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Abstract

We show that radially symmetric spikes are unstable in a class of reaction-diffusion
equations coupled to a conservation law. !

1 Introduction

We consider a class of spatially extended systems that are governed by a scalar reaction-diffusion
equation, coupled to a conservation law,

{ Ut = V : [a(u7v)vu + b(u,v)Vv] ? t> O T € Rk (11)

UVt = AU—|—f(U,U),

Here, the functions a, b, and f are of class C3(R?,R). In order to ensure well-posedness on ap-
propriate function spaces, we also assume that a(u,v) > ag > 0 for all (u,v) € R%. Equations
of the type (1.1) arise in many physical, biological, and chemical applications. We mention
the Keller-Segel model for chemotaxis [6], phase-field models for undercooled liquids [1], and
chemical reactions in closed reactors, with stoichiometric conservation laws for chemical species.
We refer to [13] for a somewhat more extensive review of the literature and specific examples.
Many of those systems are known to exhibit patterns in large or unbounded domains. The
simplest examples in one space-dimension, k = 1, are layers (or interfaces), and possible bound
states formed between pairs of such layers. The simplest higher-dimensional patterns are ra-
dially symmetric, localized and time-independent patterns (u,v)(t,z) = (u*,v*)(|z]). We refer
to such solutions as spikes.

In previous work [13], we showed that such localized patterns are always unstable for the
dynamics of (1.1), under quite mild, generic assumptions, in one space-dimension. Our goal
here is to extend such instability results to higher space-dimensions. In this introduction, we
first briefly characterize the types of radially symmetric solutions that we are interested in, and
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then state our main results, which provides an instability statement for a large class of spike
solutions. Our emphasis is on phenomenological assumptions, related to the spike solution,
rather than assumptions on specific shapes and monotonicity properties of a, b, and f.

The following two assumptions characterize spikes as exponentially localized with a stable
background.

(rs1) We assume that spikes are nonconstant, exponentially localized, that is
|(u* — u®,v* —v™®)(z)] < Ce Ml forall zeRF, (u,v*) # (u™,v™),
for some constants u*°,v>*° € R, and C,n > 0.
(rs2) Spikes are asymptotic to constant states that are stable for the pure kinetics,
u'=0 v = f(u,v),
that is, we assume f,(u®,v>°) < 0.

We will now outline how to construct spikes that satisfy (rsl)-(rs2); for a more detailed dis-
cussion, see Section 2. One readily checks that radially symmetric spikes satisfy the system

[P (a(u, v)uy + b(u, v)vr)}r =0, (1.2)
Upp + k;lvr + f(u,v) = 0. '
where r := |z| is the radial variable. The first equation in the above system can be integrated
and viewed as a differential equation for u in terms of v,
d b
du __b(uw,v) (1.3)
dv a(u,v)

Solving this differential equation with appropriate initial conditions, one obtains a solution
u* = ®(v*). Substituting this solution into the second equation of the system (1.2) we obtain

the equation for v*,
k—1
Upp +

v+ f(®(v),v) =0. (1.4)

This equation is nothing else than the equation for radially symmetric solutions to
Av + f(®(v),v) = 0. (1.5)

Radially symmetric solutions to such a stationary nonlinear Schrodinger equation have been
studied extensively in the literature, using a variety of techniques, for instance shooting or
variational methods.

Different from the one-dimensional case, even positive solutions of (1.4) that decay to zero need
not be unique and may bifurcate as problem parameters are varied. We will focus here on the
simplest case, where the linearization of (1.4) is invertible and possesses an odd Morse index.
More precisely, consider the linearization K of (1.5) at v* as a self-adjoint operator on the closed
subspace of L?(R¥) consisting of radially symmetric functions. We will assume the following
two conditions.



(rs3) The kernel of K in L2 j(R¥) is trivial.

(rs4) The operator K on L2 ;(IR¥) has an odd number of positive eigenvalues.

Condition (rs3) is typical in the sense that it is violated only for exceptional values of pa-
rameters; see for instance [2, §5]. It is also known to hold for several specific examples, see
5, 8, 12].

We note that in a typical situation the steady-states have Morse index one, they are in fact
Mountain-Pass type extrema for the functional associated with (1.5). In this case, (rs4) is
satisfied and K has exactly one positive eigenvalue.

We are now ready to state our main result.
Theorem 1.1. Suppose (1.1) possesses an exponentially localized, radially symmetric spike
solution (u*,v*) satisfying (rs1)—(rs4). Then (u*,v*) is unstable as an equilibrium to (1.1),

considered as an evolution equation on the space of bounded uniformly continuous functions
BUC(R,C?) or on BUCyaq(R,C?).

The formal linearization of (1.1) along the spike (u*,v*) is the equation

d (u U
1))

where
ro V- (a*V + alVu* + b:Vo*) V. (b*V + aiVu* + biVo*) (1.7)
fa A+ fy '
Here 7 %7 next to any of the functions a, b, f and their partial derivatives represents the

composition of the respective function with the spike (u*,v*).

We can view the differential expression £ as a densely defined, closed operator on various
function spaces such as BUC(RF,C?), L?(R¥,C?) or the exponentially weighted L%(Rk,(CQ)
spaces that we define below. One can check that on these spaces £ generates an analytic
semigroup, see for instance [7].

We will show in this paper that the spectrum of L intersects Re A > 0. This readily implies
that the spectral radius of the semigroup generated by L is larger than 1, and, using a result
of Henry [3, Thm 5.1.5], that the spike is actually unstable for the nonlinear evolution. We
refer to [13, §3] for more details on how spectral instability implies nonlinear instability in this
context.

The remainder of the paper is organized as follows. We show that spikes naturally come in
families parametrized by the asymptotic state, Section 2. We then recall some results on
the essential spectrum of £ in Section 3. The heart of our analysis is contained in Section
4, where we show that there exists at least one real unstable eigenvalue for £ whenever the
essential spectrum is stable. The main idea is similar to the construction in [13]. We perform a
homotopy to a system where the linearization is known to exhibit an odd number of unstable
eigenvalues and show that, during the homotopy, eigenvalues may not cross the origin. The



crucial difficulty is the presence of essential spectrum at the origin, which makes it difficult to
control multiplicities of eigenvalues. We therefore monitor eigenvalues near the origin by using
a carefully crafted Lyapunov-Schmidt type reduction procedure, mimicking the extension of
Evans functions at the essential spectrum. The procedure here is somewhat more subtle than
in [13] since one would not expect Evans functions to be analytic in the presence of terms with
decay 1/r, generated by the Laplacian in higher space-dimension [15].

Notations: We collect some notation that we will use throughout this paper. For an operator
T on a Hilbert space X we use 7%, dom(T'), ker T, imT, o(T), p(T) and T}y to denote the
adjoint, domain, kernel, range, spectrum, resolvent set and the restriction of 7" on a subspace
Y of X. If g : R?> — R is a smooth function, e.g., a, b, f or one of its partial derivatives, we
write ¢* := g(u*,v*) and ¢ = g(u®>,v>). If u is a radially symmetric function, we write
u(r) = u(z) if |z| = r, slightly abusing the notation. We denote by L2 j(R*,C™) the space of

radially symmetric functions that belong to L?(R¥,C™). For n € R, L?),rad (R¥,C™) denotes the

weighted space of vector-valued functions defined via the weighted L?-norm
Jully = [ lu(oe .
RF
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2 Families of spikes

In this section we show that the existence of a spike satisfying conditions (rsl)—(rs4) implies
the existence of a family of radially symmetric spikes. Recall that a radially symmetric spike
(u*,v*) satisfies the system (1.2)

[ (a(u, v)ur 4 b(u, v)v,)] =0,
Ve + ELu, 4 f(u,v) = 0.

T

Integrating the first equation we obtain that the spike (u*, v*) satisfies the equation a(u,v)u, +
b(u,v)v, = mr'=* for some m € R. Since u* and v* converge exponentially as r — 0o, we
obtain that vy — 0 exponentially as r — oo by standard ODE arguments. Therefore, u*
satisfies an equation of the form wu, = mr!'=% 4 O(e™*") for some ¢ > 0. Since, by (rsl),
u* converges exponentially as r — 0o, we conclude that m = 0, which implies that a spike
necessarily satisfies the ODE (1.3),

du b(u,v)

a = _G(U/,U)’ U(UO) = Uuop.

Since a spike is a bounded solution, we may assume without loss of generality that b is bounded.
Moreover, a is bounded away from zero, so that this ODE possesses a global, smooth solution.
We denote the solution to initial conditions ug at v = vy by

u(v) = ®(v,vo; uo), (o, vo; ug) = uo- (2.1)



For our particular spike (u*,v*), we note that u* = ®(v*,v>°; u>*) =: ¢o(v*). Hence, v* satisfies

the equation
k—1

Upr + v+ H(v) =0, H(v) := f(po(v),v). (2.2)

We recall that according to conditions (1s3)-(rs4), K = 92 + 2219, 4+ H'(v*) has trivial kernel
and the number of its positive eigenvalues is odd. Condition (rsl) asserts that v*(r) — v
exponentially for r — oo, which implies that H'(v>°) < 0. We will refer to this condition later
on as
ODE-Hyperbolicity:
bOO
(%) = [ = " f <0, (2.3)

In the next lemma, we prove the existence of a smooth family of spikes.

Lemma 2.1. Under the assumptions of Theorem 1.1, there is € > 0 and a family of spikes
(U*(',H),U*(',p)) for e (_5,5), such that

(1) the asymptotic values (u™(p),v>° (1)) are smooth functions and 0 # 0,u>(u);

(i) the spikes (w*(-, p) —u™(p), v*(-, u) —v>(n)) are given as smooth maps from (—e, ) into

Hfad(]Rk,RQ); moreover, (u*(-,0),v*(-,0)) = (u*(-),v*(+)).

Proof. The proof, in most of its parts, is similar to the proof of [13, Lem. 2.1]. For

completeness we give the main arguments. We first construct a family of asymptotic states
[e.e] oo

that satisfy (i) by solving f(u,v) = 0 locally near (u*°,v*>°) with the implicit function theorem,
using (rs2), and denote the solution by (u™(u),v>°(n)), u € (—¢,¢), with

Ou(u™(0),v(0)) = (=£,°, ) (2.4)
We now define
:R—R,  @*(v) = (v, v™(p); u™ (1))

and

H:Rx(—eg,e) =R,  H(v,pu) = f(®*(v),v).
Note that H(v™(u), ) = 0. Next, we seck radially symmetric spikes that are solutions to

k—1
Upp +

vy + H(v, ) =0, (2.5)

with u = ®#(v). Using ODE-Hyperbolicity (2.3) again, we infer H,(v>®,0) = H'(v>®) < 0. It
follows that v°°(u) is the locally unique equilibrium to (2.5), and v is hyperbolic.

To solve equation (2.5) for pu ~ 0 we make the change of variables w = v — v°°(u), which yields
a nonlinear equation

G(w, p) = wpp + ?wr + H(w(:) 4+ v™®(u), u) = 0, (2.6)



rad(Rk) is a
smooth map. Since v* satisfies (2.2), it follows that G(v* — v>,0) = v¥, + ¥=Lo* + H(v*) = 0.

r

where the nonlinearity vanishes at the origin so that G : H24(RF) x (—¢,e) — L2

The w-derivative of G is given by:
kE—1 ~
(Guw(v* —v™,0))w = wpp + ——w + Hy(v*(+),0)w = Kw.
r

Next, we will show that K is invertible. Since the kernel of K is assumed to be trivial, (rs3),
it is sufficient to show that K is Fredholm of index zero. To see this, we first consider I as
an operator from Hfad
v*(r) — v, exponentially for r — oo. Thus, the operator K is a relatively compact (actually,

(R*) into L2 j(R*). Since the spike (u*,v*) is exponentially localized,

even in the Schatten-von Neumann B, ideal, for the right choice of p, see [17, Thm. 4.1])
perturbation of Koo = A + H'(vs). By ODE-Hyperbolicity (2.3), we have H'(v) < 0 so that
Ko is invertible and C is Fredholm with index 0.

Using the Implicit Function Theorem, we now find a local smooth solution w(-, i) € HZ ;(RF).
One readily concludes that w(r; u) — 0 for r — oo, which gives the asymptotics of the spike
solution v = w + v*>° as claimed. ]

We note that one can verify that all spikes in the family satisfy the conditions (rsl)—(rs4).

3 Essential spectrum

In this section we compute the essential spectrum and show that it is stable, whenever the
asymptotic equilibrium is stable.

First, we define the limiting operator L, through

a®A  bFA

Lo =
fo AT

. (3.1)

Just like the operator £, we will consider the operator L., on various function spaces, or merely
as a differential expression, slightly abusing notation. We recall the definition of essential
spectrum that we use in this paper. For a given choice of function space, we say A is in the
essential spectrum oegs (L) if £ — A is not Fredholm index zero. We refer to the complement of
the essential spectrum in the spectrum as the point spectrum opeint (L) -

One can compute the essential spectrum using arguments similar to [3, §5, Appendix]. In the
next proposition we collect some results on the essential spectrum. For the proof we refer to
[13, Sec. 4].

Proposition 3.1. Under the assumptions of Theorem 1.1, the following hold true:

(i) The essential spectra of the operators L and Lo coincide, and are equal for the choices
of function space X = L*(R* C?) and X = BUC(R*,C?).

(i) The essential spectrum of L is given by

tr(§) £ /tr(§)? — 4det(¢)
2 )

Tes(£) = {A£(©) 1€ € RN}, where A4(€) =
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with
tr(€) = (@ + DIEP+ £7°, det(€) = a®g|* + (20 — f7a™)¢[*.
(i4i) The essential spectral radius of e~ is larger than 1 if f&° > 0.

(iv) The essential spectral radius of e~ is 1 if f2° < 0.

On the radially symmetric subspace, the differential expression for £ is

S50, [P (@0, + 1)] =0, PR (070, + )]

Lrad = . _ . , 3.2
f2r) L0, (510, + 1) (32)

where
L =aju:+biv:, andly = ayu; + bvy. (3.3)

Lemma 3.2. Under the assumptions of Theorem 1.1, the essential spectrum of L and Ly.q
coincide.

Proof. Using the same compact perturbation argument given in the proof of Proposi-
tion 3.1(i), see also [13, Prop. 4.1], one can show that the essential spectrum of L,,4 and
of L2, the restriction of L., to the set of radially symmetric functions, coincide. From
Proposition 3.1(i) it follows that to finish the proof of lemma it is enough to show that
Tess(Lraa) = Tess(Loo)-

Simply restricting Fredholm properties to the closed radially symmetric subspace, we find that
Tess(£2%)) € Oess(Loo)- Let € € RF and A € {A_(€), A\ (€)}. From the definition of A+ we infer

rad

that there is vector z # 0 such that

(=Deolé]? + Noo — A) 2 = 0,

where
a>* b> 0 0
Do = , Ny = . 3.4
[ 0 1 [ﬁf’ fﬁ’] 34
Let Z = L2, (RF) @z = {f®z: f € L2 (R")} and let L be the restriction of £, to
Z N HZ (R¥). One can easily check that

DMLY = N(f ®2) = Araaf @24+ D3 (Noo = N f ®@ 2= (Araa + [£°) f @ 2.

Since Oess(Araq) = (—00,0] (see for instance [4, Thm.2]), we have that A,.q + |£|? is not

Fredholm, which implies that D3 (L% — A) is not Fredholm, as an operator from Z N HZ ,(R¥)
to Z. Thus, L, — A is not Fredholm. Hence, 0ess(L£35y) = Tess(Loo), proving the lemma. (]



4 Tracing the point spectrum

This section presents the core of our arguments which yield the existence of an unstable eigen-
value provided that the essential spectrum is stable. We first construct a homotopy of our
equation to a simpler equation, Section 4.1 and show that spikes are unstable at the end of
the homotopy, Section 4.2. We discuss the kernel of the linearization, Fredholm properties in
weighted spaces, and far-field asymptotics of eigenfunctions in Sections 4.3-4.5. The crucial
step is carried out in Section 4.6, where we control for eigenvalues in a neighborhood of A = 0.
The discussion in Sections 4.3—4.6 is valid during the entire homotopy and will allow us to prove
our main result in Section 4.7.

4.1 Homotopy

In this section we make use of the homotopy constructed in [13, Sec. 5.1] in order to relate (1.1)
to a "simpler” system. For this simpler system, we can easily compute the point spectrum. The
homotopy is constructed so that it does not modify the structure of the spikes and does not
change the stability of oess(L). To be precise, we introduce the homotopy parameter 7 € [0, 1]
and consider the system

t>0, zeRF, (4.1)

ur =V - [ar (u,v)Vu + by (u, v) Vo],
v+ f(u,v,T),

The functions a,, b, : RZ — R and f : R? x [0,1] — R are defined by

ar(u,v) = (1 —7)a(u,v) +71, br(u,v)=(1—-7)b(u,v),

f(u,’l),T) = f(u7 U) - f(SOT(v)vv) + f((po(v),v),
where @, is the solution of the Cauchy problem

du  br(u,v) () — %
dv  ar(u,v)’ (v*) ’ (42)

We collect some aspects of this homotopy in the following remark.

Remark 4.1. The homotopy satisfies the following properties.

(i) The homotopy originates at our equation (1.1), f(u,v,0) = f(u,v);
(i) Hr(v) := f(pr(v),v,7) = H(v);

(iii) If we define ul := ¢ (v*) and v} := v* then (u}, v¥) is a spike for (4.1) satisfying conditions
(rsl)—(rs4);

(iv) The background states for the system (4.1), lim,|_, +o0 w7 (7) = u® and lim|g 4. V7 () =
v>°, do not depend on 7.



The linearization of (4.1) along the spike (uk,v¥) is given by

d (u U
£0)-<()

where £ is defined by replacing a, b and f in the definition (1.7) of £ by a,, by and f(-,-,7),
respectively.

Lemma 4.2. If f° < 0 the essential spectrum of L, is stable.

Proof. From Proposition 3.1(iv) it follows that it suffices to show that fg" < 0. The latter
was proved in [13, Lem. 5.2]. "

4.2 Instability at 7 =1

At the end of the homotopy, the system possesses a lower triangular structure and we can
readily infer instability.

Lemma 4.3. If f° < 0, then the spikes in the system (4.1) with T = 1 are unstable. Moreover,
L1 has an odd number of positive eigenvalues.

Proof. We note that if 7 = 1 the operator £; has lower triangular block structure

A 0

[o—
S A

)

where Ry = A + H{(v*) = A + H'(v*), using Remark 4.1(ii) . Therefore, the spectrum of
L1 is the union of the spectra of A and R1. We note that the restriction of R; to the space
of radially symmetric functions is K, which according to (rs4) has an odd number of unstable
eigenvalues. Hence, £; has an odd number of unstable eigenvalue, proving the lemma. [

4.3 The kernel of L, .4

From our assumptions on a,b, f, one can see that the kernel of L,q (and of £, for all 7)
consists of smooth functions for all functions spaces in consideration here. In fact, functions in
the kernel solve the system of ODEs

a*uy + (aguy + bivs)u+ b v, + (ajur 4+ bjvr)v = 0; (4.4)

E—1
Upp + — U + fou+ fiv=0. (4.5)

To solve the system (4.4)—(4.5), we first solve the first equation for u in terms of v.

Lemma 4.4. Ifu, v € BUC(R,) satisfy equation (4.4) then u = a(auUTu:oJr%@wL:o) - Z—z

for some constant o € C. Here, (u*(-, 1), v*(-, 1)) refers to the family of spikes as constructed

v,

in Lemma 2.1.



Proof. The proof is a straightforward adaptation of the argument given in [13, Lem. 5.4]
and will be omitted here. ]

Lemma 4.5. A pair (u,v) belongs to the kernel of £ in BUC(R,C?) if and only if for some
aeC,
u= aﬁﬂuruzo v = aﬁﬂv‘lzo. (4.6)

ES
|n=0
a € C. Substituting this expression into equation (4.5) we obtain that a function v from the

Proof. From Lemma 4.4 we have that u = a(aﬂu‘*ﬂzo + Z—i@uv ) — Z—iv, for some constant

kernel of £ in BUC satisfies the following equation

* *

k-1 o b - b o
Upp + Ur + (f'u - UE)’U = _a(fuaﬂumzo + Eauvmzo)' (47)

Once again using the fact that (u*(-, u),v*(-, p)) is a family of spikes, that v*(-, 1) satisfies the
equation

L0t (1) + £ (1, 1), 07 (r, 1)) = 0.

Differentiating with respect to p in this equation and setting p = 0, we infer that a@uvl’lzo is

k—
v (7 ) +

a particular solution of equation (4.7). Hence, the general solution of equation (4.7) is of the
form v = aﬁu%;o + 0, where v is a solution of the equation

k—1

Upr +

b

which is equivalent to 0 = 0. From (rs3) we obtain that ¢ = 0, proving the lemma. n

4.4 Fredholm properties of L,.q4 on exponentially weighted spaces

We will set up our perturbation problem using exponentially weighted spaces, introduced at
the end of Section 1. It turns out that the linearized operator is Fredholm in spaces with small
nonzero exponential weight, so that one can attempt to use regular Fredholm perturbation
theory for eigenvalues.

Lemma 4.6. There exists n* > 0 such that the operator L,,q is Fredholm with index —1 in
L?Nad(Rk, C?) for alln € (0,n%).

Proof. The proof is a somewhat non-standard generalization of Palmer’s theorem; see [10, 11],
and [16] for generalizations and applications to perturbation theory. The details of the proof
will be presented elsewhere [14]. "

Next, we consider the adjoint of £,,q with respect to the non-weighted L2-scalar product, so
that L}, ; is a closed operator on Lz_n(R, Cc?).

Lemma 4.7. The kernel of L},  in L%n rad(R”‘;,(CQ) is spanned by the constant vector-valued
function (1,0)7T.

10



Proof. From Lemma 4.5 it follows that the kernel of £,,q on L%’rad(Rk,(CQ) is trivial,

hence its cokernel is one-dimensional by Lemma 4.6. We conclude that the kernel of L7 ; in

2
L—n,rad

belongs to the kernel of L7, ;, which proves the lemma. ]

(R¥,C?) is one-dimensional. A short explicit calculation shows that the vector (1,0)"

4.5 Asymptotics of eigenfunctions

We recall that L7, is the restriction of L to the set of radially symmetric functions. The

(e 9]

eigenvalue problem associated with the operator L7,

is given by

{ a® (upy + #u,ﬂ) + b (v + %vr) = \u (4.9)

Urr'*‘%”r"*‘fgou_}_fz?ov:)‘v’

This system can be rewritten in the form

Do (aw + k;lar> <Z> + <Noo - )\> (Z) — 0, (4.10)

where Dy, and N, were defined in (3.4). We therefore define the linear dispersion relation

a®v? — \ b2

A\ v) = [ foo 2 o )\] and d(\ v) =det A(\,v).

Remark 4.8. Next, we collect some results proved in [13, Lem. 5.10].

(i) In case Re A > 0, there are two roots v, j = 1,2 of the equation d(\,v) = 0 with
Re v; > 0.

(ii) Setting A = ~%, the vj, 5 = 1,2, can be considered as analytic functions of vy with
expansion

f°
n(y) = \/aoofoo Tl t O(7*) n(y) = V-H'@1>)+0(y%,
where H was defined in (2.2), and H'(v>°) < 0 is guaranteed by (2.3).

We can now state the main result of this subsection.

Lemma 4.9. The solutions to (4.9) for X in a complex neighborhood of the origin can be
characterized as follows.

(i) In case Re A > 0, the solutions of the system (4.9) are of the form
(u(r),v(r)" = Clrl_k/QKkﬂ—l(VT) + CQTl_k/QIk/Q—I(VT)a

where, C;, j = 1,2 are vectors in the kernel of A(\,v;) and v =v;, j =1,2.2

2Here, I, and K, are the modified Bessel functions satisfying the equation k" +rh — (12 + o&®)h = 0, such
that K, is bounded at oo, I, is bounded at 0, see [9].

11



(ii) Setting X = ~2, the solution rl_k/QKk/Q_l(ulr) is bounded at 400 and the constant Cy
can be chosen as an analytic function Cy = «a(y) with expansion

a(y) = (—f%, f2)" +0()
such that the function defined by a(’y)rl_k/sz/Q_l(yl (v)r) satisfies (4.9).

Proof. The proof of (i) follows immediately from the definition of the modified Bessel

functions and Remark 4.8. To prove (ii) one can argue in a similar way to the proof of [13,
Lem. 5.10(ii)]. ]

4.6 The eigenvalue problem near 0

In this section we discuss the eigenvalue problem L.,qu = Au, near A = 0 using Lyapunov-
Schmidt reduction. The following proposition states that the eigenvalue problem can be reduced
to finding the roots of a single scalar function.

Proposition 4.10. Under the assumptions of Theorem 1.1, there exists 6 > 0 and function
E :[0,6] — C, such that for any v > 0,
Y% € opoimt(L) if and only if E(y) = 0. (4.11)

Moreover, we have that

(i) if k =2 the function E is continuous on [0, 9], differentiable on (0,6], E(0) =0 and

a® X —befe 1
E(y) = / o

L 2 2

It can be extended analytically to B(0,9) \ [—9,0];

(i) if k > 3 the function E can be extended analytically to B(0,0) and E(0) # 0.

Step 1: The ansatz. We are interested in solutions to
(L - 72> (“) ~0, (4.12)
v

(u, v)T =w + Ba(y)hi(v), (4.13)

where w € L%’rad(Rk, C?) and 8 € C, af-) are defined in Remark 4.8. The function hy, is defined
as

for v ~ 0. We use the ansatz

(D)) = x(P) g () 2K joy (1)) (4.14)

for r > 0, v € B(0,6) \ [-0,0] and x € C*°(R,) is a smooth function satisfying x(r) = 0 for
all 7 < 1 and x(r) = 1 for all » > 2. The function jj is defined as follows: ja(y) = (In~y)~?
and jr(y) = Y 2(v1(7))*? for k > 3. Again, v(-) is as in Remark 4.8. In the sequel
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we will show that with this choice of ji, the function h; can be extended smoothly up to
7 = 0 in an appropriate sense. Clearly, a function (u,v)T of the form (4.13) that solves the
eigenvalue equation (4.12) for v > 0 belongs to the kernel of £,,q. We will see in Step 5 that
any eigenfunction is actually of the form (4.13).

Summarizing, the ansatz allows us to consider the eigenvalue problem in the smaller space

L2 (R¥ C?), only, instead of L?

orad 2 [(R¥ C?), at the expense of adding a free parameter (3.

Since spikes are exponentially localized, we obtain that

Wo ::(auuruzo — 9,u™(0), auvruzo — 9,0>(0))"
:(‘%uru:o’ 8MUL=O)T —a(0) € L%,rad(Rkﬁ C?). (4.15)

Step 2: Setup of the bifurcation problem. As shown in Section 4.4 , we can choose
n > 0 small enough, but fixed, so that L,,q is Fredholm on sz 1rad(Rk,(C2) and ker L} ; =

Span{(1,0)T} on L2_n aq(R¥ C?). Here L, refers to the L? adjoint. Thus, we have the

following characterization of the image:
imﬁl‘ad = {(uav)T S L?],rad(Rkv(CQ) : / u(r)rk_ldT = 0}
R

It follows that equation (4.12) with ansatz (4.13) is equivalent to the following system,

F(w,B8,7) =0
((£raa=72) (w+ Ba(n)hi(z)). (1,0)T) =0,

L2(0,00;rk—1dr)

(4.16)

Here, the function F : Hg rad(]Rk, C?) x C% — im L,aq is defined by

F(w,8,7) = Po(Lraa =) (w+ Ba(n)hi(7))

and Py is the orthogonal projection in L%rad (R¥, C?) onto im L. We view (4.16) as an equation

F(w,B,7) = 0 for the variables (w, 3,7) € Hgﬁrad(]R, C?) x C2, with values F € im L.q x C.

Step 3: Smoothness of the bifurcation problem. For our perturbation analysis, we will
rely on expansions of F'. For this it is essential to establish smoothness properties. We will see
that we can extend the function

Fo: Q(0) = (Lraa — %) (a(m)hi(v)) € L%(R, C?)

to a domain Q(d),

which is in fact given by a domain of analyticity of hj; see Lemma A .4.

Now, let 9, ¢9 € C°°(R4) be smooth functions satisfying 1(r) = 1 for all r € [1,2] and ¥(r) = 0
for all r > 3 and all r € [0, 3]. We choose the function ¢ such that it satisfies the conditions
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o(r) = 0 for all r € [0, %] and ¥o(r) =1 for all r > 1. We note that )gx = x, and thus, from
(4.14) we obtain that

Yohy(y) = hi(y) forall v € Q(9). (4.17)
Next, we will show that
(Loxa =) (M) = X2 (Loea —7°) (a(M)he(7)) (4.18)

where (1,9 is the characteristic function of the interval [1,2]. Since from Lemma 4.9(ii) we
know that a(vy)[hg(v)](r) satisfies (4.9) and x(r) = 1 for all » > 2 and x(r) = 0 for all r € [0, 1],
we obtain that

( ool — 72) (a(y)hi(y))(r) =0 forall re[0,1] andall r>2. (4.19)

Also, since L, is a differential operator and ¢ (r) =1 and ¢'(r) = ¢"(r) = 0 for all r € [1,2]
one can verify that

X121 L0eq(Vu) = xp o Loequ for all w € H (Ry,C?).

This, together with (4.19), proves (4.18) which together with (4.17) implies the representation
for Fy
Fo(r) = (Lrad = Loaa) Woa(Nhi(7)) + X121 (L2sa = 7°) (@(1)¥hi(7)) - (4.20)

Since £ — L is a second order differential operator whose matrix-valued coeflicients decay
exponentially at co and 1) is a bounded C*° function and supp(tg) C [%, 00), we have that the
linear operator defined by w — (£— L~ )(¢ow) is bounded from Hzmad(R, C?) to Lg’rad(R, C2).
Moreover, since 1 € C*°(R;) has compact support, supp(ty) C [%, 3], the operator of multipli-
cation by v is bounded from Hgn a(RF) to H? _(R¥). Recall that v is analytic on B(0,)

n,rad
by Remark 4.8.

It remains to investigate smoothness of hx. Lemma A.4 in the appendix states that hy, is analytic

from Q(0) to Hzn -oq(RF). Moreover, in the case k = 2, the limit I%m 0.7-"0(7) = Lyaa(a(0)hY)
’ 7—0,7>

exists in L2 . (R¥). Now, using the representation (4.20), we conclude that Fy is well-defined

n,rad
and analytic on Q(0), and continuous on [0, d] in the case k = 2.

Step 4: Construction of the Evans function. From the definition of w, in (4.15) it
follows that F'(wp,1,0) = 0. Since F is bounded linear in w and 3, and since Fy is analytic on
Q% (9), we conclude that F is analytic on Hirad(Rk) x C x Q(0). Differentiating F' in w, we
obtain that

Fw(w07 ]-a 0) = PO'Crad-

Since L;.q is Fredholm of index -1 with trivial kernel, and Py projects onto its range, we infer
that the linearization in w, Fy,(wp,1,0), is boundedly invertible. From the Implicit Function
Theorem it follows that we can solve locally the first equation in (4.16), and find a unique
smooth solution

w* 1 B(1,6) x Q,(8) € C* — HZ ,q(RF,C?),  w*(1,0) = wy,
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so that locally
F(w,B,7) =0 <= w =w"(f,7).

From this local uniqueness we conclude that w*(3,v) = pw*(1,~) for all (3,v) € B(1,6)xQ(9),
so that we may restrict to 3 = 1 in the sequel. By continuity of the solution, w*(1,v) +

a(y)h(y) # 0 for small ~.

Substituting w* into the second equation of (4.16) completes the Lyapunov-Schmidt reduction
and gives us a bifurcation equation E(vy) = 0, where E : Q(d) — C is defined as

E() = ((£ra = 72) (v (1.7) + a(nhi(). (1,0)T)

Now, w* is an analytic function on €4 (9), continuous on [0, §] for k¥ = 2 by the implicit function

" (4.21)

theorem. Also, the map Fy : v — (£ —+?) (a(y)hx(y)) is an analytic functions on €(0) and
continuous on [0, §] by Step 3. We can conclude that E is analytic and continuous on 7 € [0, ¢]
in the case k = 2.

Step 5: Invertibility for E(y) # 0. In this subsection we show that the eigenfunctions are
necessarily of the form described in the ansatz (4.13) which is equivalent to prove that L£,q — A
is invertible for Re A > 0 whenever E(v) # 0, where A = v2. Consider the system

(£ra =) (“) - (3) , (4.22)

2 (RF C?). Since 42 is not in the essential spectrum for Re A > 0

rad
we have that L;,q — v? is Fredholm of index 0. It is therefore sufficient to solve this equation

for right-hand sides g;, j = 1,2 in a dense subset of L2 ;(R¥, C?), for example L%md(Rk, C?).

Seeking solutions of (4.22) in the form of our ansatz (4.13), which for Re A > 0 clearly provides

for right-hand sides g1, g2 € L

us with L?-functions, we obtain the system

F(w,B,v) = PO(glaQQ)T
{ ((£raa = 72) (w+ Ba)e (), (1,0T) | = (L.1)

This is a linear system in w and 3, and the joint linearization is Fredholm of index zero, since

(4.23)
L2

the Fredholm index of L,,q is —1. Thus, we can solve this equation with bounded inverse
provided that there is no kernel, which is equivalent to E(~y) # 0.

Step 6: Estimating FE(v) for v > 0. We will split the argument for the two cases that are
significantly different, that is , when kK =2 or k£ > 3.

The case k = 2. Since w*(1,7) € Hirad(Rz, C?) we have that
1
_ T a2
E(y) = <£rad (a(v)hz(v)), (1,0) >L2 + IMO(W )-

Recall the definition of the functions /;(r) from (3.3). Since [;(r) — 0 exponentially, as r — oo,
j =1,2, one has that

/OOO %&[r(lj(r)v(r))]rdr —0
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for any function v € H? (R?) whose support does not include r = 0. This implies that

n,rad

1

B(y) = /O ~0, (1 ()1 = a* () £2) ha ()] (7). (4.24)

We expand ha(y), next. Therefore recall that the modified Bessel function can be written in
the form
Ko(z) = (Inz)fo(2) + go(z), forall ze C\R_, (4.25)

with two entire function fy and gp.

Since vy is analytic, v1(0) = 0 and v4(0) > 0 the function p : B(0,0) — C defined by p(vy) =
In (”17(7)) is analytic, for some small § > 0. Next we note that

In(vi(y)r) =Invy+p(y) +1Inr forall ~ e B(0,d),r>0. (4.26)

From equation (4.26) and since the functions fy and gg are entire functions, we can expand

a1 = X7 (40(0) — Iy — ply) + O(2) + O ),

L)
and
)1 (1) =X 40(0) = = p2) + O2%) + O )
+ ig:?(—r_l +0(?) + O0(*) In~).

Substituting these expansions for ho into (4.24), we arrive at the expansion for E

I il N

Iy EO(V2) +0(7?). (4.27)

E(v)

The case k£ > 3. By Lemma A.4, the limit 1%m Ohk)(r) = cpx(r)r?7F exists for any fixed
07>

2
—n,rad

definition of the function F, we therefore obtain

r, and convergence holds in the H (RF)-norm. Moreover, we have ¢, # 0. Using the

E(0) = (Lraq(a(0)hg(0)), (1, 0)T>L2
— /OOO rki—lar (rk,l((b*(r)ff - a*(r)ff)ckar(x(r)rszT,k,ldr

A = e R N e
— (k— 2Jenla £~ ),

where we used [;(r) — 0 as r — oo, exponentially, j = 1,2, in the last equality.
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4.7 Proof of Theorem 1.1

Proposition 4.10 implies that for any 7 € [0,1], there exists 0, > 0 and an analytic function
E; : Q(6;) — C that detects the eigenvalues of L, ,q according to (4.11). Since E is smooth
in 7, there is a constant ¢* independent of 7 such that |E-(vy)| > %, uniformly in 7, so that
we can exclude eigenvalues of L; ;.4 in (0,6%). In addition, equation (1.6) is well-posed for all
7, which implies supRe 0(L;1aq) < 00. Thus, the number of real unstable eigenvalues of Lyaq
is finite,

N(71) = #{\T) € opoint (L7) : A(T) > 0} < o0,

for all 7 € [0,1]. This fact allows us to define a parity index as follows,
ip(T) = (=N, (4.28)

Since eigenvalues are uniformly bounded away from 0 and oo on the positive real axis, they can
only leave the positive axis in complex pairs. Therefore, i}, is constant, independent of 7. Also,
by Lemma 4.3 i,(1) = —1, so that N(7) # 0. This proves the linear instability of spikes and
Theorem 1.1.

A Appendix

In this appendix we discuss the analyticity of hi and the possibility of extending the function
analytically to a neighborhood of 0. We start with two abstract lemmas.

Lemma A.1. Givenn >0, p: R — R a C* function, and f an entire function such that

(i) p(r) =0 for all r € [0,1];
(i) |p(r)| < ecr™ for all T >0, for some constants ¢ > 0 and m € N;

(iii) |f(2)| < ce?l?l for all z € C, for some constants ¢ > 0 and w € R,

Then, there exists 6 > 0 such that the function F, : B(0,9) — LQ_wad(Rk), given by [F,(v)](r) =
p(r) f(v1(y)r), is well-defined and analytic on B(0,0).

Proof. Since v is analytic and 11(0) = 0 we can choose § > 0 such that w|vy(y)] < n/2.
Using the hypothesis (i)—(iii) we estimate

|[Fp()](r)] < elp(r)]e? O < expy ooy (r)r™e™?™ for all ~ € B(0,5),r > 0. (A1)

It follows that F,(vy) € L2_77 q(RF) for all v € B(0,6) and so, F, is well-defined. From
Lebesgue’s Dominated Convergence Theorem and the estimate (A.1) we infer that F), is con-
tinuous. Next, we prove that F, is weakly analytic, that is, the function defined by F})(v) :=

(Ep(y),v) 2 is analytic for all v € L%rad(Rk), which will then imply that F), is analytic. To
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check this, we integrate F) on the boundary of a rectangle R C B(0, §) using Fubini’s Theorem.
Since v; and f are analytic we have

]iR Fy(y)dy = /000 (ng (p(r)f(yl(fy)r))dfo () dr = 0.

Lemma A.2. Givenn >0, p: Ry — R a C* function, and f an entire function such that

(i) p(r) =0 for all r € [0,1];
(11) max(|p(r)|, |p'(r)|,[p"(r)]) < er™ for all > 0, for some constants ¢ >0 and m € N;

(iii) |f(2)] < ce?l?l for all z € C, for some constants ¢ >0 and w € R.

Then, there exists 6 > 0 such that the function F, : B(0,6) — Hzn,rad(Rk)’ defined in
Lemma A.1, is well-defined and analytic on B(0,0).

Proof. First we note that using standard complex analysis arguments one can show that
the functions f’ and f” are entire functions and they satisfy condition (iii) from Lemma A.1.
Also, we note that by our assumption the functions p, p’ and p” satisfy conditions (i)—(ii) from
Lemma A.1. We have

[Ep () (r) = p'(r) f(r()r) + v (y)p(r) £ (1 (7)r)

[Ey (] (r) = p"(r) frr()r) + 200 ()0 (r) f (v (9)r) + 01 (3) () £ (1. (1)),

for all v € B(0,d) and all » > 0. Now, using analyticity of v;, we conclude from Lemma A.1

that the maps v — [F,(7)]Y) : B(0,6) — L2_777lrad

the lemma. []

(R*) are well-defined and analytic. This proves

Applying these two lemmas to our particular situation we obtain the following result.

Lemma A.3. For each n > 0 there exists 6 > 0 such that

(i) There exists Fp,Gy : B(0,6) — H?  (RF) two analytic functions such that

n,rad

1
ha(7) = - B2(0) + Galy) for all v € B(0,0)\[0,9]; (A.2)
(ii) For k > 3, the function hy can be extended as an analytic function from B(0,6) into
H2, L a(RF).
n,ra
Proof. (i) Recall the decomposition of Ky, the definitions of fy and go (4.25), and the
expansion of In(vy(v)r), (4.26).

Using this representation and the definition of hg in (4.14) we calculate

- lnlfy 1 x(r) [y + p(y) +Inr) fo(rr (7)r) 4 go(v1(7)7)]

[h2(7)](r) = Iny

x(r) Ko(vi(7)r)
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B hllv [p(V)x(r) folvr (7)) + x(r)go(v1(7)r) + x(r)(n7) fo(v1(v)7)]

+ x(r) fo(vi(y)r).

We note that the functions p(r) = x(r) and ¢(r) = x(r)Ilnr satisfy conditions (i)—(ii) from
Lemma A.2, the functions fy and gy have exponential growth, that is they satisfy condition
(iii) from Lemma A.2. Since, in addition, p is analytic, we obtain that there is a 6 > 0 such
that the functions Iy, Gy : B(0,9) — Hgnyrad(Rk) defined by

[Fo(M](r) = x(r) [(p(7) +1n7) fo(r (7)) + go(rr(V)T)] s [Ga(V)](r) = x(r) fo(vi(y)r),

are analytic, proving (i).

(ii) The proof of (ii) is similar to the proof of (i). Indeed, if k¥ > 3, then there are two entire
functions f, /5 and gy /o such that Ky, jo_1(2) = zk/Q_lfk/z(z)—l—zl_k/2gk/2 (z). From the definition
of hy in (4.14) we calculate

[ ()](r) = +*72x(r) (1 ()r) T2 K a1 (1 ()7)

Again, we note p(r) = x(r) and q(r) = x(r)r?>~* satisfy conditions (i)-(ii) from Lemma A.2,
the functions f; /o and gy /o satisfy condition (iii) from Lemma A.2. Since p is analytic, from
Lemma A.2 we conclude that hj can be extended as an analytic function from B(0,4) into
H? (RF). "

—n,rad

We collect the main conclusions of this appendix in the following lemma:

Lemma A.4. Let Q2(0) = B(0,6) \ [0,6] and Qx(6) = B(0,9) for k > 3. The function

hi : Qx(0) — HE,? od(R¥Y is well-defined and analytic. For all k, the limit l%m>0 hy = h
’ =07

exists in H> (RF), and hQ(r) = cpx(r)r*=F, for some non-zero constant c.

—n,rad
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