Euro. Jnl of Applied Mathematics (2020), vol. 31, pp. 871-917 (© Cambridge University Press 2019. 871
doi:10.1017/S0956792519000305

Cops-on-the-dots: The linear stability of crime
hotspots for a 1-D reaction-diffusion model of
urban crime

ANDREAS BUTTENSCHOEN!, THEODORE KOLOKOLNIKO V2,
MICHAEL J. WARD! and JUNCHENG WET

1Departmem of Mathematics, UBC, Vancouver, Canada
emails: abuttens@math.ubc.ca; ward@math.ubc.ca; jewei@math.ubc.ca
2Department of Mathematics and Statistics, Dalhousie, Halifax, Canada
email: tkolokol@gmail.com

(Received 31 October 2018; revised 4 October 2019; accepted 9 October 2019,
first published online 11 November 2019)

In a singularly perturbed limit, we analyse the existence and linear stability of steady-state hotspot
solutions for an extension of the 1-D three-component reaction-diffusion (RD) system formulated
and studied numerically in Jones et. al. [Math. Models. Meth. Appl. Sci., 20, Suppl., (2010)], which
models urban crime with police intervention. In our extended RD model, the field variables are the
attractiveness field for burglary, the criminal population density and the police population density.
Our model includes a scalar parameter that determines the strength of the police drift towards maxima
of the attractiveness field. For a special choice of this parameter, we recover the ‘cops-on-the-dots’
policing strategy of Jones et. al., where the police mimic the drift of the criminals towards maxima
of the attractiveness field. For our extended model, the method of matched asymptotic expansions
is used to construct 1-D steady-state hotspot patterns as well as to derive nonlocal eigenvalue prob-
lems (NLEPs) that characterise the linear stability of these hotspot steady states to O(1) timescale
instabilities. For a cops-on-the-dots policing strategy, we prove that a multi-hotspot steady state
is linearly stable to synchronous perturbations of the hotspot amplitudes. Alternatively, for asyn-
chronous perturbations of the hotspot amplitudes, a hybrid analytical-numerical method is used to
construct linear stability phase diagrams in the police vs. criminal diffusivity parameter space. In one
particular region of these phase diagrams, the hotspot steady states are shown to be unstable to asyn-
chronous oscillatory instabilities in the hotspot amplitudes that arise from a Hopf bifurcation. Within
the context of our model, this provides a parameter range where the effect of a cops-on-the-dots polic-
ing strategy is to only displace crime temporally between neighbouring spatial regions. Our hybrid
approach to study the NLEPs combines rigorous spectral results with a numerical parameterisation
of any Hopf bifurcation threshold. For the cops-on-the-dots policing strategy, our linear stability pre-
dictions for steady-state hotspot patterns are confirmed from full numerical PDE simulations of the
three-component RD system.

Key words: Urban crime, hotspot patterns, nonlocal eigenvalue problem (NLEP), Hopf bifurcation,
asynchronous oscillatory instability, cops-on-the-dots.
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1 Introduction

Motivated by the increased availability of residential burglary data, the development of mathe-
matical modelling approaches to quantify and predict spatial patterns of urban crime was initiated
in [18-20]. One primary feature incorporated into these models, which is based on observations
from the available data (cf. [4]), is that spatial patterns of residential burglary are typically con-
centrated in small regions known as hotspots; a feature believed to be attributable to a repeat or
near-repeat victimisation effect (cf. [9, 30]). There have been two primary frameworks that have
been used to model the effect of police intervention on crime hotspot patterns. One approach,
ideal for incorporating detailed real-world policing strategies, is large-scale simulations of agent-
based models (cf. [5, 10]). However, with this approach, it is difficult to isolate the effect of
changes in the model parameters. An alternative approach, more amenable to analysis, is to for-
mulate PDE-based reaction-diffusion (RD) systems that model the police population density as
an extra field variable (cf. [10, 15, 16]). More elaborate PDE models, such as in [31], formulate
an optimal control strategy to minimise the overall crime rate by allowing the police to adapt to
dynamically evolving crime patterns.

In our PDE-based approach, motivated by [10] and [16], the police intervention is modelled
by a drift-diffusion PDE, in which we include a parameter that models the strength of the drift
towards the maxima of the attractiveness field for burglary. For this three-component RD system
consisting of an attractiveness field coupled to the criminal and police densities, we will study the
existence and linear stability properties of steady-state hotspot patterns on a 1-D spatial domain
0 <x < S in a singularly perturbed limit. The specific non-dimensional three-component RD
model of urban crime that we will analyse is formulated as

A =4y — A+ pA+a, (1.1a)
pr=D (px —2pA:/A), — pA+y —a—pU, (1.1b)
tU, =D (Uy — qUA/A), , (1.1c)

where A, = p, = U, =0 at x=0, S. Here 4 is the attractiveness field for burglary, while p and
U are the densities of criminals and police, respectively, all of which are assumed to be non-
negative. In this model, & > 0 is the constant baseline attractiveness, y — o« > 0 is the constant
rate at which new criminals are introduced, D is the criminal diffusivity, D, = D/t is the police
diffusivity and € <« 1 characterises the near-repeat victimisation effect (cf. [9, 18, 30]). Forg =2,
this model is equivalent to that in [9]. For (1.1c¢), the total policing level U > 0 is a prescribed
constant given by

s
U()E/ Ux,t)dx. (1.2)
0

The integral fOS U(x,t)dx is a conserved quantity, independent of 7, as is seen by integrating
(1.1c) over the domain and using the no-flux boundary conditions. In (1.1), the other model
parameters D, T and g are all assumed to be positive constants.

In (1.1), the parameter ¢ > 0 measures the degree of focus in the police patrol towards maxima
of the attractiveness field. The choice ¢ = 2, which recovers the PDE system derived and studied
numerically in [10], is the ‘cops-on-the-dots’ strategy (cf. [10, 16]) where the police mimic the
drift of the criminals towards maxima of 4. In (1.1b), the police population density at a given
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spatial location decreases the local criminal population at a rate proportional to the local criminal
population density (the —pU term in (1.1b)). The resulting predator-prey type police interaction
model (1.1) is to be contrasted with the ‘simple police interaction’ model formulated in [16], and
analysed in [22], where the —pU term in (1.1b) is replaced by —U.

In the absence of police, i.e. Uy =0, (1.1) reduces to the two-component PDE system for 4 and
p first derived and studied in [18] and [20]. Pattern formation aspects for this ‘basic’ crime model
have been well studied from various viewpoints, including, weakly nonlinear theory (cf. [19]),
bifurcation theory near Turing bifurcation points (cf. [6, 8]) and the computation of global
snaking-type bifurcation diagrams (cf. [13]), rigorous existence theory (cf. [17]), and asymp-
totic methods for constructing steady-state hotspot patterns whose linear stability properties can
be analysed via NLEP theory (cf. [1, 11, 21]).

Our goal here is to extend the analysis given in [22] for the existence and linear stability of
hotspot steady states for the simple police interaction model to the predator-prey type interaction
model (1.1). We will show that the seemingly minor and innocuous replacement of —U from
the model in [22] with —pU in (1.1b) leads to a significantly more challenging linear stability
problem for hotspot equilibria. This is discussed in detail below.

As in [22] and [11], we will analyse (1.1) in the limit € — O for the range D = O(e ~?). Since
A(x) = O(e~") in the core of the hotspot near x = 0, it is convenient as in [22] to introduce the
new variables v, u and D by

o =evA?, U =ud?, D=¢7?D, sothat D,=€¢*D/z. (1.3)

In terms of 4, v and u, on the domain 0 < x < S, and with no-flux boundary conditions at x =0, S,
(1.1) transforms to

A=Ay — A+ e*vA® +a, (1.4a)
€ (4%), =D (42v), —vd’ +y —a — Cuvd™™ (1.4b)
te? (A%), =D (A%u,), , (1.4c)

In our analysis, we will assume that D = O(1). Therefore, the asymptotic range of the police
diffusivity D, in (1.3) is determined by .

In Section 2, we use a formal singular perturbation analysis in the limit € — 0 to construct
hotspot steady-state solutions to (1.4) that have a common amplitude. Our steady-state analy-
sis is restricted to the range ¢ > 1, for which the police population density is asymptotically
small in the background region away from the hotspots. In Proposition 2.1 and Corollary 2.2
below, we establish that steady-state hotspot solutions exist only when Uy < Upmax =S(y — @)
(g+1)/Q29).

In Section 3, we use a singular perturbation analysis combined with Floquet theory to
derive two distinct NLEPs characterising the linear stability of hotspot steady states of (1.4)
on the parameter range O(1) K D, K O(e~'4) with ¢ > 1. This analysis is similar to, but
more intricate than, that given in [11] and [22]. One such NLEP, given below in Proposition
3.2, characterises the linear stability properties of a multi-hotspot steady-state solution, with
K > 2 hotspots, to synchronous perturbations in the hotspot amplitudes. Alternatively, the second
NLEP, given below in Proposition 3.4, characterises the linear stability properties of a multi-
hotspot steady state, with K > 2 hotspots, to K — 1 > 0 different spatial modes of asynchronous

https://doi.org/10.1017/50956792519000305 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792519000305

874 A. Buttenschoen et al.

perturbations of the hotspot amplitudes. A complicating feature in the analysis of these spec-
tral problems, as compared to the analysis in [22], is that each of the two NLEPs has three
distinct nonlocal terms consisting of a linear combination of [w?®, [w/~'® and [wit!.
Here w(y) = +/2 sech y is the homoclinic profile of a hotspot and ®(y) is the NLEP eigenfunc-
tion. As a result of this complexity, the determination of unstable spectra for these NLEPs is
seemingly beyond the general NLEP stability theory with a single nonlocal term, as surveyed in
[29]. For the simple police interaction model, studied in [22], the corresponding NLEPs had only
two nonlocal terms.

In Section 4, we use a hybrid analytical-numerical strategy to determine the spectrum of the
NLEP characterising the linear stability to synchronous perturbations. For arbitrary ¢ > 1, the
two different approaches developed in Sections 4.1 and 4.2 provide clear numerical evidence
that this NLEP has no unstable eigenvalues. This strongly indicates that, for any ¢ > 1 and D,
satisfying O(1) < D, < O(e~'79), a one-hotspot steady state is always linearly stable and that
a multi-hotspot steady state is always linearly stable to synchronous perturbations in the hotspot
amplitudes. For the special case ¢ =2 of ‘cops-on-the-dots’, this linear stability conjecture is
proved rigorously in Section 4.2.1. This proof of linear stability for ¢ =2 relies on some key
identities that allow the NLEP with three nonlocal terms to be converted into an equivalent
NLEP with a single nonlocal term.

For general ¢ > 1, in Section 5, we determine the threshold value of D corresponding to a
zero-eigenvalue crossing of the NLEP, as defined in Proposition 3.4, that characterises the linear
stability of a multi-hotspot steady state to the asynchronous modes on the range O(1) < D, K
O(e~'79). For a K-hotspot steady state with K > 2, this critical value of D, called the competition
stability threshold, is

- S 3 2
D= i taT [1 % o5 oy [~ D a8 — @)’ (1.5)
where w=S(y —a)—2qUy/(q+ 1),

on Uy < Upmax =S(y — a)(q + 1)/(29). In the subregime O(e' %) < D, < O(e '), a winding
number analysis is used in Section 5.1 to prove, for an arbitrary ¢ > 1, that a multi-hotspot steady
state is linearly stable to asynchronous perturbations in the hotspot amplitudes if and only if
D < D. (see Proposition 5.2 below).

For the special case g =2 of ‘cops-on-the-dots’, in Section 6, we show how to transform the
NLEP for the asynchronous modes into an equivalent NLEP with only one nonlocal term, which
is then more readily analysed. With this reduction of the NLEP into a more standard form, which
only applies when g = 2, in Proposition 6.4 we prove that a K-hotspot steady state, with K > 2, is
always unstable to the asynchronous modes when D > D,.. Moreover, from a numerical param-
eterisation of branches of purely imaginary eigenvalues for this equivalent NLEP, we show that
each of the K — 1 asynchronous modes can undergo, on some intervals of D, a Hopf bifurca-
tion at critical values of the police diffusivity D, on the range D, = O(e™1). Overall, this hybrid
approach provides phase diagrams in the €D, vs. D parameter plane characterising the linear
stability of the hotspot steady states to asynchronous perturbations in the hotspot amplitudes.
Numerical evidence from PDE simulations suggests that hotspot amplitude oscillations arising
from the Hopf bifurcation can be either subcritical or supercritical, depending on the parameter
set. Linear stability phase diagrams for various U, are shown below in Figures 9 and 10 for
K =2 and K =3, respectively. One key qualitative feature derived from these phase diagrams
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is that there is a region in the €D, vs. D parameter space where the effect of police intervention
is to only displace crime temporally between neighbouring spatial regions; a phenomenon qual-
itatively consistent with the field observations reported in [3] for a ‘cops-on-the-dots’ policing
strategy.

As in [22], we emphasise that the interval in D where asynchronous hotspot amplitude oscilla-
tions occur disappears when Uy = 0. Therefore, it is the third component of the RD system (1.4)
that is needed to support these temporal oscillations. In contrast, for most two-component RD
systems with localised spike-type solutions, such as the the Gray—Scott and Gierer—Meinhardt
models (cf. [7, 12, 14, 24]), the dominant Hopf stability threshold for spike amplitude oscil-
lations, based on an NLEP linear stability analysis, is determined by the spatial mode that
synchronises the oscillations.

For g =2, in Section 7, we validate the predictions of our linear stability analysis with full
numerical PDE simulations of (1.4). Finally, in Section 8, we compare our linear stability results
for (1.4) for a ‘cops-on-the-dots’ strategy with those in [22] for the simple police interaction
model. We also briefly discuss some specific open problems and new directions warranting study.

2 Asymptotic construction of a multiple hotspot steady state

In the limit € — 0, we use the method of matched asymptotic expansions to construct a steady-
state solution to (1.4) on 0 <x < S with K > 1 interior hotspots of a common amplitude. We
follow the approach in [22] in which we first construct a one-hotspot solution to (1.4) centred
at x = 0 on the reference domain |x| </. From translation invariance, this construction yields a
K interior hotspot steady-state solution on the original domain of length S = (2¢)K. On |x| < ¢,
(1.2) yields that ff , U dx=Uy/K, where Uj is the constant total police deployment.

On the reference domain |x| </, we centre a steady-state hotspot at x =0, and we impose
Ay =vy=u, =0 at x==£L. For this canonical hotspot problem, the steady-state problem for
(1.4) is to find A(x), v(x) and the constant u, satisfying

Ay —A+ v +a=0, x| <¢; A,=0, x==¢, (2.1a)
D(Av), — vl +y —a—Euwwdt=0,  |x<€; v=0, x==£L, (2.1b)
where the steady-state police population density U(x) is related to u by
Uo

U=uAd?, where U= —7p——. (2.2)
Kf—z A4 dx

For € — 0, we have 4 ~ a + O(€?) in the outer region, while in the inner region near x =0,
we set y =€~ 'x and expand 4 ~ € "' 4y and v ~ vy in (2.1). To leading order, in the inner region,
we obtain from (2.1) that

v
Vo

Here vy is a constant to be determined and w(y) = +/2 sech y is the homoclinic solution of

Ao

v~ (2.3)

w—w+w =0, —00 <y <00; w(0)>0, w(0)=0, w—0 as y— +oo.
(2.4)
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Integrals of various powers of w(y), as needed below, can be calculated in terms of the gamma
function I'(z) by (see [22] and the appendix in [23])

I,= wdy =23/~

25
0 ['(g) 3)

/°° |[C@/2)”

We will consider the range ¢ > 1 where the dominant contribution to the integral ff  Afdx
arises from the inner region:

t [}

/ A1 dx~el_qv0_q/2/ widy=0@€""9)>1.
—L —00

Since g > 1, (2.2) shows that # depends, to leading order, only on the inner region contribution

from A4. For € < 1, we get

. Uovg/z

~ el g, h e = 2.6
u~e" u,, where i X, (2.6)

To determine vy, we integrate (2.1b) over —¢ < x < £, while imposing v,(££) = 0. This yields
that

14 ¢
€’ / vA dx =20 (y — ) — ezu/ vA* dx . 2.7
¢ —L

Since 4 ~a = O(1) and 4 = O(e~!) in the outer and inner regions, respectively, it follows that,
when ¢ > 1, the dominant contribution to the integral arises from the inner region where v ~ vy.
In this way, and using (2.2) in (2.7), we get

0o 3 A
w> d 2y, A“T9 dx
f—oc y~2£(y—a)—e OUOI—Z

N K ff[Aq dx

2.8)

Using 4 ~ e " 'w()/4/v,, together with (2.5), we calculate the integral ratio in (2.8) for € — 0 as

JE, A+ dx O o L A <r(1 + q/2))2 Mg €2 2
[avae v [owidy v 29770 \'T(g/2) ) T@+2)  w g+1’
(2.9)
using I'(x + 1) =xI"(x). Then, by substituting (2.9) into (2.8), and using f_oooo w3 dy =2,
we observe that /vy > 0 holds only when the total level Uy of police deployment is below a
threshold Up max, 1.€. when

@+1)

Up < Upmax =20K (y —
2q

=S(y —a)

(g+1)
) (2.10)

Here S = 24K is the original domain length. For this range of U, we can solve for v, to get

-2
v = 272 |:2£(y —a)— —q—} . (2.11)
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We conclude that a K-hotspot steady state exists when Uy < Upmax. On this range of Uj, the
amplitude of the hotspot, defined by 4. = 4(0) > 1, is given by

B _w(0) e lo 2q
Amax = A0) ~ e ' 4g(0) = ' —= = , h =Sy —a) — U, .
. (0)~€e"4p(0)=¢ NIRRT where  w=S8(y —a) oy

(2.12)
We observe from (2.12) that the hotspot amplitude decreases with increasing K, Uy or q.
To complete the asymptotic construction of the hotspot, in the outer region, we expand v ~
Vo(x) + ... and use 4 ~ o + O(€?). From (2.1b), we obtain to leading order that v,(x) satisfies

(y —a)

Dvexx = > s
o

—C<x<{; v.(0) =g, Vex(££) =0, (2.13)

which is readily solved analytically. We summarise our leading-order results for a steady-state
K-hotspot pattern as follows:

Proposition 2.1 Let € — 0, g > 1 and 0 < Uy < Up yax, where Ug pqy is given in (2.10). Then,
(1.4) admits a steady-state solution on (0, S) with K interior hotspots of a common amplitude.
On each subdomain of length 2¢ = S/K, and translated to (—£, £) to contain exactly one hotspot
at x =0, the steady-state solution, to leading order, is given by

w(x/€) . _
A ok if x=0(); A~a, if x=0(1), (2.14a)
E 1= xp?— 2 h 212K | S v 24"
v~ve—2[( Ix) ]+vo,  where vy=2m [(V ) Oq+1} ,
(2.14b)
e _ U >0 L [P@/2r
u~el i, , where 1, = 0 and IqE/ wi dy =230/ 1 2 2
KIq —00 INE)]
(2.14c)

Here, w(y) = ~/2 sech y is the homoclinic of (2.4) and ¢ = —(y — «)/(Da?).
In terms of the criminal and police densities, given by p = €?vA4? and U = uA49 from (1.3), we
have the following:

Corollary 2.2 Under the same conditions as in Proposition 2.1, (2.14) yields to leading order

that
A”t%)’ if x=0(); A~a, if O <xl<t, (2.15a)
p~wx/OF ., if x=0(); p~eva®, if OE<KI|xl<t,  (2.15b)
U Upvg?
Un —2 /el . if x=0(); U~ela?220 i O@) < Jxl <€,
eKT, KT
a a (2.15¢)

where v, and vy are given in (2.14) and w(y) = /2 sech y.
In Figure 1, we use (2.15) to plot the two-hotspot steady-state solution for a particular param-

eter set. This plot clearly shows the concentration behaviour of 4, p and U near the hotspot
locations.
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14}
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FIGURE 1. The steady-state two-hotspot solution for § =6,y =2, a =1, Uy =2, =0.03,D=0.3, D, ~
16.667, for the ‘cops-on-the-dots’ ¢ = 2 patrol, obtained from the asymptotic solution (2.15). These are the
same parameter values used in the PDE simulations shown in the left panel of Figure 11 below.

From (2.15), we observe that the criminal population density near a hotspot is independent
of the total police deployment U, and patrol focus g. Since g > 1, the police population density
U(x) is small in the outer region, but is asymptotically large near a hotspot.

We observe that our leading-order asymptotic result in (2.15) for the hotspot steady state is
equivalent to simply replacing Uy in Proposition 2.1 and Corollary 2.2 of [22] with 2qU /(g + 1).
Since 2g/(q + 1) > 1 for ¢ > 1, we conclude that, for the same parameter values and level Uj of
total police deployment, the steady-state hotspot amplitude is smaller for the RD model (1.4)
with predator-prey type police interaction than for the RD model of [22] with simple police
interaction.

3 The NLEP for a K-hotspot steady-state pattern

To analyse the linear stability of a K-hotspot steady-state solution, we must extend the singular
perturbation approach used in [22] to derive the corresponding nonlocal eigenvalue problem
(NLEP). This is done by first deriving the NLEP for a one-hotspot solution on the reference
domain |x| < £, subject to Floquet-type boundary conditions imposed at x = +£. In terms of this
canonical problem, the NLEP for the finite domain problem 0 < x < S with Neumann conditions
at x=0, S is then readily recovered as in [22] (see also [11]). Since the analysis to derive the
NLEP is similar to that in [22], we only outline it below. Further details on the derivation of the
NLEP are given in Appendix A.

3.1 Linearisation with Floquet boundary conditions

Let (4., v, u.) denote the steady state with a single hotspot centred at x=0 in |x| <£. We
introduce the perturbation

A=A+, v=v, + ey, u=u,+ ey, 3.1
where the asymptotic orders of the perturbations (O(1), O(¢) and O(e?)) are chosen so that ¢,

Y and n are all O(1) in the inner region. By substituting (3.1) into (1.4) and linearising, we
obtain that
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P — ¢+ 320,420 + ELY =0, (3.2a)

D(24cvex + €A2Y) — 3 Avep — €AY — €22+ Qv AT ¢
— MM AT — Eu A2 = re® (24,00 + eAlY) (3-26)
D (AL uerp + €74%n,) =€ T (qAI ucgp + €741n) . (3.2¢)

As in [22], for K > 2, we impose Floquet-type boundary conditions at x = %€ for ¥, n, and ¢:

() n(=6) 1x(6) 1x(=0)
v | =z| ¥ (=0 | U(0) | =2 | ¥(=0) |- (3.3)
o(£) P(=0) éx(0) ¢x(=6)

Here z is a complex-valued parameter. Since ¢ is localised near the core of the hotspot, it is only
the Floquet-type boundary condition for the long-range components n and 1 that is essential to
the analysis below. We will consider the case of a single hotspot, where K = 1, separately in
Section 3.2 below.

For K > 2, the NLEP associated with a K-hotspot pattern on [—/, (2K — 1)I] with periodic
boundary conditions, on a domain of length 2KI, is obtained by setting z& = 1, which yields
zj = e?™ /K for j=0,...,K — 1. For these values of z; in (3.3), we obtain the spectral problem
for the linear stability of a K-hotspot solution on a domain of length 2K with periodic boundary
conditions. To relate the spectra of the periodic problem to the Neumann problem, in such a way
that the Neumann problem is still posed on a domain of length S, we proceed as in Section 3 of
[22] (see also Section 3 of [11] and the appendix of [23]). There it was shown that we need only
to replace 2K with K in the definition of z;. In this way, the Floquet parameters in (3.3) for a
hotspot steady state on a domain of length S = 2/K having K > 2 interior hotspots and Neumann
boundary conditions at x=0 and x=S is z=z;=¢€"//X for j=0,...,K — 1. For these values
of z, the following identity is needed below:

(z— 17
2z

:Re(z)—l:cos(%)—l, j=0,...  K—1. (3.4)

We now begin our derivation of the NLEP. For (3.2a), in the inner region where A, ~
€ 'w/ /vy, ve ~ vy, we have that ¥ ~ y(0) = . It follows that the leading-order term ®(y) =
¢(ey) in the inner expansion of ¢ satisfies

0
¢>”—<b+3w2¢+mw3:k¢>. (3.5)

32
Yo

In the outer region € < |x| < ¢, to leading order, we obtain from (3.2) that
¢~ ECY/M+1-3%0]=0), Ym0, 0. (3.6)

The goal of the calculation below is to determine y(0), which from (3.5) yields the NLEP.
To do so, we must derive appropriate jump conditions for v, and 7, across the hotspot region
centred at x =0. This calculation, summarised in Appendix A, then leads to linear boundary
value problems (BVPs) for ¥ and 5, from which we can calculate 1 (0).
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As shown in Appendix A, we obtain that the outer approximation for v (x) satisfies

Yoe=0, Ixl<t; e [Ydo=eay(0)+en0)+es, YEO)=z¢(=0), Vu(l)=zy(=0),

(3.7)
where we have defined [a]o = a(0") — a(07). Defining [ (...)= [_(...) dy, the coefficients
e, forj=0,...,3,are

1 U,
eo =Da?, e153—/2/w3+m/wq+2,
v v
1 ’ ¢ (3.7b)
— 2+ — 2 Ue +1
ezzw/.w q, €3=3/W¢+W(Q+2)/Wq CD
0 0

The BVP (3.7) is defined in terms of 1(0), which must be found from a separate BVP (see
Appendix A). In Appendix A, we show that on the range

O™ «t<OE™? sothat O()«D, <O, (3.8)
we have that 7(0) is determined from the following leading-order BVP:
=0, XI=€;  dolndo=din0)+dr, n)=zn(=€), n(€)=zn(—=4). (3.9a)

In terms of vy and iz, as defined in (2.14), the constants dy, d| and d,, are defined by

TA TAqll _
dy = Do, d = e wi, dr = U(TWZ/WC/ 'p. (3.9b)
0 0

Here we have defined 7 by

3—q

t=e 1. (3.10)
In view of (3.8), the BVP (3.9a) for ¢ > 1 holds on the following range of 7 :

O <t KO, where  D,=¢'"1D/7. (3.11)
To calculate v(0) and 1(0), we need the following simple result, as proved in Lemma 3.1 of [22]:

Lemma 3.1 (Lemma 3.1 of [22]) For |x| < £, suppose that y(x) satisfies

Ia=0, —l<x<{; JoLvelo =/1v(0) + 12 YO =zp(—0), »(l)=zy(=0),

(3.12)
where fy, f1 and f>, are non-zero constants, and let z satisfy (3.4). Then, y(0) is given by
-1
foz—1)? f
0N=¢£ |2 _ — ) 3.13
0 fz[z . Foll — cos (/K] JE+/, G-19)

Lemma 3.1 with fy = ey, f| = e; and f; = e;71(0) + e3 yields ¥(0) from (3.7). Similarly, (0) is
found from (3.9) using Lemma 3.1 with f; = dy, fi =d| and f; = d5. In this way, we get
0 d
an@re - ad p0)=- : .
eoll — cos(j/K)] /€ + e dol1 — cos(rj/K)] /€ + di
(3.14)

¥(0)=—
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Upon combining these two results, and using (3.7b) and (3.9b) for ¢y and dj, respectively, we
determine v(0) as

1 €2d2
H)=—— -, 3.15
O =~ [e3 et dl} (3.15)

where we have defined D;, which satisfies D; < D;y; forany j=0,...,K — 2, by

D ] S
D,-E?[l—cos<%>:|, =0, K—1, where I=—. (3.16)
To determine the coefficient ¥(0)/ v3/ %in (3.5) in terms of the original parameters, which will
yield the NLEP, we next need to simplify the expressions for e;, e;, e3, d; and d5 in (3.7b) and
(3.9b), using (2.6) for i, and an explicit formula for the integral ratio [ w92/ [ w4, as given in
(2.9). A short calculation yields that

e = fW3 + ZqUO e = qu+2 6323/W2q)+ \/_ 2)/ CI‘H(I)
(q+ DKw’ W Jwi
(3.17a)
q U -1
d, =fxfl2, d =g ( 0*/_> [wie (3.17b)
voq/ K [ wa

Upon substituting (3.17) into (3.15), we obtain, after some algebra, that

¥ (0 w2 witlp wi—1d
_#ZXQI'( ffw >+X1J(q+2)ff q+2 )+X2j< ff ” ), (3.18a)

where we have defined

1 TAky
Xoj = s X1j = XojKg » X2j = —Xoj .

L kg + vy "D/ [ w? 2+ Dpotvll*/ [ we
(3.18b)
Here «, is defined by
U q+2 2qU. 2qU
Ky = 0V [ W _ 9% , where =Sy —a)— 1 2 (3.19)
Kfw [wi  ow@+1) g+1

In calculating «, above, we evaluated the integral ratio in (3.19) using (2.9) and then recalled
(2.14) for vy. We observe from (3.19) that as Uj tends to the maximum policing level Uy max for
which a steady state exists, then @ — 07 and correspondingly «, — co.

From (3.18b), we first derive the NLEP for the mode j =0, which corresponds to syn-
chronous perturbations of the hotspot amplitudes. For this mode, we have Dy =0 from (3.16).
Therefore, from (3.18b), the coefficients reduce to xoo =1/(1 + ), x10=#k,/(1 +«,) and
X20 = —k4/(1 + k4). With these values, we substitute (3.18a) into (3.5) to obtain the following
NLEP for the synchronous mode:

Proposition 3.2 Let € >0, K>2, g>1 and 0 < Uy < Uymax = (g + DS(y —)/(2q), and
assume that D = 2D = O(1) and O(1) < D, < O(e~9'). Then, the linear stability on an O(1)
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timescale of a K-hotspot steady-state solution for (1.4) to synchronous perturbations of the
hotspot amplitudes is determined by the spectrum of the following NLEP for ®(y) € L>(R):

w3 [ w2 [witlo [wile
Lo® — e [3 T +Kq(‘1+2)m —quW} =1, (3.20)

where Ly® = ®" — ® + 3w?>® and kg is defined by k,=2qUy/[w(q + 1)], where @ =S(y —
o) —2qUs/(q +1).

We remark that the NLEP (3.20) for the synchronous mode depends only on «, and is
independent of the criminal and police diffusivities characterised by D and 7, respectively.

Remark 3.3 [In Section 3.2, we show that the NLEP in (3.20) also governs the linear stability of
a one-hotspot steady-state solution.

Next, we consider the asynchronous modes where j =1, ..., K — 1. For these modes, in order
to obtain an NLEP with as few bifurcation parameters as possible, we introduce in (3.18b) two
additional rescaled parameters D, and t, defined by

I o
_J 7 2 Dol
D; vg/zazDu, T =Dja quru. (3.21)

Using (3.21) in (3.18), an NLEP is obtained by substituting (3.18a) into (3.5). The result is
summarised as follows:

Proposition 3.4 Lete — 0, K>2,¢>1,0 < Uy < Upax = (¢ + DS(y — @)/(2q), D=€>D =
O(1) and O(1) < D, < O(e~97"). Then, the linear stability on an O(1) timescale of a K-hotspot
steady-state solution for (1.4) for the asynchronous modes j=1,...,K — 1 is characterised by
the spectrum of the following NLEP for ®(y) € L*(R):

P 1 —1
Ly® — xow’ <3 ffwwf)> —aw <(q +2)%—12¢) — oW’ (q%) — 2D, (3.22a)

where Ly® = ®" — & + 3w?® and w=+/2sechy is the homoclinic of (2.4). Here the coeffi-
cients of the multipliers are

1 T A
== > = XoKgq » =—XoKg7T——— >
X0 1+Kq+Du X1 = Xokgq X2 X0 ql—l—ru)»
(3.22b)
2g U 2q
Kyg=——7"—1, w=S(y —a)— Uy .
g+1 w qg+1

For a given g > 1, the spectrum of the NLEP (3.22) depends on the three key parameters D,
7, and k,. To relate these parameters to the original criminal diffusivity D, we use (3.21) and
(3.16), and then (2.14) for vy to get

S »’S

D:(fw3 D

a2v3/2> 2K [1 — cos (%)] " 4K*m 22 [1 — cos (%)]

D,, j=1,....,K—1,
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where w is defined in (3.22b). In addition, to map 7, to the original police diffusivity D,, we
simply substitute (3.21) for 7 into (3.11) for D, and use (3.16) for D; and (2.14) for vj. In this
way, for K > 2, we obtain

e ) ()
D, 2Kaq[1—cos(%j)] K —) =LKL (3.24)

Remark 3.5 In view of (3.11) and (3.21) relating T and t,, the NLEP (3.22) holds not only
when t, = O(1) but for the entire range O(e*) K 1, < O(e'~%). Since q > 1, this implies that
we can consider the limiting cases t, — 0% and t, — 00 in (3.22), with the interpretation that
7, > O(e?) and t, < O(e'~9), respectively.

We refer to the NLEP (3.22) as a universal NLEP, since we need only to determine, with
respect to the bifurcation parameters D, 7, and «,;, when all discrete eigenvalues of (3.22) satisfy
Re(A) < 0. The regions of linear stability with respect to these key parameters can then be mapped
to corresponding regions of stability with respect to the original parameters D and D,, (for a given
Uy, S, v, a and g) using (3.23) and (3.24). Correspondingly, we will also identify parameter
ranges for which the NLEP predicts instabilities owing to it having a discrete eigenvalue in
Re(r) > 0.

3.2 Derivation of the NLEP for a single hotspot: K =1 case

To derive an NLEP for the case of a single hotspot, we simply impose Neumann boundary
conditions directly at x = ¢ in (3.7) and (3.9). This yields that ¥/ (x) = ¥(0) and n(x) = n(0) on
|x] < £. From (3.9) and (3.7), we conclude that

d. 1 1 d
n(0)=—d—2 Y (0)=—— (ean(0) +e3) = —— (63_62_2> _
1 €] [43]

Using the explicit expressions for the coefficients given in (3.17), we calculate vr(0)/ vg/ 2, which
leads to the NLEP from (3.5). In this way, we obtain that the NLEP for a single hotspot is also
given by (3.20) of Proposition 3.2.

4 No unstable eigenvalues for the NLEP (3.20) for the synchronous mode

In this section, we study the NLEP (3.20) of Proposition 3.2, which applies to either amplitude
perturbations of a one-hotspot steady state or synchronous perturbations of the amplitudes of a
multi-hotspot steady state.

4.1 Numerical computations

We first show numerically that (3.20) has no unstable eigenvalues for any «, > 0 and g > 1. To
do so, we write (3.20) as

Lo® — w* <a/wq+1q>+b/w2q>+c/waq>) =D, 4.1
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0r
~< =05
q=2
———— qg=3
———.q=4
—1 1 . . | |
0 2 4 6 8 10

K

FIGURE 2. Numerical approximation of the principal eigenvalue of (4.1) for ¢ =2, ¢ =3 and ¢ =4, with
k €(0,10). We observe that A <0 in all cases, and that the principal eigenvalue is rather insensitive to
changes in g as the curves are almost overlapping.

where the constants a, b and ¢ are defined by

kg (q+2) 3 qKy
() w2 ") e T reygm *?
To numerically compute the discrete eigenvalues of (4.1), we convert this NLEP into a linear
algebra problem using finite differences. As we are interested only in even solutions, we con-
sider (4.1) on [0, co]. Since w(y) decays exponentially as y — 400, we truncate the positive
half-line to the large interval x € [0, L], where we chose L = 20 (decreasing L to 10 changes the
results below by less than 0.01%). We discretise ®(x;) ~ ®; where x; =jAx, forj=0... N — 1
and Ax=L/(N — 1), with N = 100. Increasing N to 200 changed the results below by less than
1%. We use standard centred differences to approximate ®” and the trapezoid rule to approxi-
mate integrals in (4.1). In this way, we obtain the matrix eigenvalue problem M ® = A®, where
® = (dy,...,dy)". The eigenvalue of M with the largest real part then provides an excellent
approximation to the principal eigenvalue of (4.1).

In terms of «,, this numerical approximation of the principal eigenvalue of (4.1) is plotted
for g =2, g =3 and ¢ =4 in Figure 2. The results shown in Figure 2 suggest that (3.20) has no
unstable eigenvalues for any «, > 0 and g > 1. Although the NLEP (3.20) is only relevant to the
stability of a hotspot steady state only when g > 1, as a partial confirmation of the numerical
results in Figure 2, we now show how to determine A analytically from (4.1) when g = 1.

Let @ and A be any eigenpair of (4.1) for which [ w?® # 0 and f @ #£ 0. We multiply (4.1)
by w? and integrate. Using the identity Low? = 3w?, we obtain

(x—z)/w2<p=—(a+b)/w5fwzcb—c/wS/cp. (4.3)

Next, we integrate (4.1) upon recalling Ly® = ®” — & + 3w?®. This yields

(A+l)/d>=3/w2<1>—fw3[(a+b)/w2¢+cf¢:|. (4.4)

By eliminating | ®w? and [ @ from (4.3) and (4.4), we then obtain the following quadratic
equation for A:

cwa (3—(a+b)/w3>+(/\—3+(a+b)/w5) <c/w3+/\+1)=0. (4.5)
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For g=1, we obtain from (4.2) that a+b=3/ [w* and c=—k/[(1+«;) [ w]. Upon
substituting these expressions into (4.5), and using [‘w*/ [w=1and [ w’/ [ w? =3/2, we get

1 3
<A+1+K1)(/\+§)=O. (4.6)

Since «; > 0, we conclude that the principal eigenvalue of (4.1) when g =1 is

1
A=— . 4.7)
1+ K
Setting k| = 1 gives A = —1/2, which agrees with the numerical result arising from a discretisa-

tion of (4.1) (not shown).

4.2 A hybrid analytical-numerical approach

We now give an alternative approach that provides a sufficient condition to ensure that the NLEP
(3.20) has no unstable eigenvalues. This sufficient condition is then investigated numerically. For
this hybrid analytical-numerical approach, we write the NLEP (3.20) in the alternative form

Lo® —2w3ff(—w)q) =1, (4.8a)

I

where Ly® = & — & + 3w?®, and f(w) is defined by

3 ) (q+2)qu"+1 fw gk, q—1fW3

fwy= 214k 204Ky w2 214Ky [wi

(4.8b)

When k, =0, where f(w) = 3w?/2, the NLEP (4.8a) has no unstable eigenvalues by Theorem 1
of [26] (see also Lemma 3.2 of [11]).

We multiply (4.8a) by the conjugate ® and integrate over the real line. Upon integrating by
parts and taking the real part, we get

L)+ 1[0 = ~a [ 10, (49)
where ® = ®i +i®; and A = Ag + iA;. Here the quadratic form is defined by
W [ f(w)d

Jwooo
To show that Az < 0, so that there are no unstable eigenvalues of the NLEP (4.8), it is sufficient to

show that the quadratic form /,[®] is positive definite. In Appendix C, we establish the following
lemma for /y[P].

I,[®] E/ ((CD/)Z +@? - 3w2<I>2> +2 (4.10)

Lemma 4.1 We have Ij[®] >0 V& #£0.

Since Io[®] > 0, our strategy is to continue in «, > 0 until we reach a point for which /,[®]
ceases to be positive definite. To analyse this transition, we observe that [,[®]= [ —PLD,
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where L& is the linear operator

[P 3 /e

LO=LyD — I w Tw —f(w). (4.11)

Since L is self-adjoint, it follows that /,[ @] is positive definite if and only if £ has only negative
eigenvalues. This motivates the consideration of the following zero-eigenvalue problem for L:

LO=0, ® e LX(R), D £0. (4.12)
To analyse (4.12), we use (4.11) to get

P 2P
cD:ff(W) L51w3+fw ~
Jw Jw
Define ¢; = [ f(w)® and ¢; = [ w*®. By multiplying (4.13) by f(w) and then by w*, we get the
linear system
B G B TG PR )
Jw? Jwoo BT W3 W

Upon using L w3 =w/2, and integrating by parts, we obtain that (4.14) has a nontrivial solution
iff g(ky) =0, where

(4.13)

o = . (4.14)

Swfow) f fOLG fow) )
wa3 fw3 =<fo(W)_l) _

fw4 fwf(w) 2 fW3
2 w3 2 w3 o

4
glky) = det 2{/—1;)2 /f(w)La lf(w) .

(4.15)
When «, =0, we have f(w)=3w?/2. Upon using L,'w?*=w?/3, [w*=16/3 and
[ w? = 2m, we calculate
0) ! 16 0 (4.16)
=——-—<0. .
9576 3

Thus, when «, = 0, the only solution to (4.14) is ¢; =c, =0, and so (4.11) becomes Ly® =0,
which has no nontrivial even solution. By increasing «,, we conclude that a sufficient condition
for guaranteeing no unstable eigenvalues of the NLEP (4.8) is that on the range 0 < «, < k40 We

have g(x,) < 0. Here k4 is defined by

kq0 =supfr, | g(t) <0, t€(0,k,)}. 4.17)

In Figure 3, we plot g(k,) vs. k, for g =2,3,4. These results were obtained by numerically
evaluating the integrals in (4.15), after computing L Uf(w) from a BVP solver. On the range
for which g(k;) < 0, we conclude that /,[®] is positive definite so that the NLEP (4.8) has no
unstable eigenvalues.

As a partial confirmation of the results in Figure 3, we now show how to calculate g(x,)
analytically when g = 2. When g =2, we have that ¢y =L Lt satisfies

Loy =f, f=ew +ew +ew, (4.18a)
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FIGURE 3. Plot of numerically computed g(«,) vs. k,, as defined in (4.15), for g =2,3,4. For ¢ =2, g(k»)

is given analytically in (4.22). On the range of «, for which g(«,) < 0, the NLEP (4.8) has no unstable
eigenvalues.

where ey, e; and e;, are defined by

3 2 3 3
o=, gq= e v @ [w (4.18b)
2(1 + «2) 14k, [ w 14Ky [ w?
Using (4.18a) for f(w), we calculate
1+2
Jwe o3 L e (+2a) (4.19)
2 [w? 41+k) 2(1+4k2) 4(1 + «)

Next, upon using Low? = 3w?, Lyw = 2w? and Ly(w + yw') = 2w, we calculate from (4.18a) that

Y=Ly f_eo 2, 21W+%(W+yw/), (4.20)

Upon using (4.20) and (4.18b), we obtain after some rather lengthy, but straightforward, algebra

that
fw _ 2 1 5 fw4 3 fw4 2
/ M = ey T arar B Y La s ar (f w3)

K [w
*q +2;<2)2 [—+ 2fw3} . 4.21)

We then simplify the expression in (4.21) using [ w* =16/3, [w? =4, [ w* =27 and [ w* =
34/27/2. In this way, and by combining the resulting expression with (4.19), we obtain from
(4.15) that

1 8 32
g(kr) = ey [(2/<2 +1)* - 3 <K22 + 5K, + P)} . (4.22)

Recalling the definition of the threshold ;¢ in (4.17), a simple calculation using (4.22) yields
K0 = % [7 + /46 + 256/712] ~7.74. The formula for g(x;) in (4.22), and the threshold «y,
agrees with the numerical results shown in Figure 3.

In summary, we have shown that whenever g(«,) < 0 in (4.15), the NLEP (4.8) has no unsta-
ble eigenvalues. This sufficient condition for stability was implemented numerically for g # 2,
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and analytically for ¢ =2, which showed that the NLEP has no unstable eigenvalues for «,
below some threshold. On the other hand, the numerical results in Figure 2 obtained from a
finite difference approximation suggested that the NLEP (4.8) has no unstable eigenvalues for
all k> 0.

4.2.1 No unstable eigenvalues for ¢ =2 and any «,

In this subsection, we provide a different approach to prove that for g =2 that there are no
instabilities associated with synchronous perturbations of the hotspot amplitudes for any «, > 0.
For ¢ = 2, this NLEP has the general form

L@—wﬂg/wé+bfw¢+c/wﬂzxq ®el*(R); Lid=d"—d+3wd.

(4.23)
We will convert this NLEP into one with a single nonlocal term proportional to [ w® using the
two identities (cf. [22]):

Low=2w?,  Ly(w?)=3w?). (4.24)

Let @ and X be any eigenpair of (4.23). We first multiply (4.23) by w, and then use the first of
(4.24), together with Green’s identity, to obtain

/WL0¢:/¢>L0w:2/w3®:a/w4/w3¢+b/w4fw2¢+c/w4/wd>+A/wd>.

(4.25a)
Next, we multiply (4.23) by w?, and then use the second of (4.24), together with Green’s identity,
to obtain
/WzLOCI):/CDLOWZ:?a/wZCD:a/WS/w3d>+b/w5/w2d>+c/w5/w<b+k/w2<b.

(4.25b)
Equations (4.25a) and (4.25b) provide a matrix system for [ w?*® and [ w*® of the form

3—r=bfw —afw [ w2 cfw
= /WCD . (4.26)
bfw4 afw4—2 fw3<I> —(A—l—cfw“)
By inverting the matrix in (4.26), we obtain that
/W2q>: —Qetan) [w /WCD,
B=n)(afw*—2)+2b [ w5
(4.27)

3__—(A+cfwﬂ(3—x)+bxfw5/
fWQ_ G n@/w 212w J "

provided that

(y—u<afuﬂ—2>+2b/mﬁ¢o. (4.28)
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By substituting (4.27) into (4.23), and using [ w? = 4, we obtain after some algebra the following
NLEP with a single nonlocal term:

B 2(3 — A)(ah + 20)
= (afwr=2)=2b[w’

wd
L0d>—2w3yf =10, where  y

Iw
Conversely, suppose that ® and X be any eigenpair of (4.29). Upon multiplying (4.29) by w, and
then by w?, and using (4.24), we obtain from (4.29) that

4
(3—%)/w2¢=2y‘§—zsz¢, 2]#@:(@% +,\)/wq>. (4.30)

Next, by adding and subtracting terms in (4.29), we get

Lo® —w’ |:afw3¢+b/w2¢+c/w®+§]zk¢,
52(2—y—c>/wdb—b/w2¢>—afw3d>
=7 ,

which reduces to (4.23) only when § =0. We solve (4.30) for [ w3®, and for f w?® which
requires A # 3. Then, upon using (4.29) for y, we can readily verify from (4.31) that £ =0.
Therefore, any eigenpair of (4.29) with A # 3 is also an eigenpair of (4.23).

For g =2, the coefficients a, b and ¢ in (4.2) associated with synchronous perturbations of the
hotspot amplitudes are

(4.29)

4.31)

_ 4k b 3 _ 2K
T [t Tt v T T [

where we label k =k,. By combining (4.32) and (4.29), and using [ w*/ [ w?=4/3 and
[ w3 [w?=3/2, we get

(4.32)

, = k(3—=2)(Br—4) , (433)
21220 =3)(k —1)—9]
while the condition (4.28) becomes (A — 3)(x — 1) #9/2.

To prove that (4.29), with y as in (4.33), has no unstable eigenvalues we will use a key inequal-
ity that can readily be derived by proceeding as in (2.22) of [27] (see also equation (2.27) in
Section 2 of [25]). Suppose that (4.29) has an eigenvalue with Re(A) > 0. Then, the following
inequality must hold

Jw 2 7
T=2(5—])ly—17+Re[iy - D] =<0, (4.34)
S
where the bars denote modulus. From (4.33), we calculate that
- =302+ A9 +4)+6
Y T ke —ha—12—6 -
We will now use (4.34), with (4.35), to show that the NLEP (4.29) cannot have any purely
imaginary eigenvalues of the form A = iw. For A = iw, we write y — 1 in (4.35) as

(4.35)

y — l=Z—1, 21 =64 30’k + w9k +4), zp=—6(142k)+4iw(k —1). (4.36)
53
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Using [ w*/ [ w? =4/3, we calculate from (4.34) that

8 |z1? 8 |z1 1 10%3F: 1
— _ﬂ +Re <_l_wz_1) — _ﬂ —Re (la)ZlZz) = [8|zl 1> + 3wIm (2122)] .

3 |z2]? k5] 3zl? |22|2 3|z2|?
(4.37)
Upon substituting (4.36) into (4.37), we obtain after some rather lengthy, but straightforward,
algebra that
12 4 w? 5
T= 3601+ 207 1 1602( — 17 [K(K + D" + 3 (162/< + 243k + 64) + 8}. (4.38)

This shows that 7 > 0 holds Vk > 0 and w. From our key inequality (4.34), it follows that the
NLEP (4.29) does not undergo a Hopf bifurcation for any x > 0.

To conclude the analysis of linear stability, we use a continuation argument in k. With a, b and
c as given in (4.32), the NLEP (4.23) has no unstable eigenvalues when x = 0 by Theorem 1 of
[26] (see also Lemma 3.2 of [11]). By our established correspondence between the two NLEPs
(4.23) and (4.29), this linear stability result can also be seen from (4.29), as (4.29) has no unstable
eigenvalues with A # 3 when « = 0. This latter result is immediate since when « = 0, we have
y =0 in (4.29). Therefore, (4.29) reduces to Ly® = AP, which has no unstable eigenvalues with
A #£3 (cf. [7]).

Next, if we continue in «, we claim that all eigenvalues of (4.23) must remain in the stable
left half-plane Re(X) < 0. We establish this by contradiction. Suppose that at some point k¥ =
ko > 0, a branch A = A(k) of eigenvalues crosses the imaginary axis, i.e. it satisfies Re(1) =0
and %Re(k) > () for some k = k. Since A(kg) is pure imaginary, it follows that (A — 3)(k — 1) #
9/2, and so the restriction (4.28) holds. Therefore, this eigenvalue must satisfy the NLEP (4.29)
with only one nonlocal term. Our proof above that the NLEP (4.29) has no purely imaginary
eigenvalue provides the required contradiction.

The key qualitative conclusion from this ¢ = 2 ‘cops-on-the-dots’ analysis is that for O(1) <
D, < O(e~?) (see (3.8)), there can be no synchronous linear instabilities of the amplitudes of a
multi-hotspot steady state for any policing level U, below the threshold Up max for which steady-
state hotspot solutions exist.

5 Analysis of the NLEP: Competition instability

In this section, we will analyse zero-eigenvalue crossings for the NLEP (3.22), corresponding
to asynchronous perturbations of the hotspot amplitudes. This zero-eigenvalue crossing will
yield K — 1 critical values of the criminal diffusivity D. We will determine the behaviour of
this stability threshold in terms of the police focus parameter ¢ and policing level Uj.

To determine the zero-eigenvalue crossing, we observe from (3.22) that when A =0, we have
that Lo® is proportional to w?. As a result, by recalling the identity Lyw = 2w?>, and noting that
x2 = 0 when A =0, it follows that (3.22) has a zero eigenvalue, with corresponding eigenfunction
® =w, when

2=3x0+(qg+2)x: (5.1)

https://doi.org/10.1017/50956792519000305 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792519000305

Cops-on-the-dots: The linear stability of crime hotspots 891

Using (3.22b) for x¢ and xi, we solve (5.1) for D, to conclude that the NLEP (3.22) has a zero
eigenvalue at the critical value of D, given by

1 2qg U
Dy== (1+gx,),  where  k,= S

= = —. 5.2
2 g+1 w (52)

Then, using (3.23), it follows that a zero-eigenvalue crossing occurs at D =7D;, for j=
I,...,K—1, given by

S 24°U,
D= A |:w3~|— 1 sz], Jj=1,...K—1. (53
8K*m2a2 [1 — cos (%)] q+1
The smallest such threshold D. =min; D; on j=1,...,K — 1, referred to as the competition

stability threshold, occurs when j = K — 1. We write D, as

S
D.=Dg_ 1= Uo; q), 54
K17 8K 22 [1 + cos (n/K)]g( 0:4) (542)

where g(Uy; g) is defined on the range 0 < Uy < Upmax = S(y —a)(g + 1)/(2q) by

2q2
g+1

gUp )=’ + < Uo) o’ =(1 - q)’ +qS(y — )0,

(5.4b)
where =38 —a)—2qUy/(g+1).

For a general value of ¢ > 1, owing to the presence of the three distinct nonlocal terms in
(3.22), it is analytically intractable to perform a full linear stability analysis of hotspot steady
states on either side of the zero-eigenvalue crossing value D = D.. For the specific ¢ =2 ‘cops-
on-the-dots’ case, where some key identities can be used to reduce (3.22) to an NLEP with only
one nonlocal term, this linear stability problem is studied in Section 6 using a hybrid analytical—
numerical approach. However, for a general ¢ > 1, in Section 5.1 we show analytically that
the NLEP (3.22) always has a unique unstable eigenvalue in Re(A) > 0 whenever D > D, and
7, — 07, and has no unstable eigenvalue when D < D,. In view of (3.24) relating D, to 7, and
the range (3.8) of D,,, this partial result proves that when O(e' %) < D, < O(e '), the hotspot
steady state constructed for g > 1 is always unstable when D exceeds D..

In the remainder of this subsection, we examine how the competition stability threshold D,
depends on the degree ¢ of patrol focus and the level Uy of police deployment. From (2.12), the
maximum A, of the steady-state attractiveness field is Amay ~ € "'w/(Km), which decreases as
either w decreases or as K increases. From Corollary 2.2, we observe that the criminal density p
at the hotspot locations is pmax = [W(0)]* = 2, which is independent of ¢ and Uy, with p = O(€?)
away from the hotspot regions. As a result, the total crime is reduced primarily by decreasing
the number of stable steady-state hotspots on the given domain. As such, we seek to tune the
police parameters ¢ and Uy so that the range of diffusivity D for which a K-hotspot steady
state is unstable when 7, — 0" (see Section 5.1 below) is as large as possible. This corresponds
to minimising the competition stability threshold D, in (5.4), which is determined in terms of

2g(Uyp; g) in (5.4D).

https://doi.org/10.1017/50956792519000305 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792519000305

892 A. Buttenschoen et al.
250

200 +

150 |

100 -

50

FIGURE 4. Competition stability threshold nonlinearity g(Up; q), as defined in (5.4b), vs. Uy on the
range 0 < Uy < Upmax =S(y —a)(g+1)/(2q) for g=1.5,2.0,2.5,3.0,3.5, when =6, y =2 and e = 1.
Smaller values of ¢ correspond to larger values of Up max, as represented by the intercept on the horizontal
U, axis.. Notice that g is not monotone in U, when g > 3. From (5.4), the competition threshold D, is a
positive scaling of g(Up; q).

We first fix ¢ > 1 and study how g(Up; q) depends on U. On 0 < Uy < Upmax =S(y —
a)(g+ 1)/(2q), we find that

dg 2 [6q(q— 1

g1 g1

av, ~ “q+1 Up+ (B —=q)S(y — oz)}- (5.5)

This shows that dg/dU; < 0 on 0 < Uy < Uy max Whenever 1 < g < 3. Thus, when the patrol is
not too focused, i.e. when 1 < ¢ < 3, increasing the overall policing level leads to a larger range
of D where the hotspot steady state is unstable when 7, — 0%. For ¢ > 3, (5.5) also yields that

d; -3
_g>0 on 0<U0<S(y—a)< q ><Uo,max;

du 3¢-1) (5.6)
d -3 '
% <0 on Sy —oa) (3(qq — 1)> < Up < Up max-

Therefore, with an overly focused police patrol (i.e. ¢ > 3), the hotspot steady state is destabilised
only by having a sufficiently large policing level. This is illustrated in Figure 4 where we plot
2(Uy; q) vs. U, for several values of g.

Next, we fix Ujp in 0 < Uy < Upmax and determine how g(Up; ¢) depends on ¢ for g > 1. We
readily calculate that

dg 20U
dg — (g+1)

[0(q+3)¢* — 1) — 44 Uy] , where  w=S(y —a)—2qUp/(q+1).

5.7
This shows that dg/dg < 0if 0 < @ < 4¢*Uy/[(q + 3)(¢* — 1)]. Using (5.7) for w in terms of Uj,
this inequality yields

dg 2q

— <0 when Upmax [l~|——
dg : (q+3)g—1)
The qualitative interpretation of this result is that if the policing level is sufficiently close to its
maximum value Upmax, an increase in the patrol focus parameter g yields a larger range in D

-1
:| < UO < UO,max~ (58)
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where the hotspot steady state is unstable when 7, — 07, or equivalently when O(e'~%) < D, <
O(e~179).

5.1 Large police diffusivity O(e'~7) « D, < O(¢~'~%): An instability result for D > D,

Letting 7, — 0T, corresponding to the parameter range O(¢' ™) < D, < O(e~'77), we now
prove that the NLEP (3.22), which applies to asynchronous perturbations of the amplitudes of the
steady-state hotspot pattern, has an unstable positive real eigenvalue whenever D, > % (1 + q/cq).
This will establish that a multi-hotspot steady state is unstable for this range of D, whenever D
exceeds the competition stability threshold D, defined in (5.4). When 7, — 01, we have x, =0
and so (3.22) reduces to an NLEP with two nonlocal terms

2(1) q+1(1)
Lo® — xow’ <3fw ) - <(Q+2)fw—z) =10,

I T

where xo =

1 ~ 5.9
m > X1 = Xokg -

To analyse (5.9), we first reformulate it into an NLEP with only one nonlocal term using the
key identity Lo(w?) = 3(w?) (cf. [22]). Upon multiplying (5.9) by w?, and then using Green’s
identity, we readily calculate that

5 5
/wzd> <3—3X0%—A> — @ +2) <ffwv:+2) /wq+1q>. (5.10)

Since [w*/ [w? =3/2 from (2.5), (5.10) yields that

/wch: <X1(4+2)fws> Switle (5.11)

320 5 ) [wet2

provided that A # 3 — 9x0/2. Then, by substituting (5.11) back into (5.9), and using x1 = xoky,
we obtain the following equivalent NLEP with only one nonlocal term (provided that A # 3 —
9%0/2):

3/'Wq+lq>

A
Ly® — x.(A)w Tt =1, where Xe(A) = xoxq(qg +2) (m> . (5.12)

To interpret the apparent restriction that A # 3 — 9x0/2, we observe that since x| = xok, is
proportional to Uy (see (3.22b) for the definition of k), it follows from (5.10) that for any eigen-
pair for which [ witld £ 0 for any g > 1, we must have A =3 — 9x0,;/2 if and only if Uy =0.
For the case of no police, this recovers the result in equation (3.17) of [11] for the unique dis-
crete eigenvalue of the linearisation of a K-hotspot steady state of the basic two-component crime
model.

We now show that the reformulated NLEP (5.12) has an unstable real eigenvalue when-
ever D, > % (1 —i—q/cq). To do so, we convert (5.12) into a root-finding problem. We write
O = x. (Lo — )" w [ witld/ [ w2, multiply both sides by w?*!, and then integrate over
the real line. In this way, and using (5.9) for xo, we readily find that any discrete eigenvalue of
(5.12) in Re(X) > 0 must be a root of ¢(1) = 0 defined by

) =Ce(r) —F(), (5.13a)
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where

1 (l4+x+Dy) 9 W Ly =T e
C()= 0" m@t) + @03 and F(1)= v, :
(5.13b)

When D, > % (1 + L]Kq), we claim that (1) =0 has a real root in 0 < A < 3, which yields an
unstable eigenvalue for the NLEP (5.12). To show this, we use Low = 2w? to calculate F(0) =

S WAL w3/ [ wit2 =1/2, and observe that F()) — +00 as A — v, , where vy =3 is the
unique positive eigenvalue of Ly (cf. [7, 22]). Moreover, we observe that

(kg +Du—1/2)

C{A)—> —00 as A—>37, and C.(0)= )
Kkq(gq

>

which yields that C.(0) > 1/2 when D,, > % (1 + q/cq). With these properties of C.(A) and F (1), it
follows from the intermediate value theorem that ¢ (1) has a root at some value of A on 0 < A < 3.

This simple result proves that a multi-hotspot steady state is unstable for 7, — 0™, or equiv-
alently for D, on the range O(e'~7) < D, < O(e~'79) whenever D exceeds the competition
stability threshold D, in (5.4).

Next, using a winding number criterion, we now obtain a more precise result for the spec-
trum of the NLEP (5.12), which pertains to the special case 7, — 0. We do so by determining
the number N of zeroes of {(A) in Re(}) > 0, which corresponds to the number (counting
multiplicity) of unstable eigenvalues of the NLEP (5.12).

To determine N, we calculate the winding of ¢()A) over the Nyquist contour I" traversed in
the counterclockwise direction that consists of the positive and negative imaginary axis, defined
by I'; (0 < Im()) < iR, Re(x) =0) and I'; (—iR < Im(}) < 0, Re(A) = 0), respectively, together
with the semi-circle Cg defined by |A| = R > 0 for | arg(A)| < /2. From (5.13b), C.()) is a mero-
morphic function with a simple pole at A =3, whereas F(}) is analytic in Re(}) > 0 except at
the simple pole at A = 3. The simple poles of C(A) and F (1) do not cancel as A — 37, since
when restricted to the real line we have F(1) — +oo while C(A) - —oo as L — 37. Therefore,
Z(A) =C(r) — F()) has a simple pole at A = 3. Then, since £(}) is bounded on Cy as R — oo,
and ¢(1) = ¢ (1), we let R — oo and obtain from the argument principle that

N=1+ l [arg ¢ ]+ (5.14)
T 1

Here [arg ;“]FI+ denotes the change in the argument of ¢ as A =i}, is traversed down the positive
imaginary axis 0 < A; < oo.

To calculate this argument change, we let A =i)A; and decompose ¢ (ir;) = Cr(Ar) + g (Af)
and F(ir;) = Fr(r;) + iF1 (A1), to obtain from (5.13) that

bis
9+27

Im[¢(EA)]=&(A) = — = Fr(p), (5.152)

where b=9 [2k,(q + 2)]_1 and F;(A;) = Im [F(ir;)] is given by

o [ Wit L +32]7 WP

-F.[()\'I): quJrz

(5.15b)
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FIGURE 5. Plot of F;(X;) vs. A, defined in (5.15b), for ¢ = 1.5, 2.0, 2.5, 3.0 on the range 0 < A; < 12. This
function is rather insensitive to changes in g.

Proposition 4.3 of [22] established that F;(1;) > 0 on A; > 0 when ¢ = 2. Based on the numerical
evidence shown in Figure 5, for both integer and non-integer values of ¢, we make the following
conjecture:

Conjecture 5.1 Consider F;(A;) = Im [F(i\;)] as defined by (5.15b). Then, Fi(A;) >0o0nX; >0
holds for all ¢ > 1.

Assuming that this conjecture holds, we obtain the key inequality from (5.15a) that
Im[¢(ir))] <0 for all A;>0. Next, we observe that as A; — oo we have ¢(ir;)—
(1 + K4+ D,,) /lx4(q +2)] > 0, and that £(0) = C.(0) — 1/2 satisfies

c(0)>0 if 'Du>%(1+q16q); c(0)<0 if Du<%(l+qxq). (5.16)

We readily conclude from these results that [arg ;]r;r =0 when D, > % (1 +qlcq) and
[arg {]I-I+ =-—m when D, < % (1 —i—qlcq). From (5.14), it follows that N=1 when D, >

% (1 + q/cq) and that N = 0 otherwise. We summarise our result as follows:

Proposition 5.2 Let 1, — 0%, which corresponds to the range O(e'~7) < D, < O(e~'179) of
police diffusivity. Assume that Conjecture 5.1 holds for q > 1. Then, under the conditions of
Proposition 3.4, a multi-hotspot steady-state solution is unstable to asynchronous perturbations
of the hotspot amplitudes for an arbitrary ¢ > 1 when D > D,, and is linearly stable to such per-
turbations whenever D < D,. The instability when D > D, is due to a unique unstable eigenvalue
in the spectrum of the NLEP (5.12). Here D, is the competition threshold defined in (5.4).

This result provides a necessary and sufficient condition for the linear stability of the multi-
hotspot steady state for an arbitrary ¢ > 1. In the next section, we determine more refined stability
results for the special case g = 2 corresponding to ‘cops-on-the-dots’.

6 Asynchronous perturbations: Linear stability analysis for ¢ =2

In this section, we analyse the spectrum of the NLEP (3.22), relevant to asynchronous perturba-
tions of the hotspot amplitudes, for the specific case of cops-on-the-dots where g = 2. For ¢ =2,
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in Section 6.1, we reformulate the NLEP (3.22) with three nonlocal terms into an NLEP with
a single nonlocal term proportional to | w3®, which is then more readily analysed. We will
show that a police diffusivity on the range D, = O(e ') leads to the possibility of oscillatory
instabilities of the hotspot amplitudes when D is below the competition stability threshold.

6.1 Reformulation as an NLEP with one nonlocal term

For ¢ = 2, the NLEP (3.22) for ® € L?*(R) has the form given in (4.23), where a, b and c are now
defined by

(6.1)

in terms of xo, x; and x; as given in (3.22b).

We will convert the NLEP (4.23) with three nonlocal terms into an NLEP with a single nonlo-
cal term proportional to [ w* ®, instead of proportional to [ w® as in (4.29) of Section 4.2.1. This
alternative reduction is needed for the study of asynchronous perturbations since from (3.22b)
we have that x,, and thus ¢, vanishes linearly in A as . — 0. With such a vanishing ¢, we would
have that ! in (4.29) is not analytic at A = 0, which makes (4.29) problematic for analysis. As
such, we require a different reformulation.

Let ® and X be any eigenpair of (4.23) with a, b and ¢ as defined in (6.1), in which
lim;_, o A~ "¢ = ¢¢ where ¢ is finite and non-zero. Then, proceeding as in the derivation of (4.25a)
and (4.25b), we obtain the matrix system

bfw4 CfW4+)» szCD 2_afw4 s
e TR s T

By inverting the matrix in (6.2), we calculate that

2e —Q2c+akr) [w 3
/W(D_b)»fw5_(cfw4+)\)(3—)»)/wqj’

(A =3)Q—afwH+2b[w 3
qu)_bkfw5—(cfw4+k)(3—k) v

(6.3)

B

provided that

bx/WS—(cfw“H)@—,\);éo. (6.4)

By substituting (6.3) into (4.23), we obtain after some algebra, the following NLEP with a single
nonlocal term:
[ wie
Lo® — xw =71d, where X

Jwt

Remark 6.1 The multiplier x in the NLEP (6.5) is well defined at A =0 when lim,_.oc/\ =
co with cq finite and non-zero. This case is relevant to the study of the linear stability of
asynchronous perturbations of the hotspot amplitudes.

_ (A —3)2c+ar) [w
b W —(c[wr+r)(B3—1)

(6.5)
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We have so far established that, provided the condition (6.4) holds, an eigenpair of (4.23)
is also an eigenpair of (6.5). To complete the equivalence between (4.23) and (6.5), we now
suppose that ®, A is an eigenpair of (6.5). Upon multiplying (6.5) by w, and then by w?, we use
the identities (4.24) to readily derive that

(Z—X)/w3¢=k/w¢, (3—,\)/w2c1>=x

We then add and subtract in (6.5) to get

Lod — v’ [a/w3q>+b/w2q>+c/wq>+g]=,\cp,
§E<ﬁ—a>/w3¢—b/w2d>—cfwcb,

which reduces to (4.23) only when £ = 0. We calculate using (6.6) that for A # 3, and lim; o ¢/
finite and non-zero, that

X bx [w c@-x)
s=<fw4—a—3_/\§w4— - )/w3d>. (6.8)

Finally, using (6.5) for x in (6.8), we get & = 0, so that (6.7) reduces to (4.23).
The relationship between the spectra of (4.23) and of (6.5) is summarised as follows:

f:j f wo . (6.6)

(6.7)

Lemma 6.2 Let ®, A, be an eigenpair of (4.23) where we assume that lim;_.o c/A is finite and
non-zero. Moreover, suppose that (6.4) holds. Then, ®, ) is an eigenpair of (6.5). Alternatively,
if &, A is an eigenpair of (6.5) with A # 3, then if lim,_,¢ ¢/X is finite and non-zero, this eigenpair
is also an eigenpair of (4.23).

Next, using (6.1) for ¢, and noting from the expression for x, in (3.22b) that x, =0 when
A =0, we can eliminate the removable singularity at > = 0 for x, defined in (6.5), by rewriting

Y= (A =3)2co+a) [ w! where  en & — 2% 7y = L2 _ XoTukz
bw = (eo [w+1)B=2)’ Ta T v BT T wal]
(6.9)
From (6.1), and by setting ¢ =2 in (3.22b), we obtain that the terms « and b in (6.9) are given
explicitly by
4x0kn 3x0 1 4U, 40,
= , b=—", h = = —), =Sy —a)— —.
a fw“ W where  xo sy K> % w (y —a) 3
(6.10)

In the usual way, it can be shown that the discrete spectra of the NLEP (6.5) are the roots of
¢(X) = 0 defined by

) =C) —F»), (6.11a)
where
1 bW (e [w+1)B-2) W Lo
C\)= Ol =3t a) [ , and F) = T

(6.11b)
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By substituting (6.10) into (6.11b), we obtain after some rather lengthy, but straightforward,
algebra that

11 A+ 1 9
Ch==+—|—"———]|(1+D, - — ). 6.11
() 2+4K2 (rqu_%)( + Dy xz+m_3)> (6.11c)

In addition, using Low = 2w>, we can more conveniently rewrite 7 (1) in (6.11b) as

1 A

f(x)zﬁ/wm_x)-l (Go-n+1w=s+ 57— [Wia=—nw. 6110

2/
As a remark, we can use (6.11) to recover the competition stability threshold given in (5.2)
when g = 2. To see this, we set A =0 in (6.11d) and (6.11c) to get F(0) =1/2 and

1 3 1

Therefore, C(0) =1/2, so that £(0) =0 in (6.11a), when D, = 1/2 4 k. This zero-eigenvalue
condition agrees with (5.2).

6.2 Parametrisation of the Hopf bifurcation threshold

In this subsection, we use (6.11) to determine an explicit parameterisation of any Hopf bifurca-
tion for the NLEP (6.5). We set A = iw, with w > 0, and obtain by setting ¢ (iw) =0 in (6.11)
that

(M) (% (1 4Dy —s02) b —— )z S [f(iw)— %] - (613)

VAN iw—3 9
We then decompose F(iw) into real and imaginary parts to obtain from (6.11b) that

WL [L2+ 0] W w2+ 0?] W
S wt [ wh
(6.14)
To determine a parameterisation of the Hopf bifurcation curve, we first multiply both sides of
(6.13) by iwt, + 1 —47,/3, and then separate the resulting expression into real and imaginary
parts. This yields that

Fliw) = Fr(w) + iFi(®), Fr(w)=

, Fllw)=w

2

2 3 T, 8k 1 47, 8rr 1y,

- (14+D,— k) ————+——-=— | F =) {1-—) - F ,

9( + K2) 9+a)2+9+a)2 9 ( r(®) 2)( 3 ) 5 @ ()
(6.15a)

2t,w 3r,w w 8k 1 47,
14+D, —K3) — - =—\|tw|F - = 11— F .
g Pk T ™9 (””[ #(@) 2}+( 3) ’(“’))

(6.15b)

We then solve (6.15a) for D, and substitute the resulting expression into (6.15b). This yields a
quadratic equation for 7.
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FIGURE 6. Left panel: the Hopf bifurcation threshold for ‘cops-on-the-dots’ in the 7, vs. D, plane,
as computed from the parameterisation (6.16), for Uy =2 (solid curve), Uy =3 (dashed curve) and
Uy = 4 (dot-dashed curve) when S =6, y =2 and o = 1. Right panel: the corresponding Hopf bifurcation
frequency w vs. D,.

In this way, we obtain the following parameterisation, with parameter w, for any Hopf
bifurcation curve 7, = t,(w) and D, = D, (w) for the NLEP (6.5):

9/ 3 812 1
Dy=ky— 1+ = —= | Fr(@) — = | —notu ) 6.16
K2 +2<9+w2+ 5 [ r(®) 2} nor) (6.16a)

where 7, is a root of the quadratic equation

770‘[142 —MTy + N = 0. (616b)
Here 19, n1 and n, are defined by
w? 32k, 1 8w
=——+4+ — | F - = F
m=s 2t o |: r(@) 2:| +—5 i@,
(6.16¢)
32k, 1 8y
= Fi(w), =——+4 —F(w).
=270 @) =5 + w? + 9w 1)

Since Fj(w) > 0 for w > 0 (see part (v) of Proposition 4.3 in [22]), it follows that n; > 0 and
N2 > 0 for w > 0. However, the sign of 7y is unclear, owing to the fact that Fz(w) < 1/2 for
w > 0 (see the left panel of Figure 4 of [22]).

To calculate the Hopf bifurcation curve, we fix x; > 0 and let w > 0 be a parameter, and
then numerically compute Fz(w) and F;(w), as defined in (6.14), using a BVP solver. We then
use (6.16b) to compute a 7, > 0, which determines D, from (6.16a). In this way, in the left panel
of Figure 6, we plot the Hopf bifurcation threshold 7, vs. D, for Uy =2, Uy =3 and U, =4 for
the fixed parameter set S = 6, y =2 and o = 1. In addition, the Hopf frequency w is plotted vs. D,
in the right panel of Figure 6. We emphasise that the Hopf curves in Figure 6 are universal in the
sense that, together with the relation (3.23) and (3.24), they provide Hopf bifurcation thresholds
for each of the asynchronous modes j=1,...,K — 1 in the D, vs. D parameter plane. In terms
of these original parameters, the Hopf curves are plotted in Section 7, where we will also provide
a detailed comparison of the linear stability results with full PDE numerical simulations of (1.4).

An interesting feature, as observed in Figure 6, is that the Hopf bifurcation frequency w tends
to zero at each of the two endpoints of the Hopf bifurcation curves, and that 7, diverges at the
lower endpoint in D,,. To derive scaling laws for the Hopf thresholds at these two endpoints,
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we will take the limit w — 0 in (6.16). To do so, we need the following lemma, as proved in
Appendix B, which provides two-term expansions for Fz(w) and F;(w) as w — 0:

Lemma 6.3 As w — 0, and with w(y) = ~/2 sech y, the real and imaginary parts of F(iw), as
defined in (6.14), have the asymptotics

B /‘ y2 (w/)2

~ —0.0285.
16 [ w*

(6.17)

1 3 3w
Fr(w) ~ E — a&)2 + O(a)4); ]:1(61)) ~ E + d[a)3 s d; =

We substitute (6.17) into (6.16¢) to obtain expressions for 19, 1; and 7, for @ — 0. In this
way, for w — 0, (6.16b) becomes a singularly perturbed quadratic equation for 7,

16 3 1
72 [14 162 + O] - 2627, (H—?d[wz + O(w4))+1+§ + o <8K2d1 - 5) + O =0.
(6.18)

For @ — 0, (6.18) has a small root with 7, = O(1) and a large root with 7, = O(w~?). By asymp-
totically calculating these two roots, and then using (6.16a) and (6.17) to determine D,, we
readily obtain two scaling laws valid near each of the endpoints of the Hopf threshold curve
shown in the left panel of Figure 6.

In this way, we find that the small root corresponds to the right-hand endpoint of the Hopf
curve, and for w — 0

4ot + D +1 ? 19+9I{2+l
‘E’ ~ '[’ a) ‘[ .« ~ _—— — — — — ;
u 0 1 ) u ™ K2 > 4 6 4 P
(6.19a)
1 (t—1w) (19 9% 1
Dy~ Kyt — —+ 2+,
2t 2 47 < 6 + 4 + /<2>
where 1y and 7, are defined by
31 1 14 3k2/2)? 1 8d
wesy L oUFdF3e/27 1 8d (6.19b)
4 2/(2 8[(23 18/(2 3/(2

In contrast, the large root of (6.18) corresponds to the left-hand endpoint of the Hopf curve.
For w — 0, we obtain

2%\, I 11 316 1

w o), D,~= b, h =— — ——d —

T <1+K2>w +0Q1) 2+w where 24+K2<16 3 1)+4K2
(6.20)

This yields the key scaling law for the left endpoint of the Hopf curve that
2 b
o~ (222 . as Do (1/2)" . (6.21)
l+x) Dy—1/2

In Figure 7, we compare the two asymptotic approximations (6.19) and (6.21) with results
computed numerically from the parameterisation (6.16) for the same parameter values as in
Figure 6. Rather remarkably, we observe that the asymptotic results provide a decent quanti-
tative prediction of the entire Hopf bifurcation curve. This close agreement is due to the Hopf
frequency w being relatively small on the entire range of the Hopf curve (see the right panel of
Figure 6).
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FIGURE 7. The Hopf bifurcation threshold for Uy =2 (left panel), Uy =3 (middle panel) and U, =4
(right panel), when S =6, y =2, and o = 1, computed numerically from the parameterisation (6.16) (solid
curves). The dashed curves are the asymptotics for small @ near the right endpoint (6.19) (red curves)
and the left endpoint (6.21) (blue curves). The asymptotic approximations are seen to provide a good
approximation to almost the entire Hopf bifurcation curve.

In Proposition 6.4 given below in Section 6.3, we prove that a multi-hotspot steady state is
unstable whenever D > D, =k, + 1/2 for any t, > 0. This result is complementary to that in
Section 5.1 where we proved a similar instability result for any g > 1, but with t, — 0. For the
range D < D,., we conjecture that the Hopf bifurcation curve in Figure 7 sets the linear stability
boundary in the 7, vs. D, parameter space. This assertion is based on a continuation argument in
7,. Recall from Proposition 5.2 that for 7, — 07, the NLEP (3.22) has no unstable eigenvalues
when D < D,. By increasing t, for fixed D, < D,, our parameterisation (6.16) has shown that
eigenvalues of (6.5) can occur on the imaginary axis A =iw, with w > 0, only on the range
1/2 <D, <D,. For 0 <D, < 1/2, there are no purely imaginary eigenvalues for (6.5) for any
7, > 0, suggesting by continuity that Re(A) <0 for (6.5). This suggests that below the Hopf
bifurcation curve, the multi-hotspot pattern is linearly stable, and that this hotspot steady state is
linearly stable for all 7, > 0 when D, < 1/2. A computational tool to investigate this conjecture
is formulated in Section 6.3.

6.3 An instability result and the winding number criterion

For the analysis below, for 7, > 0, it is convenient to express C(A) in (6.11c) in terms of partial
fractions as

C1 (&) 4 1

C\)= , Apy==-——, 6.22

W=ct 73+, r=3771, (6.222)

where A, > 0iff 0 < 7, < 3/4. In (6.22a), the coefficients ¢y, c; > 0 and c; are
1 1 9 (97,43

=—11 — (1 Du > =35 >

c 4[ A )] “ 8 <5rl,+3>
(6.22b)

_1 1 (14D ) 5t1,+1 91,
2= o\, 13 R O 2 |-

Our instability result is as follows:
Proposition 6.4 For any t, > 0, and for g = 2, a multi-hotspot steady-state solution is unstable

to asynchronous perturbations of the hotspot amplitudes when D > D, =k, + 1/2 and for any
police diffusivity D, on the range O(1) K D, < O(e ).
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Proof We need to prove that £()), defined in (6.11a), has a real positive root whenever t, > 0
and D > D,.. To do so, we consider three ranges of 7,. When 1, < 3/4, we have from (6.22a)
that C(X) is continuous on 0 < A < 3, with C(A) - —o0 as A — 3. In addition, from (6.12),
we have C(0) > 1/2 when D > D,. From (6.11b), we have F(0)=1/2, F(A) continuous on
0 <A <3 and F(A) = +oo as L — 37 (cf. [22]). Therefore, by the intermediate value theorem,
there is a real root to (A1) =0 on 0 < A < 3. When t, > 3/4, (6.12) yields that C(0) < 1/2 when
D, > D., while (6.22a) shows that C(1) has a simple poleat A=1,=4/3 —1/7,in 0 < A, < 3.
Regardless of the sign of ¢, in (6.22b), it readily follows that ¢ (1) = 0 has a real positive root in
0 < A < 3. Finally, suppose that t, = 3/4. Then, from (6.22), we have that C(A) — ¢ /A as A — 0,
with ¢; =[D, — (k3 + 1/2)] /(3x2) > 0 when D, > «, + 1/2. Therefore, since C(1) > —oo as
A — 37, while C(A) — 400 as A — 0" when D, > k, + 1/2, it follows that £ (1) = 0 has a root
on0<A<3. ]

Next, we derive a winding number criterion that can be implemented numerically to count the
number N of unstable eigenvalues of the NLEP (6.5). This hybrid analytical-numerical approach
will be useful for considering the range D < D, and 1, # 3/4. For 7, # 3/4, C()) in (6.22) is ana-
lytic in Re(A) > 0 except for a simple pole at A = 3, and an additional simple pole at A = A, >0
iff 7, > 3/4. From a winding number analysis, analogous to that developed in Section 5.1, the
number N of roots of ¢(A)=0 in Re(X) > 0, which is equivalent to the number of unstable
eigenvalues of the NLEP (6.5), is

1 1, 0<rt,<3/4
N=P+ —[arg¢]+ , P= . (6.23a)
T ! 2, 1,>3/4

Here I'j+ is the positive imaginary axis traversed in the downwards direction. To numerically
calculate [arg;“]r;r, we let L =iw with w > 0, and decompose ¢(iw) = {r(w) + i¢;(w). Since
¢ (iw) = C(iw) — F(iw), we use (6.14) for F(iw) together with (6.22) to calculate C(iw). This

yields that
_ 3C] )upCZ
CR(CL)) - CO 9 +(,()2 )\’12) +(1)2 ]:R((X)) >
_ w 2 2 .
8@ =~ 5o T [(q +e) o+ ekl + 902] Fi@).  (6.23b)

Here Fz(w) and F;w) can be calculated numerically from (6.14), while ¢y, ¢; and ¢; are evaluated
using (6.22b).

To illustrate the use of (6.23b), we consider the phase diagram in the 7, vs. D, shown in
Figure 7 where Uy =2, S=6, y =2, and a = 1. There, we predicted that there are no unstable
eigenvalues of the NLEP when D,, < 0.5. For 0.5 < D, < x; + 1/2 = 1.3, we predicted that there
are no unstable eigenvalues of the NLEP when t, is below the Hopf bifurcation threshold. For
particular parameter values, in Figure 8, we show that a numerical implementation of the winding
number criterion (6.3) confirms these predictions. Further numerical results using (6.3) for other
parameter sets, and in particular for the middle and right panels of Figure 7, confirm the linear
stability predictions of Section 6.2.
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FIGURE 8. Plots of the path ¢ (iw) = ¢r(w) + i¢;(w) for D, = 0.4 (left panel) and D, = 1.0 (right panel) on
0 <w < 0o, when S=6, y =2 and a = 1, corresponding to the left panel of Figure 7. Left panel: 7, = 0.4
(dashed curve), t, = 5.0 (solid curve), for which [arg g“]r]+ = —x and [arg C]r;r = —2m, respectively. For
both values of 7,, (6.23a) yields N = 0. Right panel: 7, = 1.0 (dashed curve), 7, =4.0 (solid curve), for
which [arg ;]rr = —2m and [arg {]Fr =0, respectively. Then, (6.23a) yields N =0 for 7, =1.0and N =2
for 7, =4.0. These results are consistent with the linear stability phase diagram in the left panel of Figure 7.

7 Comparison of linear stability theory with PDE simulations: g =2

We first map the phase diagrams for linear stability from the 7, vs. D, plane of Section 6 for
g =2 to that of the €D, vs. D parameter plane. By setting ¢ =2 in (3.23) and (3.24), we obtain

in terms of 7, and D, that
1
i ) ] fu 9

j
K

Sw?

w*SD,
’D J—
K3a2n? [l — Cos (

4K*a?m? [l — cos (%)]

eD, =

for j=1,...,K—1, (7.1

where w = S(y — o) — 4Uy/3. From (5.4), the competition instability threshold when ¢ = 2 with
K > 2 hotspots is

1 4U,
Ky + — Ky =——.

S
D.= , where (7.2)
4K*a2t2 [1 + cos (m/K)] 2 3w

The mapping (7.1), combined with the Hopf parameterisation in the 7, vs. D, plane as given
by (6.16), is readily implemented numerically to determine a linear stability phase diagram in the
€D, vs. D parameter plane, representing the diffusivity of the police and criminals, respectively.
For three different values of U, in Figure 9, we plot this linear stability phase diagram for a
two-hotspot steady state for the parameter set S =6, y =2 and « = 1. A similar plot is shown in
Figure 10 for a three-hotspot steady state.

For various points in the €D, vs. D parameter plane, we now validate our linear stability
results using the PDE software VLUGR [2] to compute full numerical simulations of the RD
system (1.4) with 1000 meshpoints. For the initial condition for (1.4), we use a perturbation of
the K-hotspot steady-state solution (see Corollary 2.2), given by

£ K
Z (14+0.01g) wle ' x—x)] +a [ 1 - Z o)/

J=1 J=1

A(x,0)= (7.3a)

€./vo
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FIGURE 9. The linear stability phase diagram for a two-hotspot steady state in the €D, vs. D parameter plane for cops-on-the-dots, as obtained from (7.1), when
§=6,y =2and o =1. Left panel: U, =2. Middle Panel: U, = 3. Right Panel: U, =4. The thin vertical line in each panel is the competition stability threshold
D, of (7.2), which decreases rather substantially as U, increases. The shaded region is where the steady-state two-hotspot pattern is linearly stable. For D > D,,
the hotspot solution is unstable due to a competition instability, whereas in the unshaded region for D < D,, the hotspot steady state is unstable to an asynchronous
oscillatory instability of the hotspot amplitudes. PDE simulations of (1.4) at the marked points in the left panel are shown in Figure 11.
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FIGURE 10. The linear stability phase diagram for a three-hotspot steady state in the € D, vs. D parameter plane for cops-on-the-dots, as obtained from (7.1), when
§=6,y =2and a = 1. Left panel: U = 2. Middle Panel: Uj = 3. Right Panel: U, = 4. The three-hotspot steady state is linearly stable in the shaded region. The
solid and dot-dashed curves are the Hopf bifurcation boundaries for the (sign-alternating) j = 2 mode and the j = 1 mode, respectively. This steady state undergoes
an oscillatory instability below the solid or dot-dashed curves. In each panel, the thin vertical line at the right edge of the shaded region is the competition stability
threshold D, of (7.2). The additional thin vertical line in the right panel for U, = 4 is where the Hopf boundary switches from the j = 2 to the j = 1 mode. PDE
simulations of (1.4) at the marked points in the left panel and at the marked point in the middle panel are shown in Figures 12 and 13, respectively.
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p(x,0) = ; (e =), U 0)= 4l€]_3( ;

K K
(wle = x1)°, (7.3b)
=1
where the hotspot locations are at their steady-state values x; = S(2/ — 1)/(2K) forj=1,...,K.
In (7.3b), the random coefficient a; of the 1% perturbation of the hotspot amplitudes is taken to be
uniformly distributed in [—1, 1]. For the PDE simulations reported below, we plot the amplitudes
of the maxima of 4 vs. ¢ for the baseline parameter set S =6,y =2 and o = 1.

For a two-hotspot solution, in Figure 11, we validate our linear stability predictions shown
in the left panel of Figure 9 for Uy = 2 and € = 0.03. The numerical results shown in Figure 11
suggest that the asynchronous hotspot oscillations, due to a Hopf bifurcation, and the competition
instability, due to a positive real eigenvalue, are both subcritical instabilities.

For a three-hotspot solution, PDE simulations of (1.4) are shown in Figure 12 at each of the
three marked points in the linear stability phase diagram given in the left panel of Figure 10.
As discussed in the figure caption of Figure 12, these results again confirm the prediction of our
linear stability analysis. For the parameter set corresponding to the middle panel of Figure 12,
the hotspot steady state is unstable to both a competition instability, due to the sign-altering
j=1 mode, and an oscillatory instability for the j =2 mode, which would lead to anti-phase
oscillations between the first and third hotspots. However, since the linear growth rate for such
anti-phase oscillations is rather small (see the right panel of Figure 6), the competition instability,
which is due to a positive eigenvalue in the spectrum of the NLEP, is the dominant instability.

Finally, in Figure 13, we plot the numerically computed hotspot amplitudes, obtained from a
PDE simulation of (1.4), at the marked point in the middle panel of Figure 10. For this parameter
set, the three-hotspot steady state is unstable to both sign-altering (j = 1) and anti-phase (j = 2)
temporal oscillations. The numerical results in Figure 13 show that the sign-altering mode is
dominant and that small-amplitude oscillations persist over rather long time intervals. In contrast
to the likely subcritical behaviour observed in the left panel of Figure 12, for this parameter set,
the results in Figure 13 suggest a supercritical oscillatory instability.

8 Discussion

We focus here on summarising some of our main linear stability results for steady-state hotspot
solutions of (1.4) for the special case ¢ =2 of ‘cops-on-the-dots’; a PDE model originally
derived in [10] from the continuum limit of an agent-based model of urban crime with police
intervention. For ¢ =2, our hybrid asymptotic-numerical analysis of the NLEP linear stabil-
ity problem has provided phase diagrams in the €D, vs. D parameter space characterising the
linear stability properties of multi-hotspot steady states for (1.4). For D exceeding the thresh-
old D, given by (7.2), called the competition stability threshold, we proved in Proposition 6.4
that multi-hotspot steady-state solutions are unstable for all police diffusivities D,, on the range
O(1) € D, < O(e73). On the intermediate range of D given by D* < D < D, for some D* > 0,
our linear stability theory predicts that asynchronous hotspot amplitude oscillations will occur
only if the police diffusivity is below some Hopf bifurcation threshold. In Section 4, and more
specifically in Section 4.2.1, we have established through a detailed analysis of the additional
NLEP given in (3.20) that a one-hotpot steady state is linearly stable, and that a multi-hotspot
steady state is always linearly stable to synchronous perturbations of the hotspot amplitudes when
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FIGURE 11. The hotspot amplitudes for 4 computed numerically from the full PDE system (1.4) for a two-spot pattern with S =6,y =2, =1, Uy =2, € =0.03
and g = 2 (cops-on-the-dots), at each of the three marked points in the linear stability phase diagram shown in the left panel of Figure 9. Left panel: D = 0.3 and
€D, =0.5, so that D, ~ 16.67 (* point). The spot amplitudes are stable to asynchronous oscillations and to the competition instability. Middle panel: D = 0.3 and
€D, =0.1, so that D, ~3.33 (x point). Spot amplitudes are unstable to asynchronous oscillations, leading to the oscillatory collapse of a hotspot. Right panel:
D =0.5and eD, =0.1, so that D, ~ 3.33 (+ point). Spot amplitudes are unstable to a competition instability, leading to the monotonic collapse of a hotspot. These
results are consistent with the linear stability predictions in the left panel of Figure 9.
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FIGURE 12. The hotspot amplitudes computed numerically from the full PDE system (1.4) for a three-spot pattern with S=6, y =2, a =1, Uy =2, € =0.03
and g =2 (cops-on-the-dots), at each of the three marked points in the linear stability phase diagram shown in the left panel of Figure 10. Left panel: D = 0.05
and €D, =0.03, so that D, =1 (x point). The spot amplitudes are unstable to asynchronous oscillations for the sign-altering j = 1 mode, which leads to the
oscillatory collapse of the middle hotspot. The amplitudes of the first and third hotspots are essentially synchronised and trace out nearly identical curves. Middle
panel: D =0.1 and €D, =0.02, so that D, ~ 0.667 (+ point). Spot amplitudes are unstable to asynchronous oscillations to the j =2 mode, and are unstable to
a competition instability for the sign-altering j = 1 mode. The latter instability has a larger growth rate. An overshoot behaviour, followed by a collapse of the
(essentially synchronous) first and third hotspots, is observed. Right panel: D = 0.1 and €D, = 0.24, so that D, =8 (* point). Spot amplitudes are unstable to a
competition instability for the sign-altering mode, but are now linearly stable to the j = 2 oscillatory mode. A monotonic collapse of the first and third hotspots is
observed. These results are consistent with the linear stability predictions in the left panel of Figure 10.

806

‘I jo usoyosuoyng v


https://doi.org/10.1017/S0956792519000305

Cops-on-the-dots: The linear stability of crime hotspots 909

8.2 T T r
oo ey .
8.1 ',L:‘la"‘“:l“"'l I‘L"l noay g ,'\l
JAUTANRANRTAN |.'\i'l‘."|l"""|.*|‘ LRV A
CHAN A SR R B A AT ATRTANRTATRTATRAY
L‘"‘\\,.A‘?,‘-ﬁrﬁu Py 'IJVI!]“"
VA \MAL AR /A W poR /'1 nA l‘yﬁ Pl
7.9 VoV IV Y T Vi i\ W
p"l VLYY IV AL
3 U T P L A PR BV I
78t 4 Vv L T '"'~
<
7.71
761 spot 1
- = = spot 2
75 spot 3
7-4 1 1 1 1 1
0 50 100 150 200 250 300

FIGURE 13. The hotspot amplitudes computed numerically from the full PDE system (1.4) for a three-spot
pattern with S=6, y =2, a =1, Uy =3, € =0.03 and ¢ =2 (cops-on-the-dots), at the marked point in
the middle panel of the phase diagram in Figure 10 where D = 0.02 and €D, = 0.01, so that D, ~0.333.
The spot amplitudes are unstable to both asynchronous oscillations for the sign-altering j = 1 mode and the
anti-phase mode j = 2. Long-lived small-amplitude temporal oscillations that synchronise the first and third
hotspots are observed (indicated by nearly overlapping amplitudes for the first and third spots).

o)« D, « O(e3). Finally, in Section 7, our linear stability predictions were validated from
full PDE numerical simulations of (1.4).

For the case ¢ = 2 of ‘cops-on-the-dots’, we now compare the linear stability results obtained
in [22] for the simple police interaction model, in which —pU in (1.1b) is replaced by —U, with
the results obtained herein for (1.4) for a predator-prey type police interaction. Although the
overall qualitative shape of the various regions in the linear stability phase diagram of the €D,
vs. D parameter plane is similar for the two models, there are two key quantitative differences.
Firstly, the competition instability threshold value of D for (1.4) can be written as (see (7.2) with

qg=2)

S

D.= h =—w +25(y — a)w?
c 8K47T2052 [1+COS (ﬂ/K)]g(w)’ where g(a)) w + (y 0{)(1) s

w=8(y —a)—4Uy/3, (8.1)

on 0 < Up < Upmax =35(y — «)/4. For the simple police interaction model studied in [22], equa-
tion (8.1) still holds but with w replaced by wy = S(y — a) — Uy (see equation (4.10) of [22]).
For a given parameter set and fixed policing level Uj, since w < wj it follows that D, is smaller
for (1.4) than for the RD model in [22]. Consequently, the range of D where a K-hotspot pattern
with K > 2 is unstable for all police diffusivities D), is larger for (1.4) than it is for the RD model
in [22]. Secondly, with regard to asynchronous hotspot oscillations for a two-hotspot solution,
we observe by comparing the left panel of Figure 9 with the left panel of Figure 22 of [22] that
the range of €D, where these oscillations occur is smaller for (1.4) than it is for the RD model
studied in [22], although the corresponding interval of D is roughly similar. A similar conclusion
holds for a three-hotspot steady-state solution (compare left panels of Figures 10 and 24 of [22]).
This indicates that the parameter region where asynchronous hotspot oscillations occur is smaller
for (1.4) than for the model in [22].
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8.1 Open problems and further directions

We now discuss a few open technical issues for our specific RD system (1.4). Firstly, in our
NLERP linear stability analysis of (3.22) to characterise asynchronous hotspot amplitude oscilla-
tions, we focused primarily on the case ¢ =2 of ‘cops-on-the-dots’, where the identities (4.24)
were central for recasting the NLEP (3.22) with three nonlocal terms into the NLEP (6.5) with
only one nonlocal term proportional to | w3®. Since this special reduction is not available for
q # 2, a full numerical approach on the NLEP (3.22) would be needed to determine any Hopf
bifurcation threshold for asynchronous oscillations when g # 2. Secondly, our construction of
the steady state for (1.4), and our derivation of the NLEP, required that ¢ > 1. For ¢ = 1, corre-
sponding to a peripheral interdiction policing strategy (cf. [10]), the complicating feature of the
analysis is that there is now a non-negligible police population density both within the core of a
hotspot and in the outer region away from the hotspots. This makes the asymptotic construction
of a hotspot steady state considerably more intricate and leads to an NLEP with a rather different
structure. Thirdly, for ¢ = 2, it would be worthwhile to undertake a weakly nonlinear analysis
to characterise the local branching behaviour near a Hopf bifurcation point of the asynchronous
hotspot amplitude oscillations. In contrast to the RD model of simple police interaction studied in
[22], where only subcritical amplitude oscillations were found numerically, it appears that either
subcritical or supercritical hotspot amplitude oscillations can occur for (1.4) (compare Figures 11
and 12 with Figure 13). The significance of analytically establishing the supercriticality of the
Hopf bifurcation is that it would determine the parameter range where crime is only displaced
temporally between neighbouring hotspots over very long time intervals, without achieving a
reduction in the overall total crime.

An open problem with a wider scope would be to study hotspot patterns for the RD system
(1.4) when the criminal diffusivity satisfies D = O(1). For the basic two-component crime model
with no police intervention, on this range it was shown in [21] that new hotspots of criminal activ-
ity can nucleate from an otherwise quiescent, largely crime-free, background, near a saddle-node
bifurcation point of hotspot equilibria. It would be interesting to analyse whether this ‘peak-
insertion’ effect persists for (1.4) when the effect of police is included. Finally, it would be
worthwhile to extend our 1-D analysis to a 2-D spatial domain to determine whether hotspot
amplitudes in 2-D can undergo asynchronous temporal oscillations, leading to the temporal
displacement of crime between neighbouring spatial regions.

8.2 Qualitative remarks: Role of police intervention

From our steady-state hotspot analysis, as summarised in Corollary 2.2, the criminal density in
a hotspot region is independent of the policing level. However, the maxima of the attractiveness
field do decrease if additional police are added (U, increases) or if their movement towards
maxima of the attractiveness becomes more pronounced (g increases). In fact, there is a critical
level Uy max of policing for which no steady-state hotspot patterns can occur.

However, in the event that that the police deployment U is fixed below the level required to
eliminate the occurrence of any crime hotspot, the key issue is how should the movement of the
police be directed so as to reduce the overall total crime in the region. It is readily shown that
the total crime in the region at a given time is proportional to the number of observable crime
hotspots that can exist on the region. As such, within the context of the model, the police effort
should be directed to try to minimise the maximum number of dynamically stable steady-state
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hotspots that can occur for the given region, and more specifically to shrink the parameter regime
where these hotspots are stable, and hence observable, in time.

The analysis in Section 5 showed that there is a critical value of the diffusivity of criminals,
referred to as the competition stability threshold, such that a particular steady-state hotspot pat-
tern is unstable if the criminal diffusivity exceeds this value. This critical value depends on the
number of hotspots, the overall policing level and the police focus towards maxima of the attrac-
tiveness field. Given that, in our model, the movement of criminals is not directly influenced by
the police (i.e. D is a constant), the goal to decrease the overall amount of crime (i.e. the maxi-
mum number of stable hotspots) was to reduce this critical threshold of the criminal diffusivity
by varying the policing level and police focus. Paradoxically, we showed that an overzealous
policing effort focused on the hotspot regions (¢ increasing) is not beneficial to reducing the
maximum number of observable crime hotspots when the overall level of police deployment is
too low.

When the criminal diffusivity is below, but sufficiently close to, the competition stability
threshold, in the context of our model the only strategy to decrease the number of observable
crime hotspots is for the police to focus their movement towards observable hotspots in a suffi-
ciently sluggish way (smaller D,). With this strategy, we have shown that temporal oscillations
in the amplitudes of the hotspots can be initiated, which has the effect of initiating a periodic-in-
time displacement of crime between adjacent spatial regions. A problem left open in our study is
to determine whether this temporal periodic sloshing in the intensity of adjacent crime hotspots
eventually leads to the destruction of certain hotspots, and consequentially an overall reduction
in total crime, or in fact persists for all time. However, the existence of oscillatory dynamics
in the intensity of the hotspots is qualitatively consistent with field observations reported in [3]
for a ‘cops-on-the-dots’ policing strategy. Finally, we remark that if the criminal diffusivity is
sufficiently below the competition threshold, our phase diagrams have shown that no police
intervention will be useful for reducing the overall total crime.
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Appendix A Derivation of the jump conditions: The NLEP

In this appendix, we derive the BVPs (3.7) and (3.9), with jump conditions, that are needed to
obtain the NLEP (3.22).

To derive the BVP (3.7) with a jump condition for ¥, across the hotspot region, we inte-
grate (3.2b) over an intermediate domain —§ <x < § with € € § < 1. We use the facts that
A~ e w/ oo, ¢ ~ P(y), Ae(£8) ~ o and u, = €97, as given in (2.14), to obtain, upon letting
8/€ = +00, that

* ey(0) [
eDa? [Vilo + 2D [vep]ly = 3€ / w> P dy + 5 w dy
—00 vo —00
€@+ 2. [ 4 euY0) [
G172 / wihedy+ e | W
Yo Yo
0 oo
En(/z) w2 dy + O(e?1),
Ug —00

where we have introduced the notation [a]o = a(0") — a(07) to indicate that the evaluation is to
be done with the outer solution. In addition, we have used the shorthand notation that [ (...)=
ffooo (...) dy. Since ¢ = O(€?) in the outer region from (3.6), we can neglect the second term on
the left-hand side of the expression above. For eigenvalues for which A < O(e "), the expression
above simplifies to

vty [ 22 [ B3 [ B oo 0 [
0 0 0
(A.1)

Then, in (3.2b), we use ¢ = O(€?) in the outer region from (3.6), together with the fact €/n49 <«
O(e) since g > 1. In this way, (3.2b) and (A.1) yield the leading-order BVP problem for ¢ given
in (3.7) with a jump condition for ¥, across x = 0:

To formulate a similar BVP for 5(x), we integrate (3.2c) over —§ <x < §, with e € § K 1,
and let § /¢ — oo to obtain

u 0
D [y + Daa ™0 =i | L [rio s 10 [unl a2
voq— )/ vg/

Moreover, in the outer region, we obtain from (3.2c) that

Dain, + O(€”) = €2 Th [an + O(?)] . (A.3)
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For A = O(1), we can neglect the O(e?) term on the left-hand side of the jump condition (A.2)
when O(e?) « O(e>~91), which implies that t 3 O(e?~!). On this range of 7, we obtain the
jump condition

53— qite 1 n(0)
Dal [ny~ € Ith |:v(q_1)/2 / =P+ —= W wi| . (A.4)
0 Yo

Likewise, when A = O(1), we have from (A.3) that 7, ~ 0 to leading order in the outer region
when T <« O(e72). Therefore, upon combining these two bounds, in our analysis for g > 1 we
will consider the parameter range

O™ <1< O@E™?). (A.5)
Upon using D, = € 2D/, (A.5) implies the following range of the police diffusivity:

O(1) KD, < O(e™'79).. (A.6)

Finally, by introducing the new variable 7 by T = €377, we obtain from (A.4) that

. qite | n(0)
Dal [ne]y ~ TA [Wf g4+ 2 vg/z wil . (A.7)

From (A.5), we obtain that both the jump conditions (A.7) hold and that 7,, & 0 in the outer
region when 7 satisfies

O« T K OE' ), (A.8)

where ¢ > 1. For this range of 7, which implies the range (A.6) for the police diffusivity, we
obtain the BVP (3.9) for n(x) with the specified jump condition for 7, across x = 0. We remark
that when £ = €377, the police diffusivity D, is D, = O(e'~9), which is a specific scaling law
on the range given in (A.6).

Appendix B Proof of lemma 6.3

We first determine F(w) in (6.14) for @ — 0. We use (L2 + 0?)~' = Ly* — w?Ly* + O(w*) for
w — 0, to obtain that

fW ) W 2fW
/W“ f“

Since Ly'w =1 (w+yw) and L;'w® = w/2 (see equation (3.7) of [24]), we get using integration

Fr(w) = + O(w?). (B.1)

by parts that
1

}'R(a))—z— f / wiLy w+(9(w)—E 2f /L W) (Ly'w) + O, .
1 1 / '
E w? / W-|-yw —}—O(a))—z W[/W2+§/y(w2):|.
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Upon integrating the last expression in (B.2) by parts, and then using [ w?/ [ w*=3/4 from
(2.5), we conclude that

1 o? [w?
Frw)=5 - 16§W4

4 1 3? 4
+O(w)=§—a+0(a)), as w—0. (B.3)

This yields the result for Fz(w) given in (6.17) of Lemma 6.3.
Next, we derive the asymptotics of F;(w) as w — 0. By letting @ — 0 in (6.14) for F;, we
obtain that

3r—2.3 3r—4. 3
f;(w):wfwfl;(;w —aﬁfwav;W + 0. (B.4)

Upon integrating by parts, and then using L; 'w? = w/2, we obtain that

—1..3\2 —1. 3\ (73,3
.F[(a))za)f(L/.OW‘:}) _w3f(L0 M}l)/‘/ELO w ) —i—(’)(a)5)
a)fw2 e (B.5)
pbyEriby el T GO R G

Next, we use Ly 'w? =w/2, [w?/ [w*=3/4 and [wL;*w= [ (Lalw)2 from integration by
parts. Then, (B.5) becomes

3w

3
Filw) =10 - 4‘/‘)—W4 f (L5'w) + 0. (B.6)

Finally, we use L, Yw = (w + yw/)/2, so that upon integration by parts (B.6) becomes

_3‘0 w’ 2 2v/ 20 N2 5
Fi =32 =t | [ 2+ oo+ [P 0wy @
3w w

’ 2/ N2 5
=16 16fM/4/y(W) + O(w”).

This completes the derivation of the two-term expansion of F;(w) as w — 0 given in (6.17) of
Lemma 6.3. Using [ w* =16/3 and w = +/2 sech(y), a numerical quadrature yields that F;(w) =
3w/16 + djw* + O(w’), with d; ~ —0.0285.

Appendix C Proof of lemma 4.1

In this appendix, we prove Lemma 4.1, i.e. we establish the following inequality

O [ W

IO[CI>]=/[(<I>’)2+Q>2—3w2<1>2]+3fwfw3 >0, Vd#0. (C.1)

To this end, we consider the following quadratic form

W [w (f wd)?
T +2b T

0.[®]= / (@) + &% — 3w %]+ 24 (C.2)
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where
5

b=7—a. (C.3)

By setting p =3 in Lemma 5.3 (2) of [28], we infer that

(fwo)
T

and hence Qy[®]> 0 (since 2b=5/2>2 when a=0). Next, we observe that Q,[®P]=
— [ ®LD, where L is the self-adjoint linear operator

w2 P w3 w3
LO=LyD — af +2bf w3—af w. (C.5)
[ w [ wt [w?

We will continue in the parameter a until we reach a point for which £ has principal eigenvalue
zero, i.e. there exists an eigenfunction satisfying £& = 0 for some & £ 0. At this point, Q,[P]
ceases to be positive definite.

To study this zero-eigenvalue problem, we set ¢; = [ w*® and ¢, = [ w?®. We will use
the identities Ly'w® = w, Ly'w? = i, wLy'w? = [ w2y 'w? = ;[ wand [ w2 Ly 'w? =
% J w*. Upon multiplying £& = 0 in (C.5) by w and integrating by parts, we get

/[(@) + @ = 3w P 42— >0, (C.4)

_ (5 fW c_z C1 3
Cl_<af fw“) 7 +2fw3 w, (C.6)
which yields
a a[wh
(b+5—1>c1+2f —0. (C.7)

Similarly, we multiply £& = 0 by w? and integrate by parts to get

_ C fW C_l C| 4
cz—<afw3 fw4) 3 +3fw3/W . (C.8)

Upon using [ w® = (3/2) [ w?, (C.8) becomes

<3%3+b§_w) a+(3-1)a=0. (C9)

The homogeneous linear system (C.7) and (C.9) for ¢; and ¢, has a nontrivial solution if and
only if H(a) =0, where

H(a)z(b—}-g—l) (g—l)—“g(%)z—‘;—b. (C.10)

Recalling the choice of 4 in (C.3), and using | w*=16/3 and i w? = /27, we readily calculate

from (CIO) that
H(a)= + 2 a . C.

We calculate that H(0) < 0 and H(2) < 0, so that H(a) < 0 for a € [0, 2].
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In this way, we conclude that Q% [®] > 0 V@ # 0, which means that
3 2 3 )2
— N2 a2 Al Jwe [we 1(/we)
Q%[cb]._/[(cb) + o 3WCI>]—|—3 T Ry (C.12)

and hence Iy[®] > 0 as claimed. If [ w3® =0, then by Lemma 5.1 (1) of [28], [o[®] > 0. If
[ w3® #£0, then [p[®] > 0.
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