredholm properties of the convolution operator £ following the ideas described
in [JSW17]. This will allow us to precondition our equation by an operator .#,
resulting in an equation which has as its linear part the Laplace operator. We then
proceed to show the existence of target patterns in the nonlocal problem. More
precisely, we prove Theorem [1| where we use the following notation:

e Here L2(R?) denotes the L? space with weight (1 + [x|?)7/2.
e Similarly, H2(R?) denotes the Hilbert space H* with weight (1 + [x|?)7/2.
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e Lastly, the symbol M2?(R?) describes the completion of Co(R?) functions
under the norm

Z ”Dau(x) . (1 i |X|2)(U+\o¢\)/2

p
|Oé\Ss “LP(Rd) .

\|U\|§4;-,p(Rd) =

We describe these last spaces with more detail in Section [3]

Theorem 1. Suppose that the kernels L and J satisfy Hypotheses with
f=1, and . Additionally, suppose g is in the space L2(R?) with o > 1 and let
M = i fRQ g <0. Then, there exists a number e >0 and a C* map
r': [0,e0) — Dc M,?’_II(RQ)
e (4
where v > 0 and D = {¢ € Mwl’_Ql(RQ) | V¢ € H(R?)}, that allows us to construct

an e-dependent family of target pattern solutions to , Moreover, these solutions
have the form

®(r,0,t;¢) = —x(A(e)r) In(Ko(A(e)r)) +(r,656) = A*(e)t,  A(e) > 0.
In particular, as r — oo,
e Y(r;e) <Cr™0, for CeR and § € (0,1); and

e \(e)? ~4C(g)e e exp(alM), where C(g) represents a constant that de-
pends on €, and 7. is the Euler constant.

In addition, these target pattern solutions have the following asymptotic expansion
for their wavenumber

1 1
k(e) ~exp(m) +O(r‘5+1) as 1 — oo.

Remark 1.4. If g € L2(R?) with o > 1, it follows that

1/2
2\(o-1)/3 2 2\o 2\-1-(oc-1)/3
Lol ) ax< | [ gl yrax [ (1 i) ax| <o

and

| |20/(0+1)d < | |2(1+| |2)ad o/(o+1) (1+| |2)—02d 1/(a+1)<
2 19 x<| f.lo x x e x X 0.

Consequently, there is § > 0 such that [5. |g(x)|(1+[x|°)dx < 0o and [5 |g(x)|" 2 dx <
o0, so that the Schridinger operator —A + eg satisfies the hypothesis in [SIm76].

Remark. Here and henceforth in the paper the function x(x) € C(R) is a cut off
function, whose precise form is immaterial, and satisfies x(x) =1 for |x| > 2 and
x(z) =0 for |z| < 1.

The rest of this paper is organized as follows: In Section [2| we analyze the
case with local coupling and show the existence of traveling waves for the viscous
eikonal equation using matched asymptotics. In Section [3] we review properties
of Kondratiev spaces and state Fredholm properties of the Laplacian and related
operators, leaving the proofs of these results for the appendices. Finally, in Section[]
we derive Fredholm properties for the convolution operator £ and then, guided by
the results from Section [2] we proceed to prove Theorem [I We present a formal
derivation of the nonlocal eikonal equation in Appendix [A] In Appendix [B| we
prove various subsidiary results that are needed for the proof of Theorem
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2. MATCHED ASYMPTOTICS FOR 2D TARGET PATTERNS

As we discussed in the introduction, the viscous eikonal equation

(3) 8t¢:A¢_|v¢|2+6g($7y)7 (as,y) €R2'
is an abstract model for the evolution of the phase of an array of oscillators with
nearest neighbor coupling [DSSS05]. The perturbation eg(x,y), a localized func-
tion, represents a small patch of oscillators with a different frequency than the rest
of the network. It is well known that this system can produce target patterns that
bifurcate from the steady state, ¢ = 0, when the parameter ¢ is of the appropriate
sign. Our aim in this section is to determine an accurate approximation to these
target wave solutions using a formal approach based on matched asymptotics.

We therefore consider solutions to equation (3)) of the form ¢(z,y,t) = ¢(x,y)-wt,
where ¢ solves

(4) —w:Aé—|V¢~>|2+sg(x,y), (.’E,y)ERQ, w > 0.
We also assume in this section that g is a radial and algebraically localized function

that satisfies
(5) f lg(P)|(1 +7)°rdr < 0o, for some o >0.
0

This simplifies our analysis since we can restrict ourselves to finding radially sym-
metric solutions. In addition, because the viscous eikonal equation only depends
on derivatives of ¢, we can recast it as a first order ODE for the wavenumber ¢ = ¢,

(6) G+ s

r
Here, w = w(e) is an eigenparameter, i.e. it is not specified, rather it is determined in
such a way as to ensure that the solutions satisfy the required boundary conditions.
For radial solutions that are regular at the origin, {(r) is O(r) as r — 0, and we
can rewrite the ODE in an equivalent integral form

(7) C(T’)=%for[éz(n)—w—sg(n)]ndn-

Moreover, because we are bifurcating from the trivial state ¢ = 0, we can assume
that ¢ is small if € is small, and posit the following regular expansions

C=eC+e%L+e%G+
W =Eewp + €2w2 + 530.)3 + oo

Substituting these expressions in (7)), we obtain that at O(g),

reg(r) = —w.

I
G = —% = f g(n) ndn.
r Jo

Now, because we are interested in target patterns, solutions should satisfy ¢ —
k(e) > 0 as r - oo, where k(e) is the asymptotic wavenumber. This requires us
to consider functions (; that have a finite limit as r - oo, and forces us to pick
wy = 0. The result is that ¢y (r) - = [ g(r) rdr = =M < oo, in the limit of r going
to infinity.

At the same time, from assumption on the algebraic localization of g, we
have the quantitative estimate

M =rG0 S e [ oI ) < C(1r) 7,
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so that at order O(g?) we find
wer 1 [T
G=-— fo ¢t ndn,

=——= 4+
2 r

with ¢ in L'(R?). Again the boundary conditions force ws = 0, and as a result
2

.
we obtain (3 ~ — In —) for large values of r. Here the constant r. depends on g
r

TC
and is given by the following limit
1 T
tnro) = lim |1a(r) - 5 [ ¢Enan.

which we know exists from the estimate for |[M —r{i(r)|.

Note that these expressions for wy and (5 imply that the asymptotic wavenumber
is 0(¢?). In fact, continuing this procedure it is easy to check that we get wj =0 for
all j, so that the frequency w is o(e™) for all orders in e. In addition, the expressions
for {1 and (5 yield the expansion

M 2M21
eM M n(r/re)
T T

(8) C~ =

whose terms are not uniformly ordered. For instance,

9 1
|e°Cal 2 |eC1| for r>r.exp (5|M| ) .

This suggests that the above inner expansion is not uniformly valid. We therefore
need to introduce an outer expansion and match both solution in an intermediate
region given by r ~ r.exp(le”!M).

In this intermediate region the inhomogeneity, g(r), and the frequency, w, are
small compared to the other terms in the equation, so that the radial eikonal equa-
tion @ reduces to

Cr+ g -¢%w0.
r
We can solve this explicitly to find that
1
(=,
r(C —1n(r))

where C' = C(¢) is a, possibly ¢ dependent, constant of integration. Comparing this
result with the inner expansion leads to C' » ﬁ7 to leading order. We can then

write C' = —(eM)™' + ¢y + cie + ..., and for fixed r and as € — 0, obtain
M 2M2(1 -
‘o eM e (In(r) - co) s
r r

Comparing again with the inner expansion (8], we see that r. = exp(cy).
In the outer region, where we retain the frequency, w, and neglect the inhomo-
geneity, g, solutions are described by the equation

¢

Cr"'f_
r

If we define the ’outer’ variable ¢ = \/wr and scaling function F so that ((r) =
VwF(y/wr), then F satisfies the w (and hence also ¢) independent equation F¢ +

<2 = —w.
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TABLE 1. In this section we will make use of the asymptotic behav-
ior of Ko(z) and its derivative 0,K¢(z) = —K1(z) (see Ref. [AS92]),
which we summarize in this table

z—>0 zZ —> 00

Ko(2) -In(2/2) =7, +O(z%Inz|) soe *(1+0(1/2))
Ki(2) %+O(z|lnz|) \/ge_z(1+o(1/z))

F[¢-F? = —1. Using the (differentiated) Hopf-Cole transformation F(£) = —¢'(£)/1(€),
and then solving for v gives

OeKo(&
F(€) = _570()7
Ko(§)
where Ky(&) is the modified Bessel’s function of the first kind [WW96]. Conse-

quently, for £ = \/wr « 1 fixed and € — 0, a solution ¢ of the outer equation is given
by

1

®) O (o) -7
where v, = 0.5772... is the Euler constant [AS92]. This approximation is also valid
in the intermediate region, allowing us to match it to the inner expansion,

1 1

r(-o7 +In(re) —In(r)) ? r(-ilnw+In2-7. -In(r))’
and obtain the following approximation for the frequency
tep(-21) (2
W~ T exp (m) .

Hence, if we assume e M < 0, this does indeed show that w is small beyond all orders
in e.

Remark. The viscous eikonal equation is conjugate to a Schridinger eigenvalue
problem via the Hopf-Cole transform. The frequency w = —0;¢ in the viscous eikonal
equation corresponds to the ground state energy for the Schrédinger operator A —
eg(r). Indeed, the expression above is a refinement of the results from [SIm76] and
[KSO7] for the ground state eigenvalue/frequency respectively, in that we have an
expression for the numerical prefactor.

Remark. Integrating ¢ = 0.¢, we can determine the phase ¢(r) for the target
patterns. From and @D we get the inner and outer expansions for the phase ¢

—1n[%+CO+C1€+"'—1n(7ﬂ)] Tﬁ$€d7€_>0
¢(T)N¢O+{—IH(KA§(\/ET)) ¢ = Jar fived,e > 0

where ¢g is an arbitrary phase shift corresponding to a constant of integration.

The matching procedure above relied strongly on the coupling kernels £ and J
being local, and having a radial inhomogeneity g(r), so the results do not immedi-
ately carry over to the case of nonlocal coupling and/or nonradial and algebraically



TARGET PATTERNS WITH NONLOCAL COUPLING 9

(c) (d)

10
(1+322 + y2)32
tice how the pattern in the far field is radially symmetric, Figure
(a), where as near the inhomogeneity it is elliptical, Figure (b).
On the other hand, Figures (c) and (d) correspond to a system
10(1 + cos(46))

(1+7r)3
tern is radially symmetric in the far field, Figure (c), even though
the inhomogeneity, g, is not radially symmetric, which results in a
nonradially symmetric core, Figure (d).

FIGURE 1. g(z,y) = in Figures (a) and (b). No-

perturbed by ¢(r,0) = . Again notice how the pat-

localized inhomogeneities. Figure [I] depicts numerical results for particular cases of
the nonlocal eikonal equation given by

8t¢ = (Id - A)_1A¢_ |V(Id - A)_1¢|2 +€g($,y), (J},y) € R27

with € = =0.5 and g(z,y) = 10 » (1 + 322 + y?)™3/2 in a) and (b) (respectively
g(r,0) = 10 * (1 +cos(40))/(1 + )% in C) and (d)). This evolution equation was
integrated using a spectral discretization for the spatial operator and exponential
time differencing (ETD) for the time stepping [CMO02, [KT05]. The simulations
where done for a box of length L = 100 with N =512 grid points and a time step of
h = 0.5, see the code at [Jarl8]. We will present a full discussion of our numerical
methods and results in future work; here we only note that the far-field behavior of
the target waves are (nearly) radially symmetric (see Figure[l)) even in the general
nonlocal problem. Indeed, setting 0;¢ = —w with w > 0, and rescaling to the “outer
variables” Z = /wz,§ = Vwy, we get V = w/?v,A = w'A. Further, from the
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algebraic localization of g, it follows that
1
Zg(w 25, w2 h) ~ O(w) - 0 as w — 0.
w

Consequently, the (formal) € — 0 limit equation in the outer variables is the viscous
eikonal equation

~1=(Id —wA) " A¢ - [V(Id —wA) P +ew L g(w2E, w1 ?h) ~» Ap - |V
This argument, together with the numerical results depicted in Figure[l] suggests

that, even for general inhomogeneities, we may approximate the dynamics of target
waves solutions in the outer region by a radial viscous eikonal equation

—w = Oprd + %Grqﬁ - (0r0)%.

This intuition will guide our analysis of the nonlocal equation for general cou-
pling kernels and nonradially symmetric, algebraically localized perturbations g.
We will show that the frequency indeed scales as w ~ exp (ﬁ), with eM <0, and
that the target waves that bifurcate from the steady state are radially symmetric far
away from the inhomogeneity. Our strategy consists of first finding, in Section [£.2]
solutions to equation , with w = 0, which give the appropriate intermediate ap-
proximation. Then in Section we find the “outer” solutions to equation by
treating the frequency w as an extra parameter. Finally, in Section we derive a
relation between the frequency w and the parameter € using asymptotic matching,
and then proceed to prove the results of Theorem

3. WEIGHTED SPACES

We define the Kondratiev space [McO79], M3?(R?), with d € N,s e NU{0},7 €
R,pe (1,00), as the space of locally summable, s times weakly differentiable func-
tions u : R? - R endowed with the norm

« «@ p
||u|\§’w§,p(Rd) = é HD u(x) - (1+ x>0 |)/2HLP(R(1) .

From the definition, it is clear that these spaces admit functions with algebraic decay
or growth, depending on the weight ~, and that these functions gain localization
with each derivative. Moreover, given real numbers «, 8, such that « > 3, the
embedding M3P(RY) ¢ M 5" (R?) holds, and additionally if s and r are integers
such that s < r then Mj’p(Rd) c M]Y"T’(Rd). As in the case of Sobolev spaces, we
may identify the dual (M:?(R%))* with the space M_;(R%), where p and ¢ are
conjugate exponents, and in the case when p = 2 we also have that Kondratiev
spaces are Hilbert spaces. In particular, given f,g € M,j’Q (R?) the pairing

(f.9)= ¥ [ D)D) (14 ) 07D da
|a|<s Re

satisfies all the properties of an inner product. This is not hard to see once we
notice that for every f e L2(R?) the function f(x)(1 + |x[2)¥/? is in the familiar
Hilbert space L2(R).

We will use this last property to decompose the space M;j’2(Rd) into a direct sum
of its polar modes. Here we restrict ourselves to the case d = 2 which is relevant
for our analysis, but mention that a similar decomposition is possible in higher
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dimensions. More precisely, using the notation M;? R?) to denote the subspace
of radially symmetric functions in M:? (R%), we show that

Lemma 3.1. Given s e NU{0} and v € R, the space M>*(R?) can be written as a
direct sum decomposition
2(R2Y =
M (R2) = B,
where n € Z and

m = {ue M3?(R?) [ u=w(r)e™ andw(r) e M7 (R?)}.

The proof of this result follows the analysis of Stein and Weiss in [SW16].

Proof. We need to show that each element f e M3P(R?) can be well approximated
by an element in the direct sum @mZ. To obtain a candidate function in the

latter space we first identify R? with the complex plane C by letting z = x + iy for
(2,7) € R%2. Then, using the notation z = re'? we write f(z) = f(re!?) for each
function f € M3?(R?). By Fubini’s Theorem the function f(rel?) is in H*([0,27])
for a.e. r €[0,00), so we may express this function as a Fourier series in 6.

f(re®) =3 fu(r)e™,  where fo(r) = % /(;% f(re?y-e"qg

nez

Notice that the functions f,(r) are in the space M2(R?), so that this sum is
the desired candidate function. Because the series 3™y |f,(7)? is monotonically
increasing and because by Parseval’s identity it converges to i [0% | £ (re'?)|?dp,

letting gn () = 27 SNy | fn(7)]? a straight forward calculation shows that

/Ooo(fozn f - gnl? d9) (1+T2)7rdr:fow[(foh‘f(reigﬂz d9)—g1v] (1+72)rdr.

Then, by the monotone convergence theorem we may conclude

=|f-9gnlrz@e) >0, as N —oo,
L2(R?)

R WA

as desired. Moreover, since for a.e. r € [0,00) the function f € H*([0,27]), a
similar argument can be carried out to show that as N — oo the expressions
||agf(re19) -2 Z]_VN(in)o‘fn(r)emgHL%(RQ) — 0 for all integers o < s. This com-

pletes the proof of the lemma. O

We also have the following result describing how elements in Mi’Q(Rd) decay at

infinity (see Appendix for a proof).

) daj2 -
Lemma 3.2. Given f ¢ le’Q(Rd), then | f(x)| < C’||f|\]\27112(Rd) A1+ [x|?)~ 02 g5
X — 00.

In addition, the next lemma characterizes the multiplication property for Kon-
dratiev spaces. The lemma is more general than we need in the sense that it holds
for complete Riemannian manifolds that are euclidean at infinity, (M, e). A proof
of this result can be found in [CBC81]. We have adapted the notation so that it is
consistent with our definition of Kondratiev spaces.
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Lemma 3.3. If (M, e) is a complete Riemannian manifold euclidean at infinity of
dimension d, we have the continuous multiplication property

M2 (M) x M52 (M) — M3 (M)
(f1, f2) — fi- [

provided 1,82 > 8, <1 +581—df2, and v <y +72 +d/2.

3.1. Fredholm properties of the Laplacian and related operators. The
main appeal of Kondratiev spaces for us is that the the Laplace operator is a
Fredholm operator in these spaces. This is summarized in the following theorem,
whose proof can be found in [McO79]. This result is the basis for deriving Fredholm
properties for other linear operators that will be encountered in Section [

Theorem 2. Let 1 <p= q% <oo,d>2, and v+ d/g+m or~vy+2-d/p-—m, for
some m € N. Then
2,
A M2 (RY) - LE(RY),

is a Fredholm operator and

(1) for2-d[p <~ <+d/q the map is an isomorphism;

2) ford/qg+m <~y <d/g+m+1,meN, the map is injective with closed range

(2) ford/q v <dlq ; : p is inj 9

equal to

Rm:{feLg:ff(y)H(y):Ofomu Hefj%j};
§=0

(3) for2-d/p-m-1<~y<2-d[/p-m, meN, the map is surjective with kernel
equal to
m
Ny = U H;.
§=0
Here, H; denote the harmonic homogeneous polynomials of degree j.
On the other hand, if v =2—-d[/p-m or~v =d[/q+m for some m €N, then A does
not have closed range.

Notice that we can use the result from Lemma [3.I] to diagonalize the Laplacian.
. 2,2
That is, given u € M_75(R?),
2

) 1 ) .
Au=A ( Z un(r)ema) = Z (arrun + = Opty, — nQun) el = Z (Anun)eme,
r r

nez nez nez

where u,, € Mf”iQ (R?).
One can now combine this decomposition together with Theorem [2| to arrive at
the following lemma.

Lemma 3.4. Let v € R\Z, and n € Z. Then, the operator A, : Miﬁ_z(RQ) -
2 2\ .
Ly (R*) given by
1 n?
An¢ = arrd) + ;87“927 - ﬁ(b

is a Fredholm operator and,

(1) for 1-n<~y<n+1, the map is invertible;

(2) fory>n+1, the map is injective with cokernel spanned by r";

(3) for v <1-mn, the map is surjective with kernel spanned by r™.
On the other hand, the operator is not Fredholm for integer values of ~y.



TARGET PATTERNS WITH NONLOCAL COUPLING 13

The next lemma requires that we specify some notation. In this paper we use the
symbol W3P to denote the space of locally summable, s times weakly differentiable
functions u : RY > R endowed with the norm

by = 2 D00 (14 =PV,
|al<s

Then, we write WP’ to denote the subspace of radially symmetric functions in W
With this notation we can summarize the Fredholm properties of the operator %),
defined in the next lemma.

Lemma 3.5. Given v € R, XA € [0,00), and p € (1,00), the operator £y : D —
L?_(R?) defined by

P =0,,P+ 1&(1) -2X0,®
T

and with domain 2 = {u € Mifﬁl(RQ) | 8,u € WP(R?)}, is Fredholm for~ + 1-2/p.
Moreover,

o it is invertible for v>1-2/p, and

e it is surjective with Ker = {1} for y<1-2/p.

Proof. The result follows from Proposition [B.6] and Lemma in Appendix [B23]
which show that the operator £, = (0, + % —2X)0, is the composition of a Fredholm
index i = 0 operator, O, : M:)fﬁl(]RQ) -~ M}P?(R?), and an invertible operator,
(O + £ =2X0) : WP(R?) > L2 _(R?). O

Lastly, we include the following proposition whose proof can be found in Appen-

dix

Proposition 3.6. Let v € R, o, 8 € Z"U{0}, m,d € Z*, and | € Z. Then, the
operator,

A™(Id -A)":DeL?, (RY) — LE(RY),

with domain D = {ue L¥_, (R?)|(Id-A) " ue M5 (RY)}
e is a Fredholm operator for a+dfp < v < =8 —d[p + 2m with kernel and

cokernel given by
B a
Ker = |JH;x, Coker = |JH;r;
§=0 §=0

o and not Fredholm for values of ye {j+d[p:j € Z}.

4. NONLOCAL EIKONAL EQUATIONS

At the outset, we recall our model nonlocal eikonal equation and the hy-
potheses on the coupling kernels. Our goal for this section is to show the existence
of target wave solutions for which bifurcate from the spatially homogeneous
solution. We concentrate on the equation

$r=Lxd—|T * Vo +eg(x,y), (z,y) € R?,

where again we assume L is a diffusive kernel that commutes with rotations. As
a consequence its Fourier symbol, L(k), is real analytic and a radial function. We
also recall the following assumptions.
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Hypothesis. The multiplication operator L is a function of & := |k[>. Its
domain can be extended to a strip in the complex plane, Q = R x (-i&y,1&p) for some
sufficiently small and positive &y € R, and on this domain the operator is uniformly
bounded and analytic. Moreover, there is a constant &, € R such that the operator
L(&) is invertible with uniform bounds for |Re&| > &,.

Note that, because L(€) is analytic, its zeros are isolated.

Hypothesis. The multiplication operator L(§) has a zero, £*, of multiplicity ¢
which we assume is at the origin. Therefore, the symbol L(£) admits the following
Taylor expansion near the origin.

L(&) = (=) + O™, for €~0.
In particular, we pick £ =1.

Hypothesis. The kernel J is radially symmetric, exponentially localized, twice
continuously differentiable, and

fsz(X)dle'

The idea behind our proof for the existence of target wave solutions is to first
show that the convolution operator £ behaves much like the Laplacian when viewed
in the setting of Kondratiev spaces. In other words, both operators have the same
Fredholm properties. Consequently it is possible to precondition equation by
an appropriate operator, ., with average one, and obtain an expression which has
the Laplacian as its linear part,

MOy = NG — M+ T VP> +ed *g.

We then proceed in a similar manner as in Section [2 and look for solutions of the
form, ¢(x,y,t) = ¢(x,y) — wt. Dropping the tildes from our notation we arrive at

(10) ~w=A¢p— M *|T * VP +eM *g.
We will look at the following two problems.

(1) Finding a solution to the intermediate approximation, described by equa-
tion with the value of the frequency, w, equal to zero.

(2) Finding a solution valid on the whole domain described again by equation
, but where we let w = A? be a non-negative parameter.

These two solutions are matched, and then the results of Theorem [I| are shown.

This section is organized as follows. In the next subsection we will derive Fred-
holm properties for the convolution operator £, as well as mapping properties for a
number of related convolution operators. Then in Sections and we prove the
existence of solutions to the intermediate approximation and to the full problem,
respectively. Finally, in Section [£.4] we prove Theorem

4.1. Nonlocal Operators. The following proposition is the 2-dimensional version
of the results form [JSWT7], but for convolution kernels with radial symmetry. The
results below follow very closely the proofs outlined in Ref. [JSW17], and we include
them for the sake of completeness. The proof shows that, with the Hypothesis
and the more general version of Hypothesis [[.2] in which we assume ¢ € N, the
convolution operator £ has the same Fredholm properties as the operator Af.



TARGET PATTERNS WITH NONLOCAL COUPLING 15

Proposition 4.1. Let v € R, o, 8 € NU{0}, and suppose the convolution operator
L: L2 ,(R*) - L2(R?) satisfies Hypothesis and Hypothesis with £ € N.
Then, with appropriate domain D and

o fora+2/p<y<-F-2/p+2L, L is a Fredholm operator with kernel and
cokernel given by

B a
Ker = (JH;r Coker = |J Hjk,
§=0 §=0
o whereas for v={j+2/p:j€Z}, L is not Fredholm.

The above result follows from Proposition [3.6] and Lemmas and shown
below.

Lemma 4.2. Let the multiplication operator, L(§), satisfy Hypothesis and
Hypothesis with £ € N. Then L(§) admits the following decomposition:

L(&§) = M(§)Lnr(§) = Lnr(§)Mr(E),
where Lyp(€) = (=€)*/(1+&)*, and My r(§) and their inverses are analytic and
uniformly bounded on Q.

Proof. We will just show the result only for M (&) since a similar argument holds
for Mr(&). Let

L(§) Ly (6) for £+0

lime_o L(§)Lyp(§) for £=0

Since both, Lyr(£) and L(€), are analytic, uniformly bounded, and invertible on
QN{€ e C:|Ref|>&n}, it follows that the same is true for M (€). That My (€) is
analytic and bounded invertible near the origin follows from Riemann’s removable
singularity theorem and the following result,

ML(f):{

1+
o !

lim L(§) Lr(€) = lim L ()

We show next that the operator My, p : L% (R?) — L% (R?) defined by
L2(R*) — ) L2 (R?) b
u o FH(Myr(KP)a),
is an isomorphism.

Lemma 4.3. The operator M : L2(R*) — L2 (R?) with Fourier symbol M, (/k[?)
is an isomorphism for all v € R.

Proof. We first show that My, g are bounded from L,QY (R?) to itself for values of
~v € NN{0} . Indeed this follows from Plancherel’s Theorem and the results of
Lemma Given u € L,2Y (R?) we find that

IMpjru(x)| Lz = [Mpra(k)|ar < C(|M | e ) |a() [ ar = C(IM | e ) [u(x)] 2z

A similar argument shows that the their inverses, ./\/lzl/ g L2(R?) - L2(R?), are
bounded. We can extend this result to values of v € Z~ using duality. Then, because
H7(R?) is a complex interpolation space between HY/(R?) and HII*1(R?), the

result holds for all values of v € R. O
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From Lemmas (4.2) and [4.3{it follows that the convolution operator £ : L2 (R?) —
L,QY(RQ) can be decomposed as

,Cu:MLO[,NFUZENFOMRu

with Lypu = (Id - A) Ay and My : L2(R?) — L2(R?) isomorphisms. Fur-
thermore, both operators, £ and Ly, share the same Fredholm properties. This
proves Proposition .1}

Remark. We note here that the integer £ that appears in the expression for Lnp
is the same integer describing the form of the Fourier symbol L(&) in Hypothesis
[I-3. In particular, for our problem we have that £ =1, so that for the remainder of
the paper we will only consider this case.

We are now in a position to define and describe the mapping properties of a
related convolution operator, .# which we will use to precondition equation . In
terms of the invertible operator M, defined above, .# is given by

M : H,i(RQ) — H,i‘Q(]RQ),
u —  (Id - A)M;tu.
It is clear from the definition that .# * ¢ = ¢ for all constants c € R.

In addition, we will also need to find mapping properties for, Id -.# and Id —J.
These operators will appear in the nonlinearities after preconditioning our equation
with .#. We start with the next lemma which establishes the boundedness of the
operator .# , which is straightforward to check.

Lemma 4.4. For vy €R and s € Z the operator .4 : H(R?) —» H:™*(R?) defined by
Mu=(Id - A)M7'u
is bounded.

Next, we show that in the appropriate spaces the operator Id —.# behaves like
the Laplacian operator.

Lemma 4.5. Let v € R and define A4 as in Lemma[{4 Then, the convolution
operator
2,2
Id - : M7%(R?) - L2(R?)
is a bounded operator. In particular, the operator is Fredholm with the same Fred-
holm properties as A : M,?LQQ (R?) - L2(R?).

Proof. With the notation ¢ = |k|?, we look at the Fourier Symbol of Id —.# and
decompose it as

F(Id - 2)(€) = (1+ €)M (€) (ML(@ : 1).

1+¢&2

Since (Aﬁgﬁ) - 1) satisfies Hypothesis and Hypothesis with ¢ =1, by Propo-
sition [£.J] we can rewrite it as

My (&) B £
( 1+¢2 _1)‘FL1+52’

where Fy, : HS(R?) » H(R?) is an isomorphism. The result of the lemma follows
from this decomposition. [
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Lastly, we show next that the convolution operator Id — J is also a Fredholm
operator.

Lemma 4.6. The operator Id - J : D - L2(R?), with domain
D={uel2 ,(R%)|(Id - A)ue M} (R},

has the same Fredholm properties as A(Id = A)™ : D — L2(R*). Moreover, the
operator 1d - 7 : Ms’_é(RQ) - H2(R?) is bounded.

Proof. Since by hypothesis J is radially symmetric and exponentially localized it
follows that its Fourier symbol, J(k), is a radial function and that J(k) — 0 as
|k| - oo. Moreover, since its average is 1, we must also have J(0) = 1. This implies
that F(Id - J)(|k|) satisfies Hypothesis and Hypothesis with £ = 1, and
that its Taylor expansion near the origin is F(Id - J)(|k|) ~ O(|k|?). The results
of this lemma now follow by Proposition O

We are now ready to show the existence of solutions for the intermediate ap-
proximation and the full solution.

4.2. Intermediate Approximation. In this section we concentrate on the equa-
tion

(11) 0=A¢ M +|T * Vo +edl * g(,y), (z,y) €R?,

which is obtained by preconditioning equation with the operator .#. Here, the
result .# * £ = A follows from Proposition [£.1] and Lemma [£.4] since the operator
L satisfies Hypothesis and Hypothesis with £ = 1. Our goal is to show
existence of solutions to when ¢ is assumed to be an algebraically localized
function. More precisely, with the definition for the cut off function, x, stated in
the introduction, we prove the following proposition.

Proposition 4.7. Let m € N and suppose g is a localized function in the space
L2(R?), with weight strength o € (m+1,m+2). Then, there exists an g9 >0 and a
C' map
¢ :(-e0,20) — MI5(R?) xR
£ — (¢, a0)
with 1 < v < 2, that allows us to construct an - dependent family of solutions to
equation . Moreover, this solutions are of the form

r|a‘

®(r,0;¢) =—x(r)In(l —agln(r)) +¢ Tzn: g (x(r) ) e + o(r,0;¢),
“az0"
where,
o the constant ag = eag + O(g?), with ag1 = —5= [z g(x) dx;
o forae[-m,m]NZ\{0} the constants aq = 5= [~ 027r Mxg(r,0)re’®0dl rdr;
and

e the function ¢ < Cr’™! asr — oo.

The proof is based on the following ansatz,
(12)  o(r0:8) =¢o(r) +e 3 (1) +e 3 aaCa(r)e™ +¢(r,0:¢)

€Z
740 a*0
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where the function

Yo(r) ==x(r)In(1 - apln(r)), apeR,
is motivated by the asymptotic analysis of Section 2] In particular, notice that the
function In(1 - agIn(r)) solves the equation Ay — (9,4)? = 0, and it admits the
following series expansion

1 1
—In(1-agln(r)) = agln(r) + 5((10 In(r))? + g(ao In(r))? + -,
provided |agIn(r)| < 1. As a result we see that

A — agx In(r)) = (8,40)? + Aagx In(r) = Aag In(r) + localized,

and it is this last equality which proves useful in the simplification of equation
and one of the reason why 1y was picked as we have done.

In addition, we let C,y(r) = 5 and for the moment we assume that for n # 0 the
pair (Y, a,) € M 2,2 (R?) xR solves the equations for the first order approximation

r,o—2

to equation ,

1 2
(13) Oprthn, + —Opthy, — %wn +anAnCh + gn(r)=0 for 0<|n|<m
r r

2
(14) arrﬂ}n + 18741)/)” - %¢n + gn(’f') =0 for m< |n|
r T

Here, the inhomogeneous terms g, , for n € Z, are just the polar modes of g = .# * g
obtained using Lemma [3.1

We now wish to look at the operator F': M3_22 (R?) x R xR - L2(R?), obtained
by inserting the ansatz into equation . A straight forward calculation using
the results from Lemma [3.I] and the choice of ¢y shows that

F(¢,a0;€) = Ag + agAxIn(r) +ejo + P(d),
P(§) ==l +|T * Vo* +|Vipol* + (Mg — agAx In(r) - [Vebo[*).
The dependence on ¢ in the definition of the nonlinearity P comes through the
function ¢, which is just the ansatz (12)).
To show the results of Proposition [£.7] we apply the implicit function theorem to

find the zeros of F'. It is easy to check that F' depends smoothly on ¢, so that we
are left with showing three things:

(1) The equations and are invertible.
(2) The operator F': M,?’_22(R2) xR xR~ L2(R?) is well defined for 1 <~ <2.

(3) The derivative D , F'|.=o= £ defined as .Z: M$_22 (R?) xR > L2(R?),
Z(p,a) = A¢p+aAxIn(r)
is invertible.

We start with item . From Lemma we know that in the setting of radial
Kondratiev spaces and for n € NU{0} the operators,

(15) An:Mf,f—2(R2) - L%,O‘(R2)3 )
¢ — rrd) + %87‘425 - %¢

are invertible for values of o € (1-n,1+n) and are Fredholm index i = —1 for values
of 0 > n+1. It is for this reason, and our assumption that m+1 < o < m+2, that we
have added correction terms, C,, (7), only for values of 0 < |n| < m. In particular, we
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show in the next lemma that the functions A,,C,, span the cokernel of the operator
, so that by an application of Lyapunov Schmidt reduction it follows that the
equations, and , are solvable and that the value of the constants, a,, is
given by

1 o]
ap = — f gn(r)r" rdr, for 0<|n|<m.
n Jo

. . : 2,2 2
Moreover, since the functions v, are in M, ,(R?) for values of o € (m +1,m +2),

the results from Lemma imply that these functions satisfy |1b,,| < Cr=>™ for
large values of r.

Lemma 4.8. Let n €N, take v > 1+n, and define A, = Opp + %Br + 5. Then, the
operator Ly, : Mi;?_Q (R?) xR - Lfﬁ(RQ) defined as
['n(d)aa) =Ap¢+al, (%)

s invertible.

Proof. This is a consequence of Lemma and the fact that the function A, (%)
r
spans the cokernel of A,, : Mif_Q(]RQ) — L?ﬁ(]RQ)7 for n € N. Indeed, a short

calculation shows that
f A, XV rdr = —n.
0 rinl

Next, we show that the operator F' is well defined.
Lemma 4.9. Let v € (1,2), then the operator P : M3L22(R2) - L%(RQ) given by

P(§) = = *|T * Vo[> +|Vipo|* + (Atho — agAx In(r) - [Veo[*),
and with ¢(r,0;¢) as in , is well defined.

Proof. Since o(r) = —xIn(1l - agIn(r)), we know that the expression (A —
agAx In(r) - |Viho|?) is localized.

To show that the remaining terms are in L% (R?) we let ®(r,0;¢) = ¢(r,0;¢) -1y,
and write

M NT * VP =+ [| T+ VO +2(T + V) - (T * Vibo) + T * Vbo|*].
From Hypothesis it is not hard to see that the operator J satisfies,
T : M52 (R?) — {ue M3*(R?) | D°ue H, ,(R*)}, VyeR.

We can also check that the term & is in the space M,i’i (R?), which together with
the mapping properties of 7 and Lemma implies that the expression (J * V®)
is bounded and decays as |z|77. As a result the function |7 * V®|> € H?(R?) and
we may conclude from the mapping properties of .# stated in Lemma that the
term 4 *|J * VO|* is well defined.

Similarly, since Vg € M22(R?) with -1 < 7 < 0, it follows from Lemma
and the mapping properties of J that |J * V1| decays as |z|™!. Consequently, the
function (J * Vibg) - (J * V@) is in the space Hg(ﬂ@) and the product . * (J *
Vo) - (J * V) is well defined.
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Lastly, we look at the expression . *|J * Vg |* —|V1o|?, and rewrite it as follows

M| T+ Vol = [ Vo = + [|(T = 1d) * Vo[> +2(T = 1d ) * Vo - o ]
+ (A - 1d) % [Vib|?

Using Lemma E we see that the term (J — Id) = V¢ is in the space H2(R?),
which being a Banach algebra implies that the same term squared is in H2(R?).
Then, the mapping properties of .# and the boundedness of Vi)y show that the
first term of the above expression is well defined. To show that the last term is also
in the space L%(Rz) we use Lemma to check that |Vi|? is in M22(R?) and
then appeal to the results of Lemma

([l

To complete the proof of Proposition we need to show item . Since the
nonlinearities are in the space L2 (R?) with v € (1,2) the results from Theorem
show that the operator A : Mj’_ZQ(RQ) - Lff (R?) is injective with cokernel spanned
by 1. A short calculation shows that [p. AxIn(r) dz = 27, from which it follows
that the operator £ : M$;22 (R?*) xR — L2(R?),

Z(p,a) = A¢+aAxIn(r)

is invertible. If we now consider regular expansions for ¢ and ag, and apply Lya-
pounov Schmidt reduction to the equation

A¢ +agAxIn(r) + ego + P(¢) =0,

the result is that ag = eag1 + O(e?) with

= o5 .
a = —— - —
0,1 21 JRr2? 9o 2 R2g

In addition, using Lemma we see that the function ¢ < Cr7~! for large values
of 7. This completes the proof of Proposition [£.7]

4.3. Full solution for fixed w = A\?. The following equation is obtained by pre-
conditioning with the operator .# and then assuming that we have an ansatz
o(z,y,t,e,\) = g{)(m,y,e) — A\2t, where X is another parameter. Dropping the tildes
from our notation:

(16) N = Ap— M |T VP +ed * g(x,y) (z,y) e R

We are again interested in solutions that bifurcate from the steady state ¢ = 0
when £ # 0 and A > 0. We point out that in our original problem the value of A2
depends on ¢, since it represents the frequency, w, of the target waves that emerge
from the introduction of a perturbation. In the next subsection we will find the
value of w = A\? by matching the solutions from Section with the solutions from
Proposition stated next.

Proposition 4.10. Suppose g is in the space L%(R?) with o > 0. Then, there exists
numbers g, Ao >0 and a C' map
I': (-e0,20) x[0,X0) — Dec M7 (R?)
(e, > ¢
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where v >0 and D = {¢ € Mi’i (R*) | Vo € HL(R?)}, that allows us to construct
an (e, \)-dependent family of solutions to equation . Moreover, these solutions
are of the form,

O(r,0;e,\) = —x(Ar) In(Ko(Ar) + ¢(7,0;¢€,7),

where

o the function Ko(z) is the zero-th order modified Bessel’s function of the
second kind, and
e the function ¢ <Cr™ asr — oo.

To show the results of the above proposition we again consider an appropriate
ansatz motivated by the results from Section

(17) ¢(r,0) = ~x(Ar) In(Ko(Ar)) + &(7.0).

For ease of notation we define ¢y(r) = —x(Ar) In(Ko(Ar)) and remark that the
function —In(Ko(Ar)) is a solution to the equation —A? = Agy — [Vipl*. As a
consequence, when inserting the above ansatz into equation we find that ¢
must satisfy

(18) 0=A¢-2)\0.¢+e * g(r,0) + P(9),
where the nonlinear term P(¢) is given by
P(6) == 1T * Vo[ + |[Vibol* + 200, + (A + Apo = [V0o[*),

and again ¢ is as in ansatz (17)).

‘We have chosen to use polar coordinates to highlight the form of the linearization
and to take advantage of the polar decomposition of Kondratiev spaces. As in the
previous section, we make use of the right hand side of equation as an operator
F:DxRxR—->1D,

F(qg;a, A)=1d - .i”)fl (5//! *g(r,0) + P(Q_S)) .

where D = {¢ ¢ M’ (R?) | V¢ ¢ HI(R?)}, and Ly is defined as % : D c
M} (R?) — L2(R?)
Drp=Ad-2X0-¢, A20.

The results of the proposition then follow by finding the zeroes of F' via the
implicit function theorem, keeping in mind that the operator is only defined for
values of A > 0. We first notice that F' depends smoothly on ¢ for all values of ¢ € R,
that F'(0;0,0) = 0, and that the Fréchet derivative, DgF' | (. x)=(0,0y= I, is invertible.
Thus, we are left with showing the following two points:

(1) The operator F': D xR xR — D is well defined, and
(2) it is O with respect to A € [0, \g) for some Ao > 0.

The results of item ) are true if we can show that the nonlinearities are well
defined in L?Y (R?), and if the linear operator £y is invertible. The following lemma
shows that the first assertion is true.

Lemma 4.11. Let v >0, then the operator P:D — L,ZY(RQ), defined by
P() =~ 1T * Vol* +|Vihol* + 220, + (A* + Ao — |V [)
and with ¢(r,0;¢) as in equation , is bounded.
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Proof. Because 19 = —x In(Ko(Ar)), the expression in the parenthesis is localized.
To show that the remaining terms are also well defined in the space L,QY (R?) we
write

M+ |T VO ==l % [|T + V[ =2(T % Vo) - (T + Vibo) +|T * Vebo[*].
Since ¢ is in the space D it follows from Hypothesis that the term (J * V) is
in H3(R?), and it is then clear that the expression, . *|J * V¢|* is in L2 (R?).

Next, we look at the difference
N0 = M+ [(T # V) (T * Vo) | =06 — M + [(T + 0,6)(T * 0rtbo) ]
=N — M+ [(T % 0,0)(T * (D3ho — A+ N\))]
+ AT * 0,0 = AT * 0:
AT - 1) # 0,6 At # (T % 0,0)
— ol + [(T * (0rtho = M(T *0,9))],
where we used the fact that ¥o(r) is a radial function to do the simplifications.

Using Lemmas and and because 9,¢ is in the space H2(R?), one is able

to check that the first two terms in the last equality are well defined functions in
L2(R?). The last term is localized since 0,1 = ’\Ig 0((;:;) approaches \ as r goes to
infinity, see Table [ in Section

Finally, we consider the difference
M 51T+ Vol = Vol =l 1T+ (b0 = A+ NP = (0r¢00)?
=+ [|T * (0ho = NP + 20T * (9,0 = )]+ X° = (9,40)?,

where in the he last equality we used the fact that .# * A = A\. Because the function
Ortpg approaches A in the far field, It is now easy to see that the above expression
is localized. (]

Our next task is to show that the linear operator .2y : D — L2 (R?) is invertible.
To that end we use Lemma [3.1] and decompose ¢ into its polar modes,

1 2 .
j)\d) = Z (arr¢n + ;ard)n - %Qi)n - 2)\ar¢n) emﬂ.

nez

It follows that % is invertible if for each n € Z the following operators are also

invertible:
Drn:Dpy — L?W(Rz)

¢ O+ 10,0 - T 200,

Here we used the notation introduced in Section |3} and defined D,, = {u € mJ_, |

Oru € Lfﬁ(R2)78ﬂu € L?W(Rz)}, so that D = @D,. Since the multiplication

operator ’;—2 : D, - L%,Y(]RQ) is compact, the invertibility of %, follows from
Lemma [3.5] provided v > 0. We summarize this result in the following lemma.

Lemma 4.12. Given v >0, the operator £\ : D — L,ZY(R2),
D =Ad-200,¢
is nvertible

Finally, to show item 2) we prove that £ : L%(Rz) — D depends continuously
on the parameter A.
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Lemma 4.13. Given v >0, the operator £y : D — L,ZY(RQ),
g =A¢-2X00,0,
and its inverse, are both C' in X\ for values of A > 0.

Proof. That the operator %) is continuous with respect to the parameter A is
straightforward. To show the same result for its inverse we will use the notation
2\ = Z()) to highlight the dependence of the operator on the parameter A. At
the same time, for f € L% (R?) and for general A > 0, we denote by ¢()\) the solution
to ¢ = f and we look at this next equality

SN+ hA) = p(N) = —Z(N) LA+ hA) = L(A)] (A + hA).

Because the operator [.Z(A + hA) — £ ()\)] is bounded from D to L% (R?) it follows
that #7'()\) is continuous with respect A. A short calculation shows that the
derivative of .2 ~'()\) with respect to X is an operator from L2(R?) to D of the
form A.Z71()\)8,.£71()\), and a similar analysis justifies that this operator is indeed
continuous with respect to A. ([l

Notice that because ¢ € D c M,?’_Ql(RQ), Lemma implies that |¢| < Cr™7 for
large values of r. This completes the proof of Proposition 4.10

4.4. Matching and proof of the main theorem. We first find a relation be-
tween the frequency, w, and the parameter ¢, and then proceed to show the results
from Theorem [II

Given g € L2(R?) , with values of & > 1, we know from Proposition that the
intermediate solution is of the form

B(r,0:2) = —x(r) In(1 — ag In(r)) + (- b5),

with ¢ < 779, for large 7 and for values of § € (0,1). At the same time the results
from Section [.3| show that solutions to are given by

U(r,0;e,A) = —x(Ar) In(Ko(Ar)) + 0 (r, 0;¢, \)

where again 1) < 7%, for values of § > 0 and large r.

Since the intermediate approximation is only valid so long as |In(r)| « -1/ao,
and because we are assuming A is small beyond all orders, we may pick the scaling
r =ne/A, with n ~ O(1), to do the matching. Notice that in this scaling the function
Ko(Ar) ~ —=In(Ar/2) — 7., where 7, is the Euler constant. We can then match the
wavenumbers, V® and VU, to obtain A = 2”7 exp(—1/ag). This in turn gives us
an expression for w:

(19) w = 4e 2 exp(-2/ag) ~4C(e)e > exp( in ) ,
EfR2 9

where we use the approximation ag = ag,1€ + a0,252 +0(e?), with ap,1 = —i fR2 g SO

that
2 2 2C"
C(e) = exp( - ) = exp(g) +0(e)
£€ap,1 ag aoyl

Remark. Notice that:



24 GABRIELA JARAMILLO AND SHANKAR C. VENKATARAMANI

(1) The above expression shows that if € [ps g(x)dx < O the frequency w is
smaller than € beyond all orders, which is consistent with our assumptions.
In addition, w(e) depends smoothly on e on the interval € € (0,00), and by
defining w(0) = 0-w(0) = 0 we may also conclude that w(e) is continuously
differentiable with respect to € on the closed interval [0, 00).

(2) In Section@ we derived the following approximation for the frequency:

4o~ ( 4 )
W~ exp .
7’2 13 fRQ g

The constant r. that appears in this expression is therefore accounted for

by the constant C(e) in (L19).

We can now prove our primary result, Theorem [1} for the nonlocal eikonal equa-
tion

¢t:£*¢_|j*v¢|2+€g(x7y) (Iay)ERQ'

Theorem 1. Suppose that the kernels £ and J satisfy Hypotheses with
f=1, and . Additionally, suppose g is in the space L2(R?) with o > 1 and let
M = % gz 9 <0. Then, there exists a number €9 >0 and a C' map

I: [0,c0) — DcM(R?)
e —> P

where >0 and D = {¢ € MA}’_21 (R?) | Vo € HL(R?)}, that allows us to construct
an e-dependent family of target pattern solutions to . Moreover, these solutions
have the form

O(r,0,t;:¢) = —x(A(e)r) In(Ko(A(e)r)) + (7, 0;¢) = A2(e)t,  A(e) >0.

In particular, as r — oo,

e Y(r;e) <Cr™9, for CeR and § € (0,1); and
e \e)? ~4C(e)e e exp(ELM), where C(g) represents a constant that de-
pends on €, and 7, is the Euler constant.

In addition, these target pattern solutions have the following asymptotic expansion
for their wavenumber

k(e) ~ exp(EiM) +0 (TST) as 1 — oo.

Proof. Considering solutions ®(x,t) = ¢(x) — A*t we arrive equation (16)). Then,
letting

¢(r,0,t;€) = ~x(A(€)r) In(Ko(Me)r)) + v(r, 0;) = N (e)t,  A(e) >0,

the above analysis together with the matched asymptotics shows the smooth de-
pendence of A on the parameter ¢, for € € (0,00). We can further define A so that
it is continuously differentiable with respect to € as € - 0. The same arguments as
in Proposition can be adapted, but now the nonlinear operator F' specified in
that proof depends only on €. Therefore, there exists an g > 0 so that the above
ansatz indeed represents an e-dependent family of solutions to for £ € [0,¢9).
The theorem follows directly. O
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5. DISCUSSION

In this paper we derive a model nonlinear integro-differential equation to de-
scribe the phase evolution of an array of oscillators with nonlocal diffusive coupling
( see equation and Appendix. We prove the existence of target wave solutions
in such systems when a pacemaker is introduced, which we model as a localized
perturbation of the natural frequency of the oscillators. This work builds on earlier
results by Doelman et al on phase dynamics for modulated wave trains [DSSS05],
and on work by Kolldr and Scheel on radial patterns generated by inhomogeneities
[KSO7]. In contrast to the systems considered in the earlier papers, our model equa-
tion accounts for nonlocal interaction and nonradially symmetric perturbations, so
our results are applicable to a wider class of systems. However, in other aspects,
the earlier results are stronger and they motivate natural directions for future work.
In particular:

(1) Starting from a reaction-diffusion system, Doelman et al rigorously prove
the validity of the (local) viscous eikonal equation as a reduced, modula-
tional equation [DSSS05]. Our nonlocal model (2 generalizes this equation
but its derivation in Appendix [A] is purely formal. A natural question
would be the rigorous validation of our model as a reduction of a nonlocal
reaction-diffusion equation, e.g a neural field model.

(2) On the other hand, Kolldr and Scheel showed the existence of target wave
solutions for the “original” reaction-diffusion system , in a situation
where the inhomogeneity g = ¢g(r) is a radial function. This motivates
proving the existence of target patterns in the “original” neural field or
continuum coupled model without appealing to a reduced model of phase
dynamics.

(3) Kolldr and Scheel also considered the case of perturbations with positive
mass, i.e. the “mass” € [ g > 0, and showed the existence of weak sinks and
contact defects. The latter can be characterized as waves which propagate
towards the core, but with wavenumber that converges to zero at infinity.
We conjecture that a similar result should hold in our model for nonra-
dial inhomogeneities and radial convolution kernels (where the origin is a
distinguished point). We believe that this case is accessible to the methods
presented in this paper.

(4) The case of a mass zero perturbation was considered previously in [Sim76].
Here, the author shows the existence of a weakly bound ground state with
an energy —w ~ —exp(—~1/(ce)?), with ¢,¢ > 0. Preliminary analysis indi-
cates that an analogous result is true for our nonlocal eikonal equation .

One of our main findings is that nonradially symmetric inhomogeneities generate
target patterns which are radially symmetric in the far field. This behavior can be
understood heuristically by noticing that when € = 0 the proposed phase equation
is invariant under rotations. On the other hand, when € # 0 the inhomogeneity
breaks the radial symmetry but only in a region near its core where its presence is
not negligible. Our simulations confirm this behavior showing target patterns that
are nonradially symmetric near the origin, but that recover this symmetry in the
far field. This behavior can also be explained by the analysis. When we decompose
our full equation into polar modes (see Section , the only solution that does
not decay algebraically is the one that corresponds to the zero-th mode equation.



26 GABRIELA JARAMILLO AND SHANKAR C. VENKATARAMANI

This suggest that what is relevant for the system is the mass of the inhomogeneity
and not its shape. This stands in contrasts to the behavior of radially symmetric
propagating fronts in bistable reaction-diffusion system for dimensions two or higher
[Rou04]. In this case, nonradially symmetric perturbations to the original front
persist and solutions lose their original radial symmetry.

As mentioned in the introduction, the approximations that we have obtained
for the frequency of the target patterns are in good agreement with, and in fact
refine previous results. However, for values of € that we can numerically compute
with, they are not accurate enough to enable us to compare the expressions for
the frequency in with simulations. In ongoing work, we are developing higher
order asymptotic solutions to correctly predict and compare the frequency with
numerical experiments.

Finally, the applications that motivated our model equation were large collec-
tions of discrete objects, e.g. neurons or particles in a granular medium. Because
they involve a large number of interacting units, it seems reasonable to use a con-
tinuum model to describe these systems. Our results show that, in general, target
wave patterns are found whenever an oscillatory extended system with (possibly
nonlocal) diffusive coupling is perturbed by an inhomogeneity (of the appropriate
sign). A natural question is to characterize patterns in smaller networks, i.e. sys-
tems that cannot be approximated as a continuum. This question involves an extra
complication, since the topology of the network now becomes very relevant.

For regular networks, like chains or rings of oscillators with nearest neighbor
coupling, it has been shown that a single pacemaker can entrain the whole system
[RMO06]. A similar result was found for networks where the oscillators are con-
nected at random [KM04]. However, in general, the question of understanding the
transition to synchrony and the stability of this solution in networks with different
topologies is challenging (see [ADGK*08| and references therein). For example, in
the case of all to all coupling this transition is a function of the coupling strength
[Kur75], but as connections are removed at random the transition depends now on
how many oscillators are still connected [ROH05]. At the same time, new types of
synchronous states called chimeras have been discovered in simulations of oscilla-
tors with nonlocal coupling, [KB02|. These solutions are characterized by having a
fraction of the oscillators in phase while the rest are in complete asynchrony (see
[YHLZ13] and references). A similar behavior was also found in a reaction-diffusion
system that can be approximated by an integro-differential equation. In this case,
chimera states appear as spiral wave solutions with a core that is not in synchrony
[SK04]. There is a wealth of such physical phenomena that are yet to be analyzed
rigorously, and in the future we hope to further investigate aspects of the central
question, namely the interplay between discreteness, nonlocal spatial coupling and
“local” oscillatory behavior.
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APPENDIX A. A HIERARCHY OF EVOLUTION EQUATIONS FOR THE PHASES OF
COUPLED OSCILLATORS

A continuum of oscillators with stable limit cycles and small variations in their
natural frequencies can be described by the Stuart-Landau equations [Kur84]

Oz(w,y,t) =i(1+*g(a,y))z+ (1= |22

where € «< 1, and time has been scaled so that the natural frequencies are all close to
1. We assume the coefficient of the nonlinear term |z|?z is real, while full generality
allows for a non-zero imaginary part resulting in a dependence of the oscillation
frequency on the local amplitude |z| [Kur84]. Introducing a non-zero imaginary
part for this coefficient will not change any of our conclusions, since |z| ~ 1 as we
argue below, so the frequency is still nearly constant spatially, just “renormalized”
to a different value.

There are indeed many different ways to spatially couple these oscillators. In
order to constrain the possible models, we will impose the following requirements:

(1) If € = 0, the uniform states z = e?**?° are (neutrally) stable. This is clearly
necessary if we hope to describe the € # 0 behavior through a slow modu-
lation of the phase, i.e. by replacing the constant ¢ with a slowly varying
(in time) function ¢(x,y,t).

(2) The spatial coupling between the oscillators is weak. Quantitatively, we
will assume that the coupling is O(e).

(3) The spatial coupling is isotropic and translation invariant. In particular,
this implies that the entire systems is nearly isotropic and translation in-
variant, and the only place where this symmetry is “weakly” broken is
through explicit spatial dependence of the natural frequencies of the oscil-
lators encoded in the term €2g(x,y).

(4) The overall dynamics has a global gauge symmetry z(x,y,t) = e*®0z(x,y,t)
for any constant ¢g. This symmetry is appropriate for studying slow be-
havior in systems with fast oscillations (here the natural frequencies ~ 1
for the oscillators correspond to the “fast” time scale) and reflects the fact
that the slow behavior is independent of the exact choice of the origin of
time (the phase shift ¢g) if it is governed by averaging over many periods
of the fast oscillations [AK02].

Spatial couplings satisfying these requirements are of the form e£  F(|z[*)z, where
L+ denotes convolution with a kernel that is isotropic and O(1) as ¢ - 0. Con-
volutions are manifestly translation invariant and F(|z|?)z is the general form of
a gauge invariant term. Finally, in order to maintain the neutral stability of the
uniform states z = €% for € = 0, we will need that £ 1 =0, i.e. constants are in
the kernel of £. Taken together, this suggests that we should consider models of
the form

Oz=i(1+eg)z+ (1 -2z +e(L1* F1(|2[})z+ Lo x Fo(|2)*)z+ ...+ L * Fu(|2]*)2)

This is the appropriate generalization of the complex Ginzburg-Landau equation
[Kur84l [AK02] to our context of nonlocally coupled oscillators whose frequencies
are amplitude independent. Following the approach in [Kur84], we write z(x,y,t) =
r(z,y, 1) @¥) and expect that r(x,y,t) ~ 1 (corresponding to the natural
dynamics of the oscillators) and |0;¢| <« 1 (since we have already accounted the
dominant part of the oscillatory behavior z ~ e**). We will call ¢ the relative phase
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of the oscillators. While the relative phase varies slowly in time, we make no a
priori assumptions about its spatial variation. The above arguments suggest that
we can replace |z|2 by 1 in the above expressions to get

L= Fl(l)ﬁl + FQ(].),CQ + -+ Fn(l)ﬁn
O + 10y = i€2g + (1 = [r|*)r + e L x €™,
Separating the real and imaginary parts gives the evolution equations for r and ¢.
Our assumptions imply that the dominant part of the 7 dynamics is 9,7 ~ r(1 —r2)
so that the system relaxes to its slow manifold r ~ 1 quickly, i.e on the time scale

of the natural oscillations. Indeed, r is slaved to ¢ in this regime and we can solve
by linearizing r(1-72) » =3(r — 1) near r = 1 to obtain

rel+ %Re [e"i‘bﬁ * ew] ~ 1.
To this order of approximation, the evolution equation for the phase is therefore
(20) Or¢ = €g +Im [e_id’ﬁ * ew] ,

where 7 = et is the natural slow time that arises from balancing the time derivative
of ¢ with the nonlocal coupling. This equation can also be recast as 0,¢(x) =

eg(x) + [ Kr(jx—x'|)sin(¢(x) - ¢(x))dx"+ [ K;(|Jx —x'|) cos(d(x) - ¢(x))dx" by
splitting into real and imaginary parts. This is a variant of a well known equation
in the context of neural field models (see [SL12] and references therein).

We now specialize to particular types of spatial coupling £. The class of
translation invariant, isotropic, differential operators of finite order that annihilate
the constants are given by

Lxz= (a1 +ib))Az+ (ag +iby) A%z + - + (ap, +iby) A"z
where A = 92 + 85 is the Laplacian. This motivates the definitions
Ti[¢] =Im[e A*e™®], Si[¢] =Re[e"?A%e?], k=1,2,3,...
In terms of these operators, the slow evolution of the relative phase ¢ is given by
(21) Ord=€g+a1T1[P] + 0151 [P] + -+ anTn[d] + b, X0 [ 0]

These evolution equations, for different choices of a;, b;, are universal models for the
slow time evolution of the relative phases of coupled oscillators. We can compute
the first few I'y, and X, explicitly to obtain

F1[¢]:A¢

Si[¢] = -|vel

I2[¢] = A% - 2|V’ Ad - 4V - VYV
S2[0] = [Vo|* -4V V(Ag) - 2VVel]* - (Ag)>

where VV¢ is the 2 x 2 Hessian matrix. The expressions for I'y, and ¥, quickly get
very complicated as k increases,. We therefore record a few observations on the
structure of I'y, and X; that are easy to show by an inductive argument using the
recursion Xy, + il = e A [(Sk-1[0] + ifk_l[gb])ei‘b]

(1) Every term in 'y, and X has a total of 2k spatial derivatives of ¢.

(2) Tk has terms that are homogeneous with degrees 1,3,...,2k-1in ¢, Vo, VV9, ...

and Y has terms that are homogeneous with degrees 2,4, ..., 2k.
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(3) Tx[¢] = A¥p+ h.o.t, X [4] is an isotropic sum/difference of squares of kth
order spatial derivatives of ¢ + h.o.t, where h.o.t. refers to terms that are
higher order in the homogeneity in ¢.

We can obtain the dispersion relation by substituting a plane wave ansatz ¢ =
kyx + kyy — w(ky, ky)T into with € = 0 to obtain

w=b1k? = bok* + -

where k? = k2 +I€§. We will henceforth restrict ourselves to the case where the long-
2

w
wave dispersion coefficient de‘ =2b; > 0. We define a hierarchy of evolution
k=0

equations by retaining the linear and quadratic terms in 'y and Xi. The first two
equations in this hierarchy are

0r¢ = eg + a1 Ad — by |Vl
(22) 0,6 = g+ a1 Ad +az A% — b1 |Ve|* — b2 (2]VVS + (Ad)?)

A basic consistency check for our procedure is that the first equation in the
hierarchy is indeed the usual viscous eikonal equation.

One method in modeling physical phenomena is to retain just as many terms in
the model as necessary to obtain the desired behavior in the solutions. Here, we
take a slightly different modeling approach. Our goal is to get the right small k
(long-wavelength) behavior. To this end, we will approximate the quadratic terms
involving the sums/differences of squares by a single term of the form —|J * V¢|?
that captures the long-wave behavior of these nonlinearities. That is, we will require
that, for an exponent « that is as large as possible, and for all compactly supported
smooth function 1 > 0, we have

[ 0l + b2V VP ¢ (80)%) 17 5 Vo) (1. Y ) ddy - O(L™) as L~ e

x Yy
L'L
For any function g € L'(R?), the dominated convergence theorem implies that, as

L - oo, f g(as,y)dj(%, %) dzxdy - ¥(0)g(0) where g = F(g) denotes the Fourier
transform of g. Consequently, for ¢ € Cy(R?), our requirement that the approxima-
tion should capture the right long-wave behavior of the nonlinearity can be written

F (b1|Ve]* + b2(2IVVe|* + (A¢)*)) (0) = F (|7 * V*) (0)

We now show that we can indeed find an expression for the Fourier symbol corre-
sponding to the convolution operator J satisfying this condition.

With k = (k1, ko) representing our variable in Fourier space and defining the
nonlinear operator N by

N (D) =F (b (92 + 62) + 2ba (62, + 202, + 62,) + ba(02, + 2000ty + 07,) )
= by (k1 * k10 + kot % ko) + 3ba (K2 % k2 + k2 # k2)
+4by (ki ko + kykad) + 202 (K20 % k29)),
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a straight forward computation then shows that

N@)(O) = [, (b1 +3hlaP)laPé(-a)é(a) da
N()(0) = fRZ J(~a)é(-a)(ia, ig2) - (~iqr, ~ia2)J (@)$(a) da,

where J(k) = \/b; + 3bo|k[2. Since this holds for all ¢ € Cy(R?), it is clear then that
the Fourier symbol for J can be picked to be precisely the multiplication operator
J (k).

An inductive argument allows us to extend these ideas to higher order equations
in the hierarchy (cf. ), viz. truncating at quadratic order, followed by a
reduction of the quadratic terms as above will give a reduced model

D= a;N¢-|T « V|,

where the kernel J has a Fourier symbol of the form

1/2
J(k) = [Z Cjbj|k|2(j1)] ,
7

and the constants c¢; are universal (i.e. independent of the differential operator L)
and can be computed explicitly. In particular, ¢; =1,¢co = 3.

If we assume that the function €*? is band-limited, a physically reasonable as-
sumption precluding the presence of arbitrarily small-scale structures in the pattern
of the relative phase, we can extend the above argument to reduce for general
(i.e. not necessarily a finite order differential operators) £ and J with continuous
Fourier symbols L = L(|k|), J = J(]k|) that are also exponentially localized. Indeed
observing that the space Cy(IR?) is dense in weighted Sobolev spaces, an argument
by approximation gives a reduction of to

8T¢:eg+£*¢—|J*V¢|2.

By rescaling 7 and ¢ we can, W.L.O.G, set a; = 1,b; = 1, so that L(0) =1,J(0) = 1.
This is the basic model (Eq. ) that we consider in the body of the paper.

APPENDIX B. PROOFS OF SUBSIDIARY RESULTS

B.1. Algebraic decay in Kondratiev spaces.

Lemma. Let f ¢ M;’Q(Rd) then |f(x)] < C’HfHMi,Q(Rd)(l +[x]?)"Ordl2) g

|X| — 00.
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Proof. Let (6,r) represent spherical coordinates in d dimensions, with r being the
radial direction and @ representing the coordinates in the unit sphere, ¥. Then

R 2
R 2
:[E(f Sas’y+1|arf(97s)|s(d—l)/2 dS) do
R 2 R 2
< LS ) (L omosespse ) o

< R0+ H vf”ifrH(Rd)

where o = =(y+ 1) + (1 -d)/2 and R is fixed. We therefore have the following
inequality
1fC R e < ROV 12 2oy
From Adams and Fournier [AF03| Theorem, 5.9] we know that there exist a
constant C such that

[£C R oo € CLEC R s ey L 5 R G oy

where 6 = dp/(dp + (mp-d)q) and 1/¢+1/p=1. Choosing p=g =2 and m =0, we
obtain

1 R)eo € CLFC R 22 < ORI T ] gy
(]

B.2. Fredholm properties of A™(Id —A)~.. In this section we look at the Fred-
holm properties of the operator

A™(Id -A)":De L, (RY) — LE(RY)
with domain D = {u(x) € L?_, (R?) | (Id - A)"u(x) e M"5P (R?)}. More

Y—-2m
precisely, we prove the following proposition.

Proposition. Let v e R, «,8 € Z*U{0}, m,d € Z*, and |l € Z. Then, the
operator,

A™(1d -A)":DeL? , (RY) — LE(RY),

with domain D = {ue L¥_, (R?)|(Id - A)"ue MI"3? (R)}
e is a Fredholm operator for a+dfp < v < =8 —d[p + 2m with kernel and
cokernel given by

B a
Ker = | JH;k, Coker =JH;x;
j=0 j=0

e and not Fredholm for values of y e {j+d[p:j e Z}.
The proof consists in showing that the operator A™(Id — A)! is the composition
of
(1) an invertible operator (Id-A)~': D c Lfffz(Rd) — M2"5P (RY) ¢ W20P (RY)

y—2m y—2m
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(2) and a Fredholm operator A™ : Mig’p(Rd) — L2(RY).

Item (T}) follows from Lemma|[B.1I] and the result of item (2]) from Lemma[B.4]
Then, the span of the kernel and cokernel of A™(Id —A)! can be determined using
Lemma [B:3] and duality.

We start by showing the operator (Id —A) is an isomorphism in weighted spaces.

As part of the proof we need the following Theorem by Kato, see [Kat13].

Theorem (Kato, p.370). Let T'(y) be a family of compact operators in a Banach
space X which are holomorphic for all v € C. Call v a singular point if 1 is an
eigenvalue of T'(vy). Then either all v € D are singular points or there are only
finitely many singular points in each compact subset of D.

With the notation (x) = (1 + |x|?)/2, we are now ready to show that:

Lemma B.1. Given s € Z,p € (1,00),v € R, the operator (Id — A) : W,f’p(]Rd) -
Wi_Q’p(Rd) is an isomorphism.

Proof. We show the result only for s > 2, since the results can be extended to all
s € Z by duality. We have the following commutative diagram

S, d (1d-4) s-2, d
WP (RY) —2 we2e(RY)
(x)7 (x)7
A()

Ws,p(Rd) s W572,p(Rd)

where A(y)u = (Id = A)u +T(y)u, and T(y)u = —y(y + 2)[x|?(x) 4w + v(x)2u +
27(x)"2x-Vu . The operator T'(y) may be approximated using compactly supported
functions. It then follows by the Rellich Kondrachov embedding theorem that T'(y)
is a compact perturbation of (Id — A) : WP(RY) — W*=2P(R9).

The results of the lemma follow if we can show that Ker A(«y) = {0} for all v € R.
Suppose for the moment that this is not true and that we can find a number v* € R
and a function u € W*P?(R?) such that A(y*)u = 0. Then, from the commutative
diagram and the embedding W,‘:;p(Rd) c Wj’p(]Rd), with v < ~*, we obtain that
A(v)u =0 for all v < ~*.

On the other hand, the operator

Ws,p(Rd) N Ws—2,p(Rd)
W o (1d-A)IT(),

which is compact and analytic for all v € C, has A = 1 as an eigenvalue if and only if
A(7y) has a non trivial kernel. We have therefore shown that A =1 is an eigenvalue
of (Id = A)™'T(v) for all v < v*. Now, Kato’s Theorem implies that A = 1 is an
eigenvalue of (Id — A)™'T(«y) for all v € C. In particular, this result holds form
~ = 0, which is a contradiction as (Id — A) is invertible. It therefore follows that
Ker A(y) = {0} for all v € R and that (Id - A) : WSP(R?) — Wi 2P(R?) is an
isomorphism.

[

Before showing the Fredholm properties of A™ in Kondratiev spaces we need
some results concerning homogenous polynomials. For more detailed proofs re-
garding the following results see [SW16].
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Homogenous Polynomials: Let P, denote the space of complex valued ho-
mogenous polynomials in R? of degree m, and let H,, c P,, denote the subspace of
harmonic polynomials. One can define a inner product in P,,, via (P, Q) = P(D)Q,
where the bar denotes complex conjugation and P (D) is the differential operator by
which x; is replaced with 9/9;. With this notion of an inner product it is possible
to show that:

Lemma B.2. The space P, is a direct sum of the form
P= Hm @ |X|2Hm—2 @ |X‘4Hm—4 SR |X|2aHm—2aa

where « is a positive integer such that m = 2a if m is even, or m+1 =2« if m is
odd.

Since the dimension of Py, is given by dy, = ("+$_1), it follows from Lemma
that the dim(H,,) = (n+m—1) _ (n+m73).

m m-2
The following notation,
T P, if m<2k
R Hey, @ [XPHip2 @ - @ [xPEVH,, 51y i m>2k

is used in the next lemma.
Lemma B.3. The operator AR P, > P,,_o is onto with kernel Hon i

Proof. The result is trivially true if m < 2k. For the case m > 2k suppose the result
does not hold, so that there exist a ¢(x) € P,,_o such that (A¥p,q) = 0 for all
p(x) € P,,. Take p(x) = |x|**¢q(x) and notice that
0=(Akp,q) = (¢, A%p) = ¢(D)A* B = Aq(D)p = (p, p).
Since (-,-) is an inner product, it follows that p(x) = 0 and as a consequence the
map AF:P,, - P,,_o) is onto.
Now, let r(x) = [x|**¢(x) for some g(x) € P,,_ox, and take p(x) € P,, such that
(r,p) = 0. This last equality holds if and only if
{r,p) = r(D)p=q(D)A* = (g, A"p) = 0.
That is, if and only if p(x) € Ker A¥. Therefore, P, = Ker (AF) @ [x|**P,,, o, and
by Lemma [B.2] we must have
Ker (Ak) =H,, & x*'H,, 2 & & |X|2(k’1)]HIm_2(k_1)
= Hm,k-
(Il
We are now ready to state the Fredholm properties of A™ : Miz’f@(Rd) -
d
LE(R?).
Lemma B.4. Given yeR, o, 8 NU{0}, m,neZ*, and p € (1,00) the operator
M7 (RY) —  LE(RY)
u — ATy
18
e Fredholm for a+nfp <~y <—-F-n/p+2m with kernel and cokernel given by
B a
Ker = |JH;r Coker = [ H;;

J=0 Jj=0
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e and it is not Fredholm for values of ye{j+n/p:jeZ}.

Proof. From the results in [McO79], it is straight forward to see that the operator
is Fredholm. The span of the kernel and cokernel follows from Lemma while
the range of values for v can be found by determining when the subspace P; is
contained in € L2 _, (R?), or in L” (R?). O
B.3. Fredholm properties of radial derivatives. In what follows, v € R and
p,q € (1,00) are conjugate exponents. We also use the notation (r) = (1 +72)1/2,
Lemma B.5. Let yeR, and p e (1,00). Then the operator

W P(R?) —  LE(R?)

U — @U + %u -—Uu

is an invertible operator.

Proof. We show that the inverse operator
L (R*) — W, P (R?)
f(r) —  u(r)= %[; e (r=8) f(s)s ds
is a bounded operator using the following inequality
HUHLz(JRZ) < HUHL;’(Bl) + ||U|\L£(R2\Bl)7
where Bj is the unit ball in R?%. First, given f € C§° a simple calculation shows
that w(r) has the same type of singularity as rf(r) near the origin. Since C§°(R)
is dense in LY (R?), the result also holds for any f € L’;(Rz) and consequently,
lulze s,y < ClfllLe ey,

as well as

lu(r)/rllze B,y < Clf oz ge)-

On the other hand, because (r)"(s)™ < (r — s)/"l holds for any 7 € R we obtain
oo |1 T s p
[l sy = [ |- [ e85 ds| () Prar

[e)

oo r p
< f ‘f e(f’—ﬁ)(r _ s)|7—1+1/P|f(5)(5)’Y+1/P ds| dr,
1 o

from which we deduce using Young’s inequality that |u| Lz w2\5,) < C(V)|f L2 2)-

It is then straightforward to see that [ 0,u Lz 2y < | f| L2 (z2), since Oru =u- Tu-f.
(]

The next propositions states the Fredholm properties for 0, and its adjoint 0, +
1/r.

Proposition B.6. Given p e (1,00) the operator O, : Mﬁf_l(R% - L’T’W(R2) is a
Fredholm operator and

o for v>1-2/p it is invertible, whereas

o for v<1-2/p it is surjective with Ker = {1}.

On the other hand, the operator does not have closed range for v=1-2/p.
Similarly,

Proposition B.7. Given p € (1,00), the operator &, + * : Mﬁ’,f_l(RQ) - L?_(R?)
is a Fredholm operator and
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o fory>2-2/p it is injective with Coker = {1}, whereas
o fory<2-2/p it is invertible.

On the other hand, the operator does not have closed range for v =2-2/p.
The proof of the above propositions follows from the next lemmas and duality.

Lemma B.8. Given v > 1-2/p and p € (1,00), the operator 0, : Mrl”f;ll(RQ) -
Lfﬁ(RQ) is invertible.

Proof. We define the inverse operator

o7t Lp (R?) - M, (R?)

r,y—1

f(r) — u(r) = [, f(s) ds

and show, using the following inequality
HUHLQI(Rz) < HUHLI;I(Bl) + Hu||L571(R2\Bl)7

where Bl is the unit ball in R27 that HuHL:J(RQ) < Hf“Lf’,(RQ)
First, the result HUHLﬁ,l(lﬂ) <[ fllzz(B,) is a consequence of the Sobolev embed-

dings and the fact that (r) is a bounded function on Bj.
To show that |ul.r (&2\5,) < |IfLr_ (r2\5,) consider the following scaling vari-
-1 y-1
ables

T = ln(r), re [1, oo), ’U)(T) = u(eT)e‘”’ g(T) - f(eT)e(<T+1)T

and notice that w(7) satisfies 9, (w-e™7) = e™°7g(7), hence w(r) = [ """ g(s) ds.
Then, letting o =v—-1+2/p >0 and using Young’s inequality we arrive at

1
lullze , @e\By) = [wlLe(1,e0) < ;HQHLP[LOO) <C|flez @2\By)-
[l

Lemma B.9. Given v >2-2/p and p € (1,00), the operator O, + % : M:’f_l(RQ) -
L?_(R?) is Fredholm index i = -1 with Coker = {1}.

Proof. Since for v > 2 —2/p the function 1 is in the dual of LY. (R?) and it defines
a bounded linear functional. Therefore, the space

Lfml:{ueLfﬂ(RQHfo wer dr =0}

. . 1 . .
is a closed subspace. Moreover, given u € Cg° ¢ M, ,Y’_pl integration by parts shows

that 0,u+ %u € Lf,,m. Then, because v > 2—2/p and C§° is dense in le’_pl the same

is true for any u € M:,ir The results of the lemma then follow if one shows that
the inverse operator

L;’“),'y,J_ - le,LI/)(RQ)

fr) = u(r) = [Lf(s)-sds
is bounded. The proof of this last statement follows a similar arguments as in

Lemma [B:5] and Lemma [B-8] and we therefore omit it.
O
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To complete the proof of Propositions [B.6|and [B:7] we need to define the extended
operators 9, : L7, | (R?*) - M7 "?(R?) and 9, + 1 Ly (R?) - M, 1 P(R?) defined

via

Oru(v) = (u, (0,)"0) = (u, (9, + 1fr)v),  YueL? _ (R*),YveM, " (R?)

T

where the double brackets (u,v)) denote the paring between an element v € X and
a linear functional v € X*. Notice as well that the definition for these operators
is a na;cura'xl extension .of 0, Mj,f_l(R2) — L?_(R?), and 9, + 1. M::f;_l (R?) —
L7 (R*) since by duality

Oru(v) = (u, (3:)"0) = (u, (Br + 1/r)v),  Vue M P (R?),Vve My (R?)

r,1—y
Lemma B.10. Let pe (1,00), then the operator O, : Lf_’,yfl(RZ) - M LP(R?) is
e injective for v>1-2/p.
o Fredholm with Ker = {1} and index i =1 for v<1-2/p.

Proof. To show it is injective for v > 1 — 2/p, suppose there is a u ¢ Lfﬁ_l(Rz)
such that d,u = 0. Then using a sequence {u,} € C¢°(R?) such that u, — u in
LP__(R?) we find that for all v e M, % (R?)

0=08ru=(u,(0,) ) = lim (Orun, v).

It follows that Jyu, — 0 in L7 _. Since v > 1-2/p we must have u = 0.
The result for v < 1 -2/p follows from the definition d,u(v) = {u, (0, + 1/r)v)),
and Lemma O

Similar arguments as in the above lemma show that
Lemma B.11. Given p ¢ (1,00), the operator 9, + £ : LY _ | (R?*) - M 1P (R?) is

o injective for v<2-2/p.
e Fredholm with Coker = {1} and index i=-1 fory>2-2/p.

Lemma B.12. Given v = 1-2/p, the operator 0, : M:”WP_I(RQ) - L’T’W(RQ) does
not have a closed range.

Proof. Let 1(r) € C& (R?) be a radial function with suppt(r) € By and ¥(r) = 1 for
7 < 1/2. Define uy,(r) = ¢(r/n)/|¢(r/n)|Lr ., for n € N and notice that dru, -0

in L?_(R?) yet for v = 1 -2/p the sequence {u,} does not converge in Lfy,y_l(RQ).
It follows then that 9, : MTl”f_l(]Rz) - L7 (R?) does not have closed range. O

Lemma B.13. Given v =1-2/p, the operator 0, + 1+ : Mrly’,f_l(]RQ) - LP, (R?) does
not have a closed range.

Proof. The proof is similar to that of Lemma only we use the following se-
quence instead: Let 1(r) € C5°(R?) be a radial function with suppy(r) € By
and ¥(r) = 1/r for 1 < r < 3/2, and ¢(r) = 0 for r < 1/2. Then define u,(r) =

lr/n)/[Cr/n)le . @e2)- O
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