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Abstract. We develop non-linear integro-differential kinetic equations for proliferating Lévy
walkers with birth and death processes. A hyperbolic scaling is applied directly to the general
equations to get the Hamilton-Jacobi equations that will allow to determine the rate of front
propagation. We found the conditions for switching, birth and death rates under which the
propagation velocity reaches the maximum value, i.e. the walker’s speed. In the strong anoma-
lous case the death rate was found to influence the velocity of propagation to fall below the
walker’s maximum speed.
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1. Introduction

Lévy walks have become of increasing interest in the past years, both mathematically and in the context
of their many applications [14,15,25,26,31]. They are typical in describing anomalous superdiffusion and
other transport phenomena. A variety of experimental results indicate superdiffusive motion which is
consistent with Lévy walks, including the spreading of cancer cells [20,21]. Lévy walks with appropriate
proliferation kinetics could therefore be used to model cancer propagation. So far modelling of Lévy walks
has mainly been concerned with passive movements, and not proliferation. Some attempts have been
made taking into account models with finite and random velocities [17,18]. Alternative models have also
been developed to describe biological or ecological movement, often in the form of composite continuous
time random walks [29].

The purpose of our paper is to develop a theory of proliferating Lévy walkers with birth and death
kinetics, starting from a mesoscopic level. A Lévy walker has non-Markovian motion, which poses a
challenge as we do not already have a non-linear integro-differential equation for proliferating walkers. We
are further interested in the front propagation in such systems. Our main technique is hyperbolic scaling
applied from the onset without long-time large scale approximation. This is a known method previously
applied to problems of front propagation involving non-Markovian transport [19]. Our reasoning for this
is as follows. The standard method to treat kinetic equations is to apply parabolic scaling and obtain a
diffusion equation with diffusion coefficient D = v>T where v is the velocity and T mean running time
[13,24]. If we naively take into account birth and death processes, we obtain the well-known Fisher
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equation [19,22]

dp 0%p

— =D— 1-— 1.1
ot 52 TP =), (1.1)

where the propagation speed of the travelling wave emerging from an initial condition with compact

support is
u =2V Dr =2vVTr. (1.2)

It is clear that at 1" = 1, the propagation speed is 2v, which contradicts the maximum possible speed
v of the walker and violates the causality principle. This difficulty can be resolved using hyperbolic
corrections to (1.1). The corresponding equation of motion [19] (p.38) is

T@-F[l—TF/( )]@—D@JFF() (1.3)

ot Plor = Zop TV '

which is the reaction-telegraph equation with non-linear kinetic term F'(p) = rp(1 — p). This has propa-
gation speed
_ V4Dr  2vvrT
14T 14T

for T < 1 and w = v when T = 1 [11,19]. For this reason, our intention in this paper is to study a
non-Markovian kinetic equation for proliferating Lévy walkers without applying diffusion approximations.
Markovian kinetic equations have been considered in [3,4].

As we do not have a general equation for the density of proliferating walkers with arbitrary running time
probability distribution, we cannot simply introduce a modification in the form of an additional reaction
term as in (1.1). Similar problems have been solved recently for subdiffusive proliferating walkers [6,8,23,
28,30]. In this paper we focus on superdiffusive kinetic models. The challenge is to implement the birth-
death kinetic terms into non-Markovian Lévy models. Our following main objective is finding the equation
for the density of proliferating Lévy walkers. Our specific goals are then to use this equation to find the
resulting travelling wave and rate of front propagation. It should then be possible to find conditions
under which the propagation velocity is upper bounded. We intend to show that this mesoscopic outset
of the model does not necessarily lead to the same macroscopic velocity as if we were to use standard
diffusion methods.

Our method has the benefit of applying to various forms of the running time probability distribution,
which is of interest given recent evidence that this may not be exponential [2]. Our definition of Lévy walks
consequently considers distributions that are not exponential, thus avoiding the reduction to Markovian
form which otherwise occurs. We make a distinction between Lévy flights where individuals make the
displacement instantaneously and rest in that position for some time, and walks where the displacement
is continuous. The former again reduces the problem to be Markovian.

u (1.4)

2. Proliferating Lévy Walkers

For simplicity we will treat one-dimensional Lévy walks with walkers moving in the x-direction with

constant velocity v. We assume that walkers change their direction with rate v(7) depending on the
running time 7:

V(1) = )

U(r)’

where (1) is the probability density function (PDF) of running times and ¥(7) the corresponding survival
probability of the walker ftoo Y(7)dr [9]. In this paper we consider Lévy walkers to have an arbitrary
running time distribution. In Section 5 we particularly examine distributions with divergent moments.
To model persistent movement, we assume that v(7) is a decreasing function with running time. Hence,
the longer a walker has been moving in a certain direction, the less likely it is to change. For constant

(2.1)
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~(7), we obtain an exponential distribution of running times [1].
Our intention is to derive a kinetic equation for the mean total density

p(x,t) = pi(z,t) + p—(2,1), (2.2)

where py (z,t) are the densities of individuals moving to the right (+) and left (-).
Our challenge now is to implement the birth and death rates into this non-Markovian transport process.
We assume that the production or birth term for walkers moving to the right is

(o) (rpy + (1 = K)p-), (2.3)

and to the left
£ (0) (k- + (1= R)py). (2.4)

The equations account for correlations in the direction of motion of the 'mother’ individual and corre-
sponding ’daughter’ individuals. The degree of correlation, x, takes three notable values. At k = 1/2,
there is no correlation. At k = 1 we have complete correlation whereas k = 0 corresponds to complete
anticorrelation [19] (p.43). The total birth term for the mean density is thus expressed as

I (o) (rp+ (1 = m)p). (2.5)

The corresponding death terms for the walkers are

0o, (2.6)

where 6 > 0 is the death rate. The net production of walkers is

(f*(p) = 0)p. (2.7)
In order to sustain the travelling wave solution, we assume

f(p)—0>0. (2.8)

We further assume that the net production rate takes the maximum value at p = 0, and takes zero value
at p = 1 so the mean total density varies as follows 0 < p(z,t) < 1, where p = 1 corresponds to saturation
of the system.

In what follows we consider only the case of complete correlation and no correlation. We are concerned
with birth terms which contain one stable p = 1 and one unstable p = 0 solution. A well-known example
of such is logistic birth of the form p(1 — p), though the expression may be expanded to contain higher
orders in p. At saturation, the net production of walkers must be zero so that we find, setting p = 1,

(ff(1)-0)=0, (2.9)

regardless of the value of . In the (low density) unstable state, the birth term has no such restrictions
and is free to grow at a constant rate

f1(0) = constant. (2.10)

In the case of sustained growth described by (2.8) the density must be below saturation. Travelling waves
will consequently appear, travelling from the stable into the unstable state (see Figure 3). In what follows
we consider three different models for front propagation into the unstable state.
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2.1. Models A, B and C

In this subsection we consider three models corresponding to different assumptions regarding the birth
correlations and ageing. The reason for this is the evidence we have regarding the importance of such
assumptions in previously examined non-Markovian models for subdiffusive motion [6,8, 23, 28, 30].
stk tskk ok stk okok M odel A

We first consider the case k = 1, corresponding to complete correlation such that (newborn) daughter
individuals move in the same direction as the (producing) mother individual. We assume the death rate
0 is constant and the birth rate f(p) is dependent on the mean total density. This can describe both
competition in highly dense areas or freely available resources in less occupied areas should such systems
be of interest. The governing equation for the densities p+ can be written as

Op+ | Opy 1

il P s s _ +
at +v ax - 2(7"‘!‘ Z—) 9p++f (p)p-i-’ (211)

e O = i i) 00+ (- (2.12)
where we note the birth terms only contribute to the respective direction of movement. The interaction
terms iy are defined below in (2.13), and can be understood physically as the flux of walkers occurring
when they have finished walking in their currently specified direction. That is, the walkers do not
constantly change direction as they have specified running times, and so the flux only occurs when the
current run is completed. See Appendix A for the details of the derivation. Furthermore, the newborn
walkers are initialised with a running time of 7 = 0.

The interaction/exchange terms accounting for the changes in direction [9]

iv(z,t) = /O K(t—7)ps(xzFot—71),7)e " dr (2.13)

depend on the density of walkers moving in a particular direction for all running times between the
beginning ¢ = 0 and t = 7, i.e. all walkers which have travelled from other positions for any amount
of time to now be at (x,t). This clearly demonstrates the non-Markovian nature of the model. As the
walkers may die at any point throughout their walk the term in @ arises naturally, but f* does not appear
as walkers are produced with zero running time. Finally, the exchange terms also depend on the PDF of
running times ¥ (7) via the kernel K in Laplace space:

(5) _ _sils)
(5)  1-9(s)

It is important to note that (2.13) was obtained by integration to remove the dependency of the
equations on 7. This involves convolutions in Fourier-Laplace space via the transformation

K(s) =

(2.14)

NS

FL[f(x,t)] = f(k,s) = /}R /0 it f(z, t)dtdz. (2.15)

Consequently, seemingly small changes to the production terms in the equations of motion may lead
to structurally different solutions for p(z,t). To clarify the ideas introduced here, we outline simple
examples with specific kernels in Section 2.2

Model B

In contrast to our previous model, we now consider the uncorrelated case k = 1/2 where the direction
of movement mother and daughter walkers is not correlated at all. In this case, half of the produced
individuals are sent in each direction (still with zero running time). This changes the equations for the

densities to
Op+ | Ops 1

T P T i) — +
5 TV 5 —i-) = 0py + f7(p)

P+t p-

T (2.16)
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Op— O L iy ()Pt
o v = i i) = 0o+ ) P, (2.17)

and an exchange term as in (2.13). The derivation is similar to that of Appendix A. Although these are
deceptively similar to (2.11), (2.12) the equations are now further coupled. The consequences of this are
explored later in this paper.

Model C

Finally, we consider the case of a constant birth rate as described by (2.10) with a running time equal
to that of the walker which produced it in addition to x = 1. This means that there is a correlation
not only between the direction of movement of the mother and daughter walkers, but also their running
times. For convenience we write this constant as f*(0) = f*. The governing equations are now

Ip+ opy 1. ; +
W“F’UW = §(Z+ 27) 9p++f P+, (218)

Op— O _ Lo iy +
ot Von *2(1+ i) —Op_+ fTp-, (2.19)

where the derivation is again similar to that of Appendix A, but the interaction terms are necessarily
different. For this model, is is possible to simplify the rates to a net growth rate for the system 6 = f+—6.
The interaction term becomes

t
iy (z,t) = / K(t—7)ps(xFo(t—71), T)e(ﬁ_g)(t_ﬂdr. (2.20)
0

Clearly in this case there is a correlation between the transport and production, which does not appear
in the previously introduced models. Having described the details of our three models, we now proceed
to illustrate the effect of memory kernels on Model A.

2.2. Examples of Model A

In this subsection we are going to consider two examples, one Markovian and one Non-Markovian. The
purpose of this is to illustrates the coupling resulting from a non-exponential memory kernel.
Markovian case

In the particular case when the switching rate «y is constant, ¥(7) = ve~?" the distribution of running
times is exponential. We then recover the Markovian model

Op+ | Op _ v, .

dp—  Op— n

—_— = = — p_ —0)p_. 2.22
50 "V ap = gt —p-)+ (T —0)p (2.22)
In this case, one can consider a net growth term § = fT — @ > 0 without needing to worry about the
subtleties in the running time dependencies. These correspond with a telegraph equation for f*,0 = 0

and is well-documented [12,16].

Non-Markovian case
If we instead of an exponential distribution consider w(r) = A2te™*
distribution, equations (2.21), (2.22) become

t corresponding to a gamma-

Op+ | 0P+ _ L, o
8t +v 61‘ - 2(7’+ ’L*)—'_(f 0)p+7 (223)

8/7_ ap_ _1 . . +
o Vor 2(Z+ —i-)+(f" = 0)p-, (2.24)
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where the interaction terms (using (2.14)) are now written as
t
ix(z,t) = \? / e e 0y (x For,t — T)dr. (2.25)
0

This case is now clearly non-Markovian. Furthermore, it is trivially seen that the death rate couples
with the memory kernel by virtue of both being expressed in exponential form, thus changing its effective
form. Examples for power law distributed kernels will be illustrated later.

3. Single Equation for the Total Density

We now proceed to obtaining a single equation for the total density in each of the introduced models.
Our method is similar to ones used in previous work [7]. Defining a flux term

J(x,t) = vpy(z,t) —vp_(z,t) (3.1)

of the directionality of movement and using (2.2), we obtain

patant) = (oot 720, (3.2)
v
In what follows our intention is to consider the propagation of the front into the unstable state. It is well
known that in such cases we need only consider the linear terms in the birth rates as additional terms
vanish under our intended hyperbolic scaling. This corresponds to the unstable p = 0 state discussed in
(2.10). Consequently we can conveniently write

fT(p) = r = const. (3.3)

This holds even if the original expressions for f¥(p) are non-linear, so long as they obey the properties
outlined in Section 2.

Model A
By expression of (2.11), (2.12) in terms of p, J and cross-differentiation to remove the flux, we get two
different expressions for the differential equation (see Appendix B for details). If f (p) = 0, i.e. for a
constant birth rate r, we get the expression
T 2P0 0y 0) 2 g (3.4)
— v — —v—(iy —i_ r— —2(r—6)—/— =0. .
oz " oxr Vor 't P ot
A more involved expression can be derived for a general birth rate fT(p), which we neglect to include
here as the subsequent scaling is known to eliminate the extra terms which would arise in (3.4). Using
(2.13), one obtains the final integro-differential equation for the constant birth rate
Pp 0%

—5 — —+2(9—r)8

op N2,
a2~V 922 o HO=1)p

I o) o)
-3 A K(Z)e_ez (at +0—r— v&t) plx —vz, t — 2)dz
I ) )
_ 5/0 K(z)e % (315 +9—r+v8z> plx +vz,t— z)dz. (3.5)
This is one of our main results which will be used to find the equation for the front propagation of the
system.
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Model B
Using the same method as above, we obtain the non-linear equation

82 32 8 ’
S~V s v — i) = 0(F* (o) = 0)p+ (26— F¥(p) — oS (p)) 5 = 0. (3.6)

Using (2.13), this has full integro-differential form

02 0? / 0
S~ Vo @010~ pf T (o) 5 -

12 D2 0(f(p) = O)p
¢
=— %/0 K(z)e % <§t +0—fT(p) — v(fx) ple —vz,t — z)dz
1/ 0 d
— 5/0 K(z)e % (at +60—ft(p)+ vam> plx +vz,t — z)dz. (3.7)

We note that depending on both the forms of f*(p) and K (2), these equations may be highly non-linear.
However, as discussed above, the influential terms will be constant, simplifying (3.7).

Model C
By a similar method to before where we assume a constant production rate r from the onset,
@—ﬁ@—vﬂ(i —i_)+ (r—0) —2(7‘—9)@—0 (3.8)
o2 " 9x2 Vot P ot~ '

where by (2.20), we obtain a final equation of the form

Pp 9 dp 5
5z Y @—FQ(G—T)E—F(G—T) p=

I 0 9
_ - (r=0)z [ 2 ey _ _
5 /0 K(z)e <8t +6—r v3x> ple —vz,t — z)dz
1 [ 0 0
- (r=0)z [ = — = —
5 /0 K(z)e <8t +60—r+ U@x) plx +vz,t — z)dz. (3.9)

While the correlations are seemingly trivial changes to the equations of motion, they lead to structurally
different solutions for the front propagation.

4. Front Propagation

We are now in a position to find the rate of the travelling wave solutions. To ensure a minimum propa-
gation speed we will study the equations with a front-like initial condition

1, ifx<0
_Jh 41
po(@) {0, if 2> 0. (4.1)

For the models we are considering, the speed of propagation is independent of the profile. That is, the
speed at which the front propagates does not explicitly depend on the front and thus remains unchanged
under scaling. Consequently, we choose to apply a hyperbolic scaling in order to reduce the front to a
geometric structure from which the velocity can easily be found [19] (p.155). We now proceed to apply
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Before Scaling

20

FIGURE 1. The propagating front before hyperbolic scaling is applied. Smooth transition
between p =1 and p = 0.

After Rescaling
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FI1GURE 2. The propagating front after hyperbolic scaling is applied. Step-like transition
between p =1 and p = 0.

FiGURE 3. Graphical illustration of the effect of hyperbolic scaling on the propagation front.

a hyperbolic scaling z — %, ¢ — é and introduce a rescaled density p¢(z,t) = p (3 E) which becomes

€le

the reaction front in the limit ¢ — 0 (see Figure 2). We then apply an exponential transformation to p

t— E, x — %, p(z,t) = exp (G(a@t)) , (4.2)

where the full form or any non-linearities in p would be preserved for more involved models. We define
the reaction front position z(t) as the point in space at which our rescaled field p¢ changes from 1 to
0 (see Figure 3). It follows from (4.2) that the position for the reaction front z(¢) can be found from
G(z(t),t) = 0. Tt is clear that provided lim._,o G(z,t) > 0 we obtain lim._q p*(z,t) = 0. Otherwise,
when G(z,t) = 0,lim._ p¢(z,t) = 1. [5,19]

Our reasoning for ignoring non-linear terms now becomes clear. Under the aforementioned limits as
e — 0, the birth terms simplify to linear terms r = f(0) as at the front we can set p¢ = 0 (giving

fH(p%) = f1(0)).
Model A
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Applying hyperbolic scaling (4.2) to Model A (3.5), we obtain

€

02 p¢ 0? 0
2 2,2 p (9 ) pt

aﬁea

+(0—r)%p° =

The density terms in the integrals can be written

pf(zq:vr,t—7->:exp(—G(x:FevT’t€T>>%exp<—G—|— 3Gi 3G’)’ (4.4)
€ €

€ ot ox

where the subsequent terms vanish in the limit € — 0. Substitution of (4.2) into (4.3) and expanding to
first order in ¢, give an equation for G(z,t)

(?5)2—1}2 (gf)z—z(e— >%+(9 r)? =

- 7/ K(r)e " (—aG +6— +vaG> e (571058 ) g
X

ot }
oG G\ ,(oc_,oc
— —or [ _ 7 - T( : U x)
2/0 K(7)e ( o T vax>e 5t TVEs )dr.  (4.5)

The advantage of this equation is that it can be expressed in terms of the Laplace transformation of the
memory kernel. This naturally leads to the formulation

() -+ () a0 -

1(8G+9r+vaG>IA{(08Gv8G)

2 ot ox ot ox
1/ 8G G\ = oG 9G
—2(—(%+9—r—vax>K<9 5 v ax)' (4.6)

This is the generalised, relativistic Hamilton-Jacobi equation corresponding to (3.5). An alternative
method for finding this equation is demonstrated in Appendix C. By solving this equation for G(z,t) = 0,
we will be able to find the front position for the model (see Figure 2).

Model B
Applying the same method as before to (3.7), we obtain the expression

(- () - -

Ox
—1(—8G—|—0—r—|—vaG>IA(<9—aG—vaG)

2 ot ox ot ox
1 oG 0G\ =~ oG G
—2(—at+9—r—vax>K(9 8t+ (%v)' (4.7)

We note that in this model, the birth rate appears in a different way than observed in the previous case.
This has different implications for the propagation rate (see subsection 4.2).
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Model C
We now use (3.9) to find the Hamilton-Jacobi equation for Model C.

<88f>2—v2 (g)Q—z(e—r)‘z(t;Jr(e—rf -

1(8G+0r+118G>I?<97’8G 8G>

2\ ot o o oz
1/ 8G G\ ~ G 9G
_2(_(915+0—T_U81‘>K<9_T_815+U&L'>. (48)

This can be expressed in terms of an effective growth rate 6 = r — 0, as these two rates now always appear

together.
oG > L [0G\® 1[0G G\ ~ oG 0G
(a:a”) - <8m) W(m”‘”m)“ (‘5_ ot _”ax>

1 /0G 0G\ = oG oG
+2<8t+5+v8x)K<58t+vax> (49)

4.1. Hamiltonian and Generalised Momentum

It is convenient to rewrite the Hamilton-Jacobi equations in terms of the Hamiltonian H and generalised
momentum p

oG oG
at’ P= 00
which will be of further use later when determining the front velocity [5]. Consequently, Model A (4.6)
becomes

H=- (4.10)

H+0 - =
A+ 2r+vpK

The similar equations for the other two models are

_H—i—@—r—vp[?

(H+9—r)2—02p2: 5

(H + 6 —vp) (H 4 60 + vp). (4.11)

H? 2 + (20— r)H+0(0—1) = fw.F?(H+97’up)fo{(H+0+vp) (4.12)
for Model B and
H—6+uvp-~ H—5—vp~
(H =6 —v?p? = L0 PR 5 ) — %K(H — 5+ vp) (4.13)

for Model C. In this more compact form the differences between the models are clearer, as the assumptions
leading to varied parameter dependencies now take centre stage.

(4.11)-(4.13) allow for immediate application for a multitude of kernels K. This is of particular note
as one often does not know the equation for the kernel, but its Laplace transform is readily available.
(4.11) (or the corresponding equation for the other models) is employed to derive the front propagation
velocity u by requiring the functional G(z(t),t) = 0 so that the total derivative % = % + u% = 0.
Consequently, H(p) = up by using (4.10). From Hamilton’s equations we know that %—’Z = ¢ = ¢ where
z(t) = ut so we can set

H 0H
U=—=—. 4.14
> = (4.14)
This is equivalent to [5]
" — min <H> . (4.15)
p p

Having established the method by which the front propagation velocity is determined, we now proceed
to apply (4.14) to our three models for different forms of the memory kernel K.
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4.2. Forms of the Kernel

We now consider the effects of various kernels on the front propagation speed.

Model A R

Exponential running time PDF: ¢)(7) = Ae™". In this case, the memory kernel K = X (see (2.14)) leads

to a Hamiltonian
(H+60—1)2—0’p>=-XNH+0—7), (4.16)

which one can differentiate with respect to p employing (4.14) to find
2 A 2 2
H*+H 9—7“—&—5 —v'p” =0. (4.17)

From here we can find the derivative

2
of _ 2UP , (4.18)
o J(A/240 —1)2 + 4v2p?

from which is trivially follows that if 6§ — r + % = 0, the front propagation speed will be u = %—Ig = .

This corresponds to a system where the various rates affecting to the motion of the walker nullify each
other, leaving the front to travel at the undisturbed individual velocity. This example is equivalent to
that illustrated in (1.4).

Gamma-distributed running time PDF: (1) = A7e~*7. The Laplace transform of this PDF is 1Z =

ﬁ. This leads to a memory kernel K (s) = %

Hamiltonian is

which now will depend on both H,p. Explicitly, the

_)\Q(H—l—ﬁ—r—i—vp) _)\Q(H+9—7'—vp)

H+0—r)?—v?p?= : 4.19
H A=) = = T H 0 —wp) 227 - H+0+ ) (4.19)

By the same method as before, one obtains the front velocity
u = v provided A = A, = 2(r — 0) +/2(r — 0)2 + 2r(r — 0). (4.20)

This result is obtained by iteratively applying (4.14). However, it does not preclude the existence of
other minima. If A < 2(r — 0) + \/2(r — 0)2 + 2r(r — 0), the upper bound on the system is still v for
large p, but the front velocity is pushed more slowly to this limit. This is limited to values of A in the
neighbourhood of (4.20). Alternatively, if A > 2(r —0) + 1/2(r — 6)2 + 2r(r — 6) the propagation velocity
is less than the upper bound.

Traditionally, the front velocity estimate from diffusion would be derived from a Hamiltonian of the
form

H=Dp*+r—0 (4.21)

with consequent velocity of uw = 2,/D(r — 6). Note that the Hamiltonian corresponds to (1.1) for 6§ = 0.
The traditional velocity is an overestimate wrt. the result from (4.20) when

17
r > EH, (4.22)
indicating that the growth term need not be much greater than the death rate before issues are encoun-
tered. In the case of (4.17), the diffusion estimate is twice as large (see (1.2)) regardless of the values of
the reaction parameters. Therefore, in cases where growth rates are relatively larger than death rates, a
more careful estimate of the front velocity should be considered. We compare the velocities of this kernel
for various A in Figure 6, motivated by (4.15).
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FIGURE 5. K(s) = % for A = 3.5.

FIGURE 6. Z for a gamma-distributed kernel with various production-to-turning ratios.
In the case of X obeying (4.20), the death rate has little effect on the propagation velocity
and min,(u) = v. The curves tend to u = v increasingly quickly as § grows. However,
in the case where the switching rate is larger all velocities have a minimum, even in the

case of no death rate § = 0. Now min,(u) < v where the velocity is dependent on . The
details of this are defined by (4.20).
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FIGURE 7. Dependence of the front velocity (with a gamma-distributed memory kernel)
on the death rate §. In the case of A = A\. = 2(r —0) + /2(r — 0)2 + 2r(r — 0), 6 has no
influence and we have u = v. However, in the case of A > ., v = u(#) which decreases
with the death rate.

Clearly there are conditions under which the minimum velocity will be the speed of the individuals
walkers, and others where this is not the case. We illustrate the parameter dependence of these two
cases in Figure 7.

Model B R
Exponential running time PDF: (t) = Ae™*7. In this case, the memory kernel K = X leads to a
Hamiltonian

H? —v*p* + (20 —r)H+00 —7) = —(H+ 60 —1)\, (4.23)

from which is follows that © = v provided A = r — 20 > 0. This is different to the result obtained for
Model A, where our assumptions were naturally satisfied by demanding r > 6.

Gamma-distributed running time PDF: (1) = A27e~*" with memory kernel K (s) = A%

2 +s "
_)\2(H+0—r—|—vp) _)\2(H+0—7’—vp)
22 N+ H+60—wvp) 202 \+ H + 0+ vp)

H? —0?p* + (20 —7)H +0(0 —r) = (4.24)

is again similar to (4.19), but lacks some of the symmetries in the expression of the parameters which
previously allowed for simplification. By the same method as before, we obtain an expression for the
front velocity using the parameter g, such that

o _ dpvq,
Op  \/16p20%[3q, + 4A(r + N]gp + 9(0 + A)2[2q, + 407 + (0 + SN2

(4.25)

where g, = 70 — 26? — 40\ — 3X\%. We note that this equation will still obey lim, o % = v, but that
there is not a set of conditions which will ensure this for all p. Particularly for low values of p, it follows
that %—g < v. Bearing in mind that this model corresponds to produced daughter particles moving in

either direction, we understand the behaviour of %—Ig < v as the result of a smaller contribution to the
propagation front.
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Model C .
Exponential running time PDF: (1) = Ae”*7. Again, the memory kernel K = X yields

(H+0—7)? —vp?=-XH+0—1), (4.26)

which is equivalent to the results obtained in Model A as expected from the form of K.

Gamma-distributed running time PDF: ¢(t) = A27e~*" with memory kernel K (s) = ﬁj_g gives the
Hamiltonian
A2 (H + 6 — 1+ vp) A2 (H+6—1r—uvp)
H+0-1)—v?p?=— —~ . 4.27
(H 0 =) = = = oy 0 —r—up) 20Nt H+0—r+op) (4.27)
By the same methods as employed in the other two models, we find that
u = v provided A = (r — 0)(2 +V2). (4.28)

In this case, we note that standard diffusion methods will always overestimate the propagation speed of
the front, regardless of the values of r, 8. The reason we are able to determine this is due to the symmetry
in the parameters of (4.27). The resulting changes in the propagation speeds in these three models
emphasize the large impact small variations can have on the final results. In particular, walkers produced
with non-zero running time seem to have a large impact on the velocity estimates when compared to
diffusion methods.

5. Superdiffusive Motion

We now consider the anomalous cases corresponding to power law distributions of the running times.
These distributions are characterised by having heavy tails of the form

W(r) ~ T TH (5.1)

where 0 < p < 2. We make a distinction between the strongly anomalous case occurring for 0 < p < 1
and the anomalous Lévy walk occurring for 1 < g < 2. A key feature of anomalous distributions is the
divergence of the first moment (0 < p < 1). For Lévy walks the first moment is finite, but the second
moment diverges.

If we assume the anomalous survival function takes the form of the Mittag-Leffler function

A\
W(T)Ea|:(> }, O<pu<l1 (5.2)
70
The Laplace transform of ¥(7) is
~ 1 (smo)*
= 5.3
(=1l (5.3
so that using (2.14), we obtain a memory kernel
~ Sl_ﬂ
K(s) = - (5.4)
0

The Mittag-Leffler distribution is valid for all time, so that we need not worry about time scales. However,
if the switching rate defined by (2.1) is inversely proportional with the running time so

)= (5.5)
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this has survival probability

W(T)=< 0 )H, (5.6)

T+ To

where p and 79 are constants [7]. Consequently, the kernel takes the form

~ gl—n

K(s) = T (5.7)

which is only valid in the long time limit (s — 0). In the above case of (5.7) the behaviour does not apply
in the case u = 1 as a result of the gamma function I'(1 — u). To understand some of the properties of
anomalous kernels, we first introduce an example based on the dynamics of Model A.

Example
In this case, the governing equations are the same as our previous example in (2.21), (2.22)

O+ Opy _ 1. . +_

op— Op— 1

e v = i — i)+ (=0, (5.9)

but we cannot as easily transform back into (z,t)-space when defining the interaction terms. Conse-
quently, we define it in inverse space as

g
ik, s) = ﬁ(k,s)w, 0<p<2. (5.10)

To

The two cases (strongly anomalous case and anomalous Lévy walk) are both included in this expression.
Should we wish to, one can work in (z,t)-space by means of the fractional material derivative. For work
in this area, see [27]. However, this is more involved than needed as our method explicitly deals with
K (s). Clearly for g = 1 there are no memory effects and we return to a Markovian model. We now
examine memory kernels for the two anomalous cases applied to Model A.

5.1. Strong anomalous case

Strong anomalous case: (1) ~ 717#, 0 < p < 1. For the corresponding kernel K= i—?, the Hamilto-
0
nian of Model A becomes

(H+60—wp)*
27’5

(H+0+uvp)'*
27’6‘

(H+60—1)2—v*p>=—(H+60—7r+uvp) —(H+60—r—uvp)

. (5.11)

The anomalous case is computed numerically and illustrated by Figure 8. For ease of comparison with
the gamma-distributed kernel, we employ the same values of r, 6.

We observe that the death rate not only modifies the propagation of the system, but effectively ‘kills’
the anomalous effects of the transport. We can see from Figure 8 that the death rate has a large
implication for the velocity. If the death rate is zero, the only minimum velocity is v. For § > 0 and a
fixed birth rate, minima appear below u = v. This is a result of the coupling of the death rate with the
turning kernel, and is unchanged by variations in the growth rate r for the same model.

This independence on r is in contrast with the gamma-distributed kernel, where the behaviour of the
propagation is dependent upon the relative values of r, A\. The dependence of these minima upon @ is
examined in Figure 9 for several values of 0 < p < 1.
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FIGURE 8. % for the strongly anomalous kernel I?(s) = 517# forr =05, 0 < p < 1.
0

We compute these curves motivated by (4.15), such that the minima correspond to the
propagation velocity. The presence of the minima is independent of the values of r.
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FIGURE 9. Dependence of the front velocity (with a heavy-tailed memory kernel) on the
death rate 6. For small values of 6 the front propagates with speed v. However, for
0.6 < 6 < 1, the speed decreases towards 0, where the net production is null. We note
that the speed remains constant for longer as p decreases, and that the range over which
the speed changes is smaller than that for the gamma-distributed running time.
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FIcURE 10. % for the anomalous kernel K (s) = % forr =2, 1 < p < 2. We compute

these curves in order to find the minima motivated by (4.15). The presence of the minima

is independent of the values of r. Note that our values of r, 6 for this kernel are greater
than those previously considered.

5.2. Lévy Walk

Anomalous case: (1) ~ 7171 1< p < 2.

The behaviour in this case has similar properties to that of the strongly anomalous case. However, since
u > 1 we focus on r, § > 1 in order to prevent very large terms dominating (5.11). From a physical
perspective it is of interest to consider cases where birth and death rates are comparable, motivating an
examination of larger r, 0 in Figure 10.

For a fixed birth rate, we again observe minima below v, which we examine in greater detail in Figure
11. In this case, for comparable values of r,0 to the strongly anomalous kernel, the minima occur over

a smaller range of %. As the minimum must eventually reach zero, this indicates the change in front
velocity should be ‘faster’ than in the previous case.

We note that both the anomalous cases have displayed a ‘faster’ decrease in the velocity compared to
the gamma-distributed kernel (the decrease happens over a shorter range of §). The heavy tails of the
distribution disappear when accounting for a non-zero death rate. This corresponds to the death rate

tempering the heavy tails of the power law distributions and effectively ‘killing’ the very long running
times.

Our results clearly indicate that the death term has a significant impact on the front propagation
speeds. In particular, the smaller velocity u < v was observed to occur independently of the values of r,

provided the assumptions laid out in Section 2 were maintained. If we naively were to consider death by
simply reducing the magnitude of the birth term, these key effects would be lost.
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FIGURE 11. Dependence of the front velocity on the death rate for 8 > 0. The behaviour
is similar to that observed in Figure 9, though the domain of decrease in front velocity
occurs over 1.7 < 6 < 2. In this case, larger values of p keep the speed at u = v for a
larger domain of 6.

6. Conclusion

We have formulated three different models for Lévy walkers with general running time distributions
with birth and death processes. We have further derived the corresponding integro-differential equations
for the mean density for all three cases. In order to obtain the travelling wave solution we applied a
hyperbolic transformation from the onset without further diffusion approximations. We have determined
the Hamilton-Jacobi equations for these models and consequently equations for the fronts of the travelling
waves.

Where possible, we found the conditions under which the parameters of the models led to a front
propagation velocity equal to the speed of the walkers. These conditions depend on the equation for
the memory kernel, and were shown to vary significantly depending on the assumptions employed in the
three models. Consequently, we found conditions under which standard diffusion methods produce an
overestimate of the propagation velocity.

In the anomalous case involving power-law running time distributions we found that the death rate
has a significant impact on the front propagation, making it less than the maximum speed of the walkers.
We interpret this observation as the death rate tempering the anomalous effects in the transport by
effectively ‘killing’ the very long running times. In the strongly anomalous case of 0 < p < 1, the front
velocity was shown to decrease as § — r. For smaller values of u, the front velocity remained at ©w = v
for a larger domain on 6. In the case of 1 < p < 2, the front velocity was also observed to change as
6 — r, but u = v was observed for a larger domain of 6 as u increased. This suggests a constant front
propagation u = v for p =0, 2.

Is is important to note that this behaviour would not have been observed had we naively worked with
a net birth term rather than accounting for the effects separately. The tempering of the anomalous
behaviour effected by the death term is in contrast with the slowing down one would expect from simpler
models using an approach of the form (1.2).

Our models have introduced birth and death processes directly into the transport process. For biologically
motivated models, it may be of interest to consider these processes as occurring during a resting state.
Our method can easily be extended to account for this by introducing a distribution of resting times in
addition to the running time 7.
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1. Appendix A

In this appendix we derive the non-Markovian master equations for the densities p+ and determine the
structure of the exchange terms which describe the changes in direction of the individuals. If we simply
denote the number of walkers moving in either direction as ni(z,t,7), we can write the equations of
motion

+ +v = —y(T)ny —Ony + frny, (A1)

_ — _ +
o + 9 U on YT —On_ + fn_, (A.2)

where ~(7) is the switching rate dependent on the running time so that our equations depend on 7. As
our running time initial conditions for the birth term f* result in its exact form having no influence on
our equations, for simplicity we do not here concern ourselves with its density dependence. We want to
eliminate the variable 7 and do so by defining the density

pi(m,t):/o ny (z,t,7)dr. (A.3)

We will need the conditions

1

n(@.0.7) = 5000 + 2 @I, ne(et0) = 5 [ A0 tr) Fnam b (Ad)

where p. () are the initial distributions. Using the method of characteristics, n+(z,t,7) = ny(z For,t —
7,0)e 07~ Jo 1(Wdu - Choosing to write

v'(7)
Y(7)

W(r) = e Jovwdn — ; (A.5)

and noting that by definition i+ = fot v(1)ns(z, t,7)dr, so that ny(z,t,0) = %(14_ +i_). By substitution,
this yields

1 1
peet) = [ s i) @Fort— e T+ 3 [+ 2] T 000, (A0)
0
: 1 ! ; . —0T 1 0 0
i (z,t) = 5 [iv +i](zFor,t —71)Y(r)e”"Tdr + 3 (% + P ] (z Fot)(t) (A7)
0
where on the last line we have used the result ¥’(7) = —(7) to eliminate (7).

Applying the Fourier-Laplace transform to these equations, we get

Tk, s) = %[h(k, §) +7_(k, 8) + PO () + % (k)]s F ikv + ), (A.8)
Pk, s) = %[h(k, §) +7_(k, 8) + PO () + p° (k) (s F kv + 0), (A.9)
from which it follows
7 __z/?(sqiz’kv—i—@)N s) = K(s T ikv p(k, s
Fulh ) = 5T ) = K o+ 03,9 (A.10)

from (2.14). Taking the inverse Laplace transform, we obtain (2.13) using the shift theorem. We note
that under the assumption that new individuals are produced with zero running time, the form of the
production term is irrelevant and so the derivation also applies for sufficiently well-behaved f+ = f¥(p).
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2. Appendix B

This appendix finds the full integro-differential equation of the total density of walkers, using methods
previously considered in [13]. From (2.11), (2.12) we add and subtract the terms,

o _ 0 — 0_ 0 oJ
et (e p) L0 0T o= B
o — 0 _ aJ a
(mat =) L (m;;p ):%EJF 8;’ —(is — i)+ (fF = 0)(ps — p-)
—(iy —i )+ (fF - 9)%7 (B.2)

where the second forms arise from the definitions of J = vpy —vp_, p = p4 +p—_. By cross-differentiation
wrt. space and time,

0%p  0%J e dp
oz Tamar - 0% (B.3)
Op  9*J B aJ
20 P __,Y o Y
Vo T agor -~ Vaplt )T =05,
a . . 0
= —vg (i — i)+ (=0 - (T -0 (B.4)

where we have used (B.1) in the last step. Hence we can eliminate the remaining flux term -2 a0t 8t to obtain
(3.4). Using (2.13), (B.4) and (3.2), we can write

g . B p 0J
—v%(z - ——f/K [a—l—a}(
dp OJ
+§/OK(t_T |:a ax:|($+’()t—7_7
0

I P 0
-4z N 2 — ot —
+2 /0 K(t—r)e <8t +60—f v8m> ple —v(t —71),7)dr

z—vt—r1),7)e " dr
(t—7)

T)e_e(t_T)dT,

I P 9] 0
s — e ft-n) [ 2 a2 _
+2 /0 K(t—r7)e <8t +60—f"+ U(%‘) plx +v(t —7),7)dr, (B.5)

so that (3.5) is no longer flux dependent.

3. Appendix C

This appendix discusses an alternative method by which the Hamilton-Jacobi equation of our two-state
systems may be found. By the same exponential transformations as before we write

pi(w,t)=Ae ¢, p_(z,)=Be <, (C.1)

which we substitute directly into (2.11), (2.12). Together with a hyperbolic transformation, this yields
the governing equations

8G oG € €\ € 1 -€ -€
o - P — Uaffbr —0pS + fH ()5 — 5(@+ —1i%), (C.2)
0G . oG n . 1 . e
o P- + Uafxﬂf —0p" + fT(p)pS + 2(Z —i), (C.3)
with the interaction terms
t/e T ¢
iG = K(T)efan; < For, - — T) dr. (C.4)
0 € €
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By expansion to first order in €, these equations take the form

oG oG <~ ( 0G oG PN oG oG
8tp+ (%cpj_——ﬁpi+rpi—p+K<——vx+9)+p K< — +v —|—¢9> (C.5)

2 ) 2 ot ' ox
8G 8G _ . c | PYs oG oG [P 8G 8G
These can be expressed in matrix form
o (I R A i) AR (A0 )
1R (-98 2 1) 9¢ | 92 +9—r+1K( 9¢ | p9< 1 9))”

HONY

where non-trivial solutions arise from the requirements that the determinant of the matrix be zero. By
direct evaluation,

(C.7)

oG oG 1~ oG oG
G e T e )k
oG oG 14 oG oG
(‘at”ax”‘”gK( 8t+vaz+9>)_
1~ oG ~ oG

This simplifies to (4.6).
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