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Abstract. This paper is concerned with a non-homogeneous in space and non-local in time
random walk model for anomalous subdiffusive transport of cells. Starting with a Markov model
involving a structured probability density function, we derive the non-local in time master equa-
tion and fractional equation for the probability of cell position. We derive the fractional Fokker-
Planck equation for the density of cells and apply this equation to the anomalous chemotaxis
problem. We show the structural instability of fractional subdiffusive equation with respect to
the partial variations of anomalous exponent. We find the criteria under which the anomalous
aggregation of cells takes place in the semi-infinite domain.
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1. Introduction

Random cell movement plays a very important role in embryonic morphogenesis, wound healing, cancer
cells proliferation, and many other physiological and pathological processes [34]. The microscopic theory
of the migration of cells and bacteria towards a favorable environment (chemotaxis) is based on random
walk models [8,19,31,32]. The “velocity-jump” models concern with self-propelled motion involving the
runs and tumbles, while “space-jump”’models deal with the cells making jumps in space. Much of the
literature on the theoretical studies of cells motility has been concerned with Markov random walk models
(see, for example, [4,8]). However, the analysis of random movement of wild-type and mutated epithelial
cells shows the anomalous dynamics of cell migration [7] (see also [27]). Over the past few years there
have been several attempts to model non-Markovian anomalous cell transport involving subdiffusion and
superdiffusion [7,9,10,12,13,17]. In this paper we shall deal with a non-Markovian “space-jump”model
that describes the non-homogeneous in space subdiffusive transport of cells.

1.1. Markov random walk model.

First let us consider a Markov model for random cell movement along one-dimensional lattice such that
all steps are of equal length 1. We define the probability

plk,t) = Pr{X(t) = k} (L.1)
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that the position of cell X (¢) is at point k € Z at time t.We introduce at each point k the rate of jump to
the left (k) and the rate of jump to the right A(k). This random walk is called a generalized birth-death
process [6]. The master equation for p(k,t) can be written as

Op(k,t)

—ar = M= 1plk = 1,8) + u(k + Dp(k +1,8) = (A(k) + p(k)) p(k, 1). (1.2)
This model corresponds to the case when intervals between jumps at point k are exponentially distributed
with parameter A(k) + p(k). When the cell makes a jump from the position k, it jumps to the right with
probability A(k)/(A(k) + wu(k)) and to the left with the probability u(k)/(A(k) + u(k)) [6].

The dependence of p(k) and A(k) on space can be introduced in different ways depending on how cells
sense the surrounding environment. For the local chemotaxis models, the rates A(S(k)) and u(S(k)) are
the functions of the local concentration of the chemotactic substance S(k). There exist several non-local
and barrier models that are different in terms of the dependence of rate functions on the chemotactic
substance [4,32]. For example, the rates (k) and A(k) can depend on the concentration of the chemotactic
substance at neighbouring positions k — 1 and k£ + 1 as in (3.6). In the continuous limit, the master
equation (1.2) can be reduced to the classical advection-diffusion equation in which the cell flux involves
the standard diffusion term and the advection term due to chemotaxis.

If we consider only positive values of k, we need to implement boundary conditions at the point k£ = 1.
Here we assume that if cell hits the wall on the boundary, it is reflected with the probability 1 — x and
absorbed by wall with the probability x. Then one can write p(1,t+ At) = (1 — A(1)At — u(1) At)p(1, t)+
w(1)(1 — x)p(1,8) At + u(2)p(2,t) At + o(At). In the limit At — 0 we obtain

Ip(1,t)
ot

= —xp()p(L, 1) + u(2)p(2, 1) = A(D)p(1,1), (1.3)

where 0 < xy < 1.

Non-uniform stationary solution of master equation (1.2) can be interpreted as cell aggregation phe-
nomenon [32]. In particular, if there is no absorption on the boundary (x = 0), the stationary solution
pst(k) can be easily found from (1.2) and (1.3). We obtain

_ k—1 NG,
pst(k) = pse(1) H PO k>1, (1.4)

where
k

B oo k—1 /\(Z) -1

provided the series is convergent.

1.2. Anomalous random walks

It is tempting to generalize the master equation (1.2) for the anomalous case by replacing the time
derivative with the Caputo derivative [2,24,26]

0"p(k,t) 1 /t Op (k,u) du
o I(1—-v)/)y 0u (t—u)l—v

(1.5)

as it is done in [33] for a fractional linear birth-death process. Here v is the anomalous exponent:
0 < v < 1. Although this generalization is very attractive from a mathematical point of view, it is
not appropriate for a non-homogeneous medium for which the exponent v depends on k. The non-
homogeneous fractional equation for p(k,t) can be written as

Op(k,t)

o = alk= 1Dk~ 1) (k4 1D p(k 4 1,6) — (alk) +b(k) Dy p(k. 1), (16)
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where Dtl ~“(?) i5 the Riemann-Liouville fractional derivative with varying order

1 o (" p(ku)du
W) 9t Jo - wi—®

D, p (k1) = - (1.7)
Here v(k) is the anomalous exponent corresponding to the site k and the anomalous rate coefficients a(k)
and b(k) have to be determined, see (3.12). The crucial point here is that the anomalous exponent v(k)
depends on the site k. The fractional equation (1.6) cannot be rewritten in terms of Caputo derivative
(1.5). It turns out that even small non-homogeneous variations of the exponent v lead to a drastic
change of p(k,t) in the limit ¢ — oo [14]. It means that the subdiffusive fractional equations with
constant anomalous exponent v are not structurally stable. If, for example, the point & = M has the
property that v(M) < v(k) for all k # M and x = 0, one can find that

p(k,t) — 0, p(M,t) — 1, 1<k<N (1.8)

as t — oo. This result has been interpreted as anomalous aggregation of cells at the point £ = M [12]. In
this paper we shall find the conditions for anomalous aggregation for the semi-infinite interval 1 < k < oc.
It should also be noted that non-homogeneous variations of the exponent v destroy the Gibbs-Boltzmann
distribution as a long time limit of the fractional Fokker-Planck equation [14]. Of course, for the constant
value of v, the formulation in terms of Caputo or Riemann-Liouville operators are equivalent, as long as
proper care is taken of the initial values [2,24,26].

1.3. Anomalous diffusion with reaction.

Another extension of traditional Markov random walks models is non-Markovian theory of anomalous
transport with reaction dynamics [11, 28,30, 35-37]. In particular, this theory has been used for the
analysis of the proliferation and migration dichotomy of cancer cells [9,10,13]. In this paper we consider
the inhibition of cell growth by anticancer therapeutic agents. To model this inhibition we introduce
the random death process with non-uniform death rate parameter. We assume that during time interval
(t,t + At) at point k each cell has a chance (k) At + o(At) of dying, where 6(k) is the death rate [20].
It is easy to take into account this process for Markov models. We just add the term —6(k)p(k,t) to the
right hand side of the master equation (1.2). On the contrary, the anomalous master equation involves
a non-trivial combination of transport and death kinetic terms because of memory effects [1,18,28]. In
this paper we shall derive the following fractional equation

Ip(k,1)
ot

= a(k — 1)679(k71)t,Dt1—u(k'—1) [p(k _ Lt)ee(kq)t}
+b(k + 1)6—9(k+1)tpt17u(k+1) [p(k—i— 17t)69(k+1)t:|
~ (a(k) + (k) "Dy ® [k, 1)e? 0] — p(R)p(k, ). (1.9)

1.4. Mean field master equation for the density of cells.

Instead of the probability p(k,t) for an individual cell one can consider the mean density of cells p(x,t)
as a function of space x and time ¢. The master equation (1.2) can be rewritten as the equation for the
density p(x,t) by changing the variables as k -z and k +1 — z £+ [:

Ip(,1)
ot

= )‘(*T - l)p(a: - l’t) + ,u(;v + l)ﬁ(x + Z7t) - ()‘(‘T> + M(m))p(x’t) - 9(3;‘)p($,t>, (1'10)

where [ is the jump size, §(z) is the death rate. The advantage of this equation is that one can easily
take into account various non-linear effects by assuming the dependence of the rate functions A(x), u(x)
and 0(z) on the average density p(z,t).
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In the anomalous subdiffusive case, the master equation for mean field p(x,t) can be obtained from
(1.9). Tt can be written as a mass balance equation

Op(z,t)
ot

=—I(z,t)+ I(x—1,t) — 0(x)p(z, 1), (1.11)
where I(z,t) is the total flow of cells from the point = to x +{
I(z,t) = a(z)e !@pl=v® [ee(‘”)tp(:mt)} — bz 4 1)e~ @ tiipl vt [ee(ﬁl)t,o(x + Lt)} (1.12)
and I(z —,t) is the total flow of cells from the point z — [ to x
Iz —1,t) =a(z — Z)e_e(m_l)tDtlfy(xfl) {ee(m_l)tp(x —-Lt)] — b(x)e_e(”’)tDify(x) {ee(”’)tp(x, t)} . (1.13)

Here a(x) and b(x) are the anomalous rate functions, see (3.12). One can see that the flow of cells I(z,t)
depends on the death rate f(x). It means that in the anomalous case one cannot separate the transport
of cells from the death process [18]. This phenomenon does not exist in the Markovian case. For the
Markov model (1.10) the flux I(z,t) is independent from 6(x) :

I(z,t) = Mz)p(x,t) — plz + Dp(z + 1, t).

When the density p(x,t) is conserved (6 = 0), the master equation (1.11) can be approximated by the
fractional Fokker-Planck equation [2,25,26]

Op(x,t) 0 0% [1?

o oz [Z(G(I) - b(x))Di‘””)p(x,t)} v {2

(a(z) + b(x))Dy "W p(x,1)| . (1.14)

This is an example of the fractional equation with varying anomalous exponent [5]. Note that a(z)—b(z) ~
lasl— 0, see (3.18).

The purpose of the next section is to set up a non-Markovian discrete-space random walk model
describing cell motility involving memory effects, the death process and subdiffusive transport.

2. Non-Markovian discrete-space random walk model

2.1. Random cell motility

There exist numerous mechanisms that facilitate random cell movement [34]. In this paper we adopt the
following random model of cell motility. When the cell makes a jump to position k, the time the cell
spends here before it makes a jump to point £ — 1 or k£ + 1 is random. It is called the residence time or
waiting (holding) time. We define the residence time at position k as

T}, = min (T}, T}}) , (2.1)

where T}' and T,;\ are the independent random times of jump to the left and right respectively. The
idea here is that there exist internal cellular signals involving two "hidden” independent random alarm
clocks. If one of the clocks goes off first, say T,;\ < T}, the cell moves to the right to the point k + 1.
The other clock "tells” the cell to move left to the point k — 1 if it goes off first (T}’ < T}'). Note that
migration of cells is a highly complicated dynamic process which is regulated by both intercellular signals
and the surrounding environment. Since we do not know the exact mechanism of cell motility we use a
stochastic approach involving two random times 7} and T} for jumping to the left and right. Note that
if the random times T}' and T} are exponentially distributed with the rates (k) and A(k) respectively,
we have a classical Markov model with the master equation (1.2). If the random variables T} and T} are
not exponentially distributed, the standard Markov approach does not work. In this section we consider
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the non-Markovian case when T} and T,;\ are independent positive random variables with general survival

functions
0, (k,7) =Pr{T} > 7},  W\(k,7)=Pr{T} >7}. (2.2)

The Markov model (1.2) corresponds to the following choice
U, (k1) = e MBT (k) = e MO (2.3)
Tt is convenient to introduce the rate of escape (hazard function) v(k, 7) from the point k as

PT{T <Tp,<7T+h |Tk>T}

7(k,7) = lim W (2.4)
If we denote the survival function at the point k as
U(k,7)=Pr{T), >}
and the residence time probability density function as
oV (k, )
k)= —— 1)
(k. 7) or
then [6]
Y(k,7)
= . 2.

Now we determine this rate function in terms of statistical characteristics of random residence times
T} and T}. It follows from the definition of the residence time T}, at position k (2.1) that the survival
function ¥ (k, 7) can be written as a product

W(k, T) = W)\(k, T)W#(kv ’7'),
where ¥y (k,7) and ¥, (k,7) are defined by (2.2). Differentiation of this equation with respect to 7 gives

Yk, 7) = ¥a(k, 7) +w#(k77-)7 (2.6)
where the transition densities ¥ (k, ) and ¢, (k, 7) are defined as

vk, ) = —%%(k,m ol 7) = — 2TulET)

T or

Uy (k, ). (2.7)

The formula (2.6) is the particular case of the general expression for the residence time PDF in terms
of the transition densities (see formula (5) in the classical paper by van Kampen [22]). These transition
densities have a clear probabilistic meaning. For example, v, (k, 7)A7 is the probability that the cell’s
jump to the left occurs in the time interval (7,7 + A7) since the cell arrived at point k. If we divide both
sides of (2.6) by the survival function ¥(k,7) and use the formula (2.5), we obtain

v(k,7) = Ak, 7) + p(k, 7), (2.8)
where the rate of jump to the right A(k,7) and the rate of jump to the left u(k,7) are defined as

Mk, 7) = 1/;\((::’;), p(k, ) = %((:’:)) (2.9)

Note that the transition rates A(k, 7) and u(k,7) can be introduced from the very beginning as it is done
in [22]. By using (2.5) and (2.8), we write the survival function ¥(k, 1) as

Wk, ) = e JT M )dr ] nhrydr, (2.10)
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The residence time probability density function 1 (k, 7) takes the form

Wk, 7) = Ak, 7) + p(k, 7))e~ Jo AEDAT= 3 ulkr)dr

For the Markov case for which A\(k) and p(k) are independent of the residence time variable 7, we obtain
from (2.10) the standard exponential survival function

W(k,T) _ ef)\(k)‘rfu(k)-r
corresponding to the Markov master equation (1.2).

2.2. Structured probability density function

If the residence time probability density function ¢ is not exponential, the random walk is non-Markovian.
The standard method to deal with non-Markovian stochastic processes is to add auxiliary variables to
the definition of the random walk to make the process Markovian [6]. Here we introduce the structured
probability density function £(k,t,7) involving residence time 7 as auxiliary variable. The structural
density gives the probability that the cell position X (¢) at time ¢ is at the point k& and its residence time
T} at point & is in the interval (7,7 4 d7). This is a standard way to deal with non-Markovian random
walks [6,28]. Suppose that cells die at random at rate 6(k) that depends on k. The density £(k,t, 7)
obeys the balance equation

0 0
O 0% = Ak e — il T)E — B(RJE (2.11)

We consider only the case when the residence time of random walker at ¢ = 0 is equal to zero, so the
initial condition is
§(k,0,7) = po(k)d(7), (2.12)

where po(k) = Pr{X(0) = k}. The boundary condition in terms of residence time variable (7 = 0) can
be written as [6]

£(k, 1,0) = /Ot Ak — 1, 7)e(k — 1,8, 7)dr + /Ot ks + 1, )k + 1,1, 7)dr (2.13)

In what follows we consider only positive values of k. In which case, we have to specify the boundary
condition for kK = 1. We write

§<1,t,0):(1—x)/0 u(1,7)g(1,t,r>df+/0p(2,7)g(2,t,7)d7. (2.14)

This equation tells us that when cells escape from the point & = 1 and move to the left with the rate
u(1,7), they are adsorbed by the wall with probability y, and reflected back to the position k = 1 with
the probability 1 — x. Note that this boundary condition can be written in many different ways, for
example, the cells can be reflected to state k = 2. One can also introduce a residence time PDF for a
wall such that the reflection is not instantaneous.

We solve (2.11) by the method of characteristics

E(k,t,7) = E(k, t — 7,0)e Jo ABndr=[7 pk)dr=6() = 7 ¢ f> 1, (2.15)

The structural density { can be rewritten in terms of the survival function ¥(k,7) (2.10) and the integral
arrival rate

j(k,t) = &(k,1,0)
33
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as
kot r) =G (bt —7)W(k,7)e @7+ <t k>1. (2.16)

Our purpose now is to derive the master equation for the probability p(k,t) = Pr{X(¢) = k} :

p(k,t) = /0 ety k> 1. (217)

Let us introduce the integral escape rate to the right iy(k,¢) and the integral escape rate to the left
i, (k,t) as

t t
ix(k,t) = / Ak ekt r)dr, (k) = / (e, E Kk, 7). (2.18)
0 0
Then the boundary conditions (2.13) and (2.14) can be written in a very simple form:
gk, t) =ix(k—1,t) +i,(k+1,t), k>1 (2.19)
and
J(Lt) = (1= x)iu(1,t) +iu(2,1). (2.20)
It follows from (2.9), (2.12), (2.16) and (2.18) that
t
ix(k,t) = / Ua(k,7)j(k,t — 7)e "B dr 4 ahy (K, t)po(k)e O R, (2.21)
0
t
i (k,t) = / Pk, 7)j(kyt — 7)e BT dr 4 ap, (k, t)po(k)e 01, (2.22)
0

Substitution of (2.12) and (2.16) to (2.17), gives
t
p(k, 1) = / Wk, 7k, t — 7)e= 7 dr b (k, t)po(k)e ). (2.23)
0

It is convenient to introduce the integral escape rate i(k,t) as the sum of the escape rate to the right
ix(k,t) and the escape rate to the left i, (k,t)

i(k,t) =ix(k,t) +iu(k,t). (2.24)
The balance equation for p(k,t) can be written as

Ip(k,t)
ot

= —i(k,t) +j(k,t) — O(k)p(k,t), k> 1. (2.25)

To obtain a closed equation for p(k, t) we need to express i(k,t) and j(k,t) in terms of p(k, t). By applying
the Laplace transform (k,s) = [~ 1(k,7)e”*"dr to (2.21), (2.22) and (2.23), we obtain

in(k, s) = a(k, s +0(k)) [i(k, s) +po(k)],

iu(k,s) = uk, s+ 0(k)) [i(k, s) + po(k)]
and
Pk, s) = U(k,s+0(k)) [j(k, s) + po(k)].

In the Laplace space we have the following expressions for escape rates

_ (ks +0(k))
U (k, s+ 0(k))

ks +0(k))

k) = e T 8h)

p(k, s), iu(k,s) p(k, ). (2.26)
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Using inverse Laplace transform and shift theorem we find

NGE) / K(k,t —7)e O @D p(k 7)dr,

(k1) / K,( 7)e 0@y 7 dr, (2.27)
where K (k,t) and K, (k,t) are the memory kernels defined by Laplace transforms

. K, (ks) = Yulk,s) (2.28)

K)\ (/f,S): j’(k‘ S)

It follows from (2.19), (2.24), (2.25) and (2.27) that the master equation for the probability p(k,t) is

Ip(k,
ot

/ Ky(k—1,t—7)p(k—1,7)e —0(k=1)(t=7) g,

+/ K (k+1,t —7)p(k + 1,7)e” ¢CFDE=) g7
0
t

= [ At =) Kbt = ol e O (k) (229)
0

for k£ > 1. The balance equation for k =1 is

op(1,t . , .
p(at ) = _XZH(]‘?t) — Z)\(].,t) + Zu(27t) - 0(1)p(17t)
or
¢ t
8pgt’ D__y / Ku(1,t = m)p(1, r)e M dr / Ka(Lt = n)p(1,r)e "W dr
0 0

t
+/ K,.(2,t —7)p(2,7)e @ dr —9(1)p(1,1), (2.30)
0

where 0 < x < 1. The master equation for p(k, ) can be rewritten in terms of the probability flux I(k,t)
from the point k to k& + 1

t t
I(k,t) = / K(k,t — 7)p(k, 7)e PR dr / Ku(k+1,t —1)p(k + 1,7)e” FHDE=D g (2.31)
0 0

as
Op(k,1)

ot

In the next section we shall derive fractional master equation for p(k,t).

= —I(k,t) + I(k — 1,t) — 0(k)p(k, 1). (2.32)

3. Anomalous subdiffusion in heterogeneous media

We now turn to the anomalous subdiffusive case. We assume that the longer cell survives at point k, the
smaller the transition probability from k becomes. It means that the transition rates A(k,7) and u(k,7)
are decreasing functions of residence time 7. We assume that

l/)\(k)

_ _ vu(k)
Ak, 7) = W’ p(k, ) = W, (3.1)

35



S. Fedotov, A. O. Ivanov, A. Y. Zubarev Non-homogeneous random walks

where 74(k) is a parameter with units of time. Both vy (k) and v, (k) play a very important role in what
follows. From (2.10) and (3.1) we find that the survival function has a power-law dependence

(k) W
0= (5ee)
where the exponent
v(k) = va(k) + v, (k) (3.2)

depends on the state k. Residence time probability density function ¢ (k,7) = —0%(k,7)/0T has the
Pareto form

v(k) (o (k)"
(ro(k) + 7)1 (k)7

The anomalous subdiffusive case [2,28] corresponds to

¢(k7 T) =

(3.3)

v(k) =va(k) + v, (k) < 1.

We can notice from (3.1) that the ratios A(k,7) and u(k,7) to A(k,7) + u(k,7) are independent of the
residence time variable 7 that is

)‘(va) o Vk(k) M(ka’r) _ Vﬂ(k)

Mk, 7) 4+ p(k, ) valk) + v, (k) Ak, 1)+ p(k, 7)) valk) +vu(k)

In this case it is convenient to introduce the probabilities of jumping to the right

va(k)

Pk = 20 R

(3.4)

and to the left
vu(k) .
va(k) + v (k)

Note that these jump probabilities are completely determined by the anomalous exponents vy (k) and
v, (k). In the standard CTRW theory, these jump probabilities are given independently [2,28].

Let us consider the non-local model for which the jump probabilities py (k) and p, (k) depend on the
chemotactic substance S(k) as follows

pulk) = (3.5)

pa(k) = Ae BEEFD=S®) ) (1) fo=BEE-1=S®), (3.6)

where the parameter A is determined from py(k)+ p,(k) = 1. These jump probabilities describe the bias
of cells with respect to the spatial gradient S(k + 1) — S(k) [4,32]. One can obtain [17]

e—BS(k+1) _ ,—BS(k—1)
palk) — pu(k) = e—BS(hH1) + o-BS(k—1)"

(3.7)
The transition PDF’s ¢\ (k,7) = A(k, 7)¥(k, 7) and ¥, (k, 7) = p(k, 7)¥(k, 7) can be rewritten in terms

of Y(k,7),pr(k) and p, (k) as
Ua(k, 7) = pA(R)(k,7), Pk, 7) = pu(k)ip(k, 7). (3-8)

The asymptotic approximation for the Laplace transform of the waiting time density 1 (k, 7) of the Pareto
form (3.3) can be found from the Tauberian theorem [15]

O (k,s)~1—g(k)s"®), s—=0
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with
g(k) = (1 — v(k)) (ro(k))"™ . (3.9)

We obtain from (2.28) and (3.8) the Laplace transforms of the memory kernels

p)\(k‘)sl_”(k) pu(k‘)sl_l’(k)
g(k) glk)

Therefore, the integral escape rates to the right iy (k,t) and to the left i, (k, t) in the subdiffusive case are

Ky (k,s) ~ K, (k,s) =~ s — 0. (3.10)

ix(k,t) = a(k)e "0 (s, )@ ]

i(k,t) = b(k)e 0®tpl—®) {p(k,t)ee(k)t} . (3.11)
Here Dt1 () i the Riemann-Liouville fractional derivative with varying order defined by (1.7). The
anomalous rate functions a(k) and b(k) are
a(k) = Pr(k) = (k) k)’
9(k)  v(k)I(1 — v(k)) (ro(K))"
b(k) — pll«(k) _ Vﬂ(k) G (312)
9(k)  w(k)I(1 — v(k)) (ro(K))”

with the anomalous exponent v (k) defined in (3.2).The master equation (2.29) takes the form of non-
homogeneous fractional equation

8p(ak;7 t) _ a(k — 1)e—0k=Dtpl=v =) {p(k _ Lt)ee(kfl)t]
bk + 1)e 0k Dy 4 1)py D [p(k + 1,t)ee(k+1)t}
— (a(k) + (k) e~ "D [p(r, 1) M] — o(k)p(k, 1) (3.13)
for k > 1.
For k = 1 with 6(k) = x = 0, we obtain
1,t v —v
WD — baypi = @p(2,1) — a)D} V(1) (3.14)

The fractional probability flux I, (k,t) from the point k to k + 1 is
I, = a(k)e ®ipl k) [p(k,t)ee(k)t} —b(k+1)e F Dtk + 1)DF Y EED | p 4 1, ) B0 (3.15)

The equation (3.13) can be rewritten in terms of the probability flux I, (k,t) as

Ip(k, 1)
ot

= Lk, t) + L(k — 1,t) — 0(k)p(k, 1). (3.16)

3.1. Fractional Fokker-Planck equation for cells density and chemotaxis

In this subsection we consider the continuous case (k — x) and find the drift {(a(z) — b(z)) together with
diffusion coefficient in the fractional Fokker-Planck equation (1.14). It follows from (3.12) that the drift
is proportional to the difference in the anomalous exponents vy (z) and v,(x), since

g(x) v(x) (1 = v(x)) (ro(x))" ™
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N
pst(X) \ — Stationary solution (3.22)
0.03H|||% ~ : _ _ ,
N —e Monte—Carlo simulated stationary solution to (3.19)
N
\’
N
0.02/] ™ -
0.01H B
; I i 9
0 0.2 0.4 0.6 0.8 1
X

FIGURE 1. Monte-Carlo simulation of the stationary solution to equation (3.19) and
the analytical solution (3.22) for the linear distribution of the chemotactic substance
S(z) = mz with m =2, 3 =102

The difference vy(z) — v, (x) can be approximated in the different ways. In the case of chemotaxis this
difference is proportional to the gradient of the local concentration of the chemotactic substance S(x).
Using (3.7), we obtain
o—BS(@+l) _ o—BS(z—1)
(@) = pul) = ——5s e BS@

In the limit [ — 0, we have the standard chemotaxis model

pa() fp,,,(x) _ Bl 875‘
g(x) g(x) dz

a(x) — b(x) = o(l), (3.18)
where the case [ > 0 corresponds to the negative taxis: the drift is in the direction of the decrease in the
value of the chemotactic substance S(z). The fractional Fokker-Planck equation (1.14) takes the form

8p($’t) —2 Plai 1—v(x) iQ L 1—v(z)
ot Oz [g(x) RGO e QQ(x)Dt pz,t)| . (3.19)

As an example, let us consider the case when the anomalous exponent v and time parameter 7y are
constants. Then the fractional Fokker-Planck equation (3.19) can be rewritten as follows

Ip(x, t)
ot

_, 0 [0S .
=2D,D; ™" o~ {axp@e,t)} + D, D}

&p(z,t)
ox? "’

(3.20)

where D, is the fractional diffusion coefficient

12
D,=——.
2I'(1 —v)r§

In the case of the reflective boundary conditions at = = 0, the fractional equation (3.20) admits the
stationary solution ps:(x) in the semi-infinite domain [0, 00). It obeys the equation

26(% [agff)pst(x)] ¢ Lomle) (3:21)

02
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and has the form of the Boltzmann distribution [25, 26]
por() = N~V exp[~268()] (3.22)

where N = [ exp [~285(x)] dz. This distribution describes the aggregation of cells due to nonuniform
distribution of the chemotactic substance S(z). Fig. 1 illustrates the stationary profile of cells density
pst(z) = 2Bmexp [-2Bmz] for the linear distribution S(z) = mx and m =2, f = 1072

We use Monte-Carlo method to simulate a stationary solution to equation (3.19). We select the
following parameters: v = 0.5, 79 = 1, and [ = 0.01. The Fig. 1 shows the result of the 10° simulated
random walk trajectories, with jump probabilities given by (3.6), Pareto waiting time distribution (3.3),
and terminal time 7" = 106.

In the next section we will be concerned with the asymptotic behavior of the solution of the master
equation p(k,t) ast — oo for 8(k) = 0. In particular, we will show that the stationary distribution (3.22)
is not structurally stable with respect to the spatial variations of the anomalous exponent.

4. Structural instability and anomalous aggregation

It has recently been shown that the subdiffusive fractional equations with constant anomalous exponent
v in a bounded domain [0, L] are not structurally stable with respect to the non-homogeneous variations
of parameter v [14]. It turns out that the spatial variations of the anomalous exponent lead to a drastic
change in asymptotic behavior of p(k,t) for large ¢. The purpose of this section is to find the conditions
of this structural instability in semi-infinite domain 1 < k < co. We consider the case when 6(k) = x =0
for which the total probability is conserved

> p(k,t) =1 (4.1)
k=1

and the fractional probability flux I,,(k,t) from the point k to k + 1 is
(k. t) = a(k)D; ™ ®p(k,t) — b(k + )p(k + 1)D; " Fp(k + 1, 1). (4.2)

For simplicity we assume that the initial conditions are po(1) = 1 and po(k) = 0 for k # 1.Taking the
Laplace transform of (1.6) and (4.1) we obtain

sp(k,s) = a(k — 1)s'7VF Dk —1,8) + b(k 4+ 1)V F D5k + 1, 5)
— (a(k) + b(k)) s' " p(k, 5) (4.3)
and

> splk,s) = 1. (4.4)

k=1

Since there is no flux of cells outside the left border, we have for k =1
sp(1,8) — 1 =b(2)s' P2, 5) — a(1)s' (1, 5). (4.5)
In the limit s — 0, one can obtain from (4.5) simple formula expressing p(2, s) in terms of p(1, s)

a(l)su(2)—u(l) .

ﬁ(2vs) = b(2) p(l, S), s — 0.

In general, we find from (4.3) and (4.5) p(k, s) in terms of p(k — 1, s)

G,(k o 1)811(]{})71/(’{?71) A
k—1 k>1 . 4.
b(]f) p( 78)7 > ) s — 0 ( 6)

p(k,s) ~
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This formula has very simple probabilistic meaning: the flux I, (k — 1,t) — 0 as t — oo. If we take the
Laplace transform of I,,(k — 1,¢) from (4.2), we obtain

I(k—1,8) = a(k —1)s* " " Vp(k — 1,5) — b(k)p(k)s' P p(k, s). (4.7)
It follows from (4.6) that I, (k,s) ~ 0 as s — 0.

4.1. Stationary solution to fractional equation with constant anomalous exponent

Let us assume that the anomalous exponent v(k) is independent of the position k that is v = const. Let
us find stationary solution to the fractional master equation (1.6)

pst(k) = lim p(k,t) = lim sp(k, 5). (4.8)
It follows from (4.6) that
) a(k—1) .
p(k, s) ~ Wp(k; —1,s), k>1, s — 0.
or
bk s)wkﬁ W 516, k>1, 550 (4.9)
3 - J b(j + 1) 7 7 ) - :

J
Using the normalization condition (4.4) and (4.8), we obtain the stationary solution of the equation (1.6)

k—1 .

where )

If the sum
oo k—1

SII

k=2 j=1

a(j)
b(j + 1)

is divergent, the stationary solution does not exist. In particular, if we assume that the anomalous rate
functions a and b are equal, that is, a(k) = b(k + 1), then for a finite domain with k£ = 1,2,..., N, we
obtain uniform distribution psi(k) = 1/N for every k. The stationary solution (4.10) is very similar to
(1.4) corresponding to the Markov birth-death model. However, this similarity is very deceptive, because
(4.10) is not structurally stable with respect to the non-homogeneous variations of parameter v. The aim
of next subsection is to show this structural instability.

4.2. Anomalous aggregation.

Now we consider non-homogeneous case for which the anomalous exponent depends on k. We assume
that the point k = M has the property that v(M) < v(k) for all k # M. Our purpose now is to find the
conditions under which

lim p(M,6) =1, lim p(k,t) =0,  k+# M. (4.11)

It means that the total probability concentrates just at one point kK = M. This phenomenon is called
an anomalous aggregation [12]. This asymptotic behavior of cells was observed in experiments on
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phagotrophic protists when “cells become immobile in attractive patches, which will then eventually
trap all cells” [16]. In the Laplace space, (4.11) takes the form

ll_f)I(l)Sp(M,S) =1, il_%sp(hs) =0, k# M.

We can rewrite the normalization condition (4.4) as

M—1

sp(M, s) + Z sp(M —k,s) + Zsﬁ(M +k,s)=1. (4.12)
k=1 k=1

By using (4.6), we express p(M + k, s) in terms of p(M, s) as follows

k

a(M+35—1) ,(mik)y—v(m
M+ k,s) ~ p(M,s) gV (Mtk)—v (M) k>1, s — 0. 4.13
B P 1;[ AT+ ) > (4.13)
Now we write the formula for (M — k, s) in terms of p(M, s)
k .
b(M — 1
PM — k, ) = p(M, 5)s* MR =D T w, k=1,..M—-1,  s—0. (4.14)

M=aar—j

Now we substitute (4.13) and (4.14) into (4.12) and use sp(M, s) as a common factor

(oo}

M—1 k k
R (M —F)—v f]Jrl » W a(M+j—1
sp(M,s) | 1+ E s (M=k)—v(M) H + E gv(M+k)— H b £ ) aM+j-1)
k=1 J=1 k=1 i

Since v(M) < v(k) for any k # M, we have s¥(M+k)=v(M) 0 and s*M=F)=v(M) (0 as s — 0. We
conclude that if

a(M+j-1)
(M4k)—v(M) =0
3= oo [ 00

as s — 0, then sp(M,s) — 1, while sp(k,s) — 0. It means that in the limit ¢ — oo, we obtain (4.11).
If instead of probability p(k,t) we consider the mean density of cells p (x,t), the formula (4.11) can be
rewritten as p (z,t) = 0(¢ — Tmin) as t = 00, where Xy, is the point on the interval [0,00) at which
v(z) takes its minimum value. Note that this result was obtained for a symmetrical random walk in the
context of chemotaxis and anomalous aggregation [12].

5. Conclusions.

We have studied a non-homogeneous in space and non-local in time random walk model describing
anomalous subdiffusive transport of cells. Using a Markov model with structured probability density
function, we have derived non-local in time and fractional master equations for the probability of cell
position. The advantage of our probabilistic approach is that it allows us to take into account the death
process within the general non-Markovian random walk. The main feature of our fractional model is
that the transition probabilities for jumping on the left and right depend inversely on the residence time
variable. This dependence induces power-law residence time distribution and ultimately the anomalous
subdiffusion of cells. It has recently been shown that the subdiffusive fractional equations with constant
anomalous exponent are not structurally stable in a bounded domain with respect to the non-homogeneous
variations. In this paper we have extended and complemented our previous results for infinite domain and
found exact conditions under which the structural instability takes place. Our model can be generalized
in many ways, e.g., by modelling the residence time by internal chemical reactions via a stochastic or
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ordinary differential equations instead of simple equation for the residence time dr/dt = 1. It would
be interesting to take into account the density-dependent dispersal [29] including non-linear exclusion
process with cell-to-cell adhesion [21,23].
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