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ABSTRACT. Front propagation is considered for two kinds of sub-diffusion —
reaction systems: (i) systems with sub-diffusion limited reaction rate governed
by models with fractional time derivatives; (ii) systems with activation limited
reaction rate governed by integro-differential equations with two time variables.
It is shown that in the former case the front is described by a travelling wave
solution, while in the latter the velocity of the front decreases with time.

1. Introduction. Anomalously slow diffusion, alias sub-diffusion, is a dispersion
of particles whose mean square displacement is given by a power law (r2(t)) ~ t7,
0 < v < 1. The limit of normal diffusion is obtained with v = 1.

Sub-diffusion often characterises the motion of particles within living cells due to
the complicated structure of the medium. One example is the diffusion of enzymes
within a cytoplasm that is a moderately crowded environment, whence a typical
anomaly exponent v is expected to be close to unity [24]. The motion of transcrip-
tion factors within nuclei is severely hindered by the closely packed DNA strands,
and the anomaly is more pronounced with the expected value of v about moiety
[23]. The lateral diffusion of molecules along cell membrane is combined from a
rather mobile fraction ( e.g. ligands ), whose anomaly exponent is moderate, and
an almost immobile fraction ( e.g. receptors ) with v — 0 [7, 15]. In all of these
examples and many others the particles travel through the cell and its organelles in
order to complete a destined reaction.

The reactions can be diffusion limited, when the reaction rate is determined
mainly by the availability of reactants or catalysts, or activation limited if the energy
supply is precluded. In the former case due to the anomalously slow diffusion the
reaction rate is generally diminished. This phenomenon was demonstrated in one
experimental work with yeast cells [20] and a few theoretical studies of sub-diffusion
with different reactions: coagulation and annihilation [26], front propagation [8],
reaction with a singular disorder [5], reaction with bimolecular enzyme kinetics
[6] and reaction with trapping in exciton dynamics [27]. There are exceptions,
however, and an enhanced reaction rate was obtained in diffusion limited reaction
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due to anomaly [16]. This is to show that the diffusion anomaly might result in non-
intuitive changes of the reaction rates. In the case of activation energy limitation
the reaction rate might stay unchanged.

Due to the wide variety of anomaly origins in diffusion processes within living
cells, no universal model of sub-diffusion can be formulated, and the mathematical
modelling of sub-diffusive reaction processes is far from being complete. By a recent
study, diffusion anomaly on a cell membrane occurs by three different mechanisms
[14]. Sub-diffusion has been traditionally modelled by fractional derivatives [11]. In
fact, there are many types of fractional derivatives and moreover, it has been shown
that certain reaction — diffusion processes with anomaly can only be modelled by
more complicated integro-differential operators [19, 17].

One of the pertinent reaction — sub-diffusion problems is that of front propa-
gation. Some reactions in living cells are front-like. Among these are signals sent
between the cell organelles [4], fronts travelling during tumour invasion into healthy
tissues [9] and fronts produced during activation of actin filaments [21].

Sub-diffusive fronts have received scarce attention due to the aforementioned
modelling difficulties. Inspired by the numerous applications in cell biology, in the
presented work a basic theory is set for front propagation subject to sub-diffusion
with an emphasis on the differences due to the choice of the memory operator. In
section 2.1 an expression for the propagation velocity is obtained for a fractional
derivative as the memory operator and a piecewise linear kinetics. In 2.2 domain
walls are analysed for Allen-Cahn kinetics and a small external field. In section 3
a similar analysis is performed for a more complicated memory operator, involving
the concept of aging.

2. Models based on fractional derivatives. Hereinafter two fractional sub-
diffusive models are considered, touching on different aspects of front propagation.
The proposed equations describe a sub-class of reactions and because of the diversity
of anomaly origins in nature are not meant to model a specific system.

First, a simple fractional model is analysed, amenable to an exact solution due
to a piecewise linear kinetic function. This basic, single dimensional model depicts
how the presence of anomaly complicates the dependence of the front speed on
the system parameters. Next, a fractional model with a cubic non-linearity and a
small external field is investigated. Here changes of front profiles and velocities are
studied.

A normal reaction — diffusion equation reads

dru(z,t) = D 0?u(x,t) + f(u) z € R, (1)

wherein u is the species density, D — a constant diffusion coefficient and f — a kinetic
function. One class of sub-diffusive problems is obtained via a modification of (1)
by a fractional derivative of order ~y

O u(z,t) = D d*u + f(u) z €R, (2a)

where the fractional operator is defined as [11, 3]

07 g(t) = F(ll—v) /W (tg/_(;))v dr, 0<~<1, (2b)

or

0] g(t) = _F(iW) /0°° o _Tygﬁ =) dr, 0<~vy<1. (2¢)
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Operators (2b) and (2¢) have different domains of definition, as (2b) requires the
function ¢ to be differentiable. However, for differentiable functions the operators
are identical given a proper integral convergence — see appendix A, where the Fourier

transform
{F09(t)} (@) = (i9)” {Fg} (q) (3)
is also derived.

2.1. Fractional model with piecewise linear kinetics. The first model to be
treated comprises a modification of a normal reaction — diffusion equation according
to (2b):

) u(x,t) = DO*u—k[u— H(u — a)] zeR, t>—oo, (4a)
G 1 G
0 g(t) = T =) LOO (t—T)VdT’ 0<vy <1, (4b)

wherein a kinetic function was chosen so that (4a) is amenable to an analytical
solution with k£ > 0 being a kinetic constant, H denoting the Heaviside function
and a — an arbitrary discontinuity point ( see figure 1 ). This choice of the kinetic
function allows for an exact solution in the form of a travelling front, i.e. satisfying

U(Iat) = u({), 5 =x —ct,
u(—o0) =0, u(oo) =1, (&) >0. (4c)
The section will focus on the propagation of the front and not its formation, thus
enabling the assumption that the front has existed indefinitely long ago and using an

infinite lower bound in the memory operator (4b). The velocity ¢ is so far unknown
and might be of any sign.

f(u)=—klu—H(u—a)
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Figure 1: Piecewise linear kinetic function

Due to the translational invariance of such a front it is possible to assume
u(0) = a, 0<a<l, (5)

and then using the boundary and monotonicity conditions (4c) replace H(u— a) by
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2.1.1. Front shape. Fourier transform of (4a) with respect to £ yields
k i
) = o e (00— 1), 0
with ¢ being the transform variable and transformed functions denoted by a hat.

The transform is taken in the sense of distributions, and ¢ is the Dirac delta function.
With the aid of

1 1
li = — +ind 7
ei%hq—ie q+m (@) @

equation (6) is inversed as
ik o e'e¢ dg

= —— 1. .
u(®) 2 oo oo D@+ k+ (—icq)Y q—ie

(®)

The integral can be readily computed for the part of the wave that is ’ahead of the
front’; i.e., for £ > 0 in the case when the wave propagates to the right (¢ > 0), and
for £ < 0 in the case when the wave propagates to the left (¢ < 0). To evaluate
the integral, the residue theorem is used with the contours constructed from the
integration path along the real axis and a semi-arc of radius R in the upper half
plane for ¢ > 0, £ > 0 and the lower half plane for ¢ < 0, £ < 0 ( see figure 2 ).
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Figure 2: Closed contours for the computation of (8) by the residue theorem.

As the limits ¢ — 0 and R — oo are approached, the contour integral equals
the desired one, since the arc integral vanishes for both upper ( ¢ > 0 ) and lower
(¢ < 0) contours, as seen by substituting ¢ = Re to yield

Tsgn x iRe¥x 940
lim , c I Rie?dd o (o)
R—co J D R2e%0 + k + (|c|R)velif0—msgnc/2)y R el — je
Thus .
K e d
w@) = -2L lim c q (10)

27 e—0t, R—oo | D@2+ k+ (—icq)Y q — i€
It is assumed that the complex function (—icg)” has a branch cut along the positive

imaginary axis for the case ¢ < 0, £ < 0, and along the negative imaginary axis for
c>0,¢&>0.
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Substituting ¢ = sgnci@, ¢ > 0, the integrand possesses a pole @), on this
branch for ¢ 2 0

—DQI+k+(lQs)" =0, (11)
unique over R by a graphical solution method ( see appendix B for the proof of
uniqueness over C ). For ¢ > 0 there is one more pole g = ie within the integration

contour. Therefore, bearing in mind that for ¢ < 0 the winding number of the
contour is -1,

. + lQ* 1 keQ*f
w(é) = —ke?¢  lim g - = . 12a
© . D@k (iear g D@ gy (2
For ¢ >0
—1 1 1
w(@) =k (e 9 lim g~ Qs -+ lim )
(©) ( a—iQ. D@® + k+ (—icq)Y q  q—ic,e—0+ D q% + k + (—icq)?

k e*Q*f

2D Q% — v(|cl@)
the winding number of the contour equalling unity. It is seen, in particular, that
ahead of the front the solution approaches its limiting behaviour at infinity expo-
nentially fast.

The behaviour of the solution behind the front is qualitatively different from that
ahead of the front, in particular, it does not behave exponentially. For sgn ¢ # sgn &
it is convenient to write the solution (8) in the real form as

=1

(12b)

oLk sl sin cos(ad)
U -5 T
2 mJo | (D@ +k+|c[q7cosF) + ||>7g* sin® 5
[D q2 + k + |C|'Yq')’ COS’ﬂ Sln(qg) @ :)/ = ﬂ (]‘3)
(Dg? + k + |e]q7 cos ) + [e[2g> sin® 5 | g

The asymptotics is obtained via the integral form (13) and the decay is algebraic
( see appendix C for a detailed derivation )

Y

21 T(y)sin(29) (sgne —sgné) + (o(i€17") . (14)

1 1
~ =(1 i It
u(€) 2( +sgné) + o | E
The difference in the functional form of the tails corresponds to the system’s mem-

ory, as induced by sub-diffusion.

2.1.2. Propagation velocity. ITmposing u(0) = a it is seen immediately that (12) is
continuous at ¢ = 0 for all 0 < v < 1. Combining with (11) and solving for ¢,

c=(2a—1)7 (Wfé <%>%, % <a<1, (15a)

1_1 1
1 k N2 D 2 1
5 < .
c=—(1-2a) (7( ) ) ( 5 ) , 0<a< (15Db)

Thus, ¢ is an odd function of a — 1/2 that is equal to zero at a = 1/2 and mono-
tonically increases with a. As a goes to 1, ¢ goes to infinity,
1

limc:\/l_)(QL>w lim (1 — a)? 7. (16)

a—1 - a—1
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In the case of normal diffusion (15) reduces to
Dk
e= a1y a7)

1 1
20—1 \" ? 1
~ — S — <
c 2e(1—a)D/k <k2(1 a)) , 5 Sa< 1, (18a)

For0<vyx1

1-2
¢~ —/2eaD/k (k 5 a) , 0<a<

Consider, e.g., (18a). If

 k+2
@ e = 501y
then
20 —1
2(1 —a) > 1

so that ¢ is extremely large, i.e., propagation of the front in the case of strongly
anomalous diffusion is much faster than that in the case of normal diffusion. If,
on the other hand, 1/2 < a < a,,, the propagation speed is extremely small. This
non-intuitive threshold behaviour can be explained as follows. Normally, condition
(5) implies that if c =0 (a = 3 ), reaction and diffusion terms balance each other,
and the front is stationary. If ¢ # 0, the front moves so that v = a on the line
z/t = c in the (z,t) space. When the state u =1 (a > 3 ) dominates, a rightward
motion (¢ > 0,z > 0 ) yields the desired balance, and vice versa when u = 0
dominates. With a > % and a slight anomaly the balance is reached despite the
slown diffusion, whereas for a sufficiently large the front must speed up to “catch

up” with the reaction.

2.2. Fractional model with a cubic non-linearity. In order to show that the
front properties found in the previous subsection are typical for sub-diffusion —
reaction system, problem (2b) is now considred with the fractional operator defined
by (2¢) and a smooth kinetic function f(u) = u — u® + p corresponding to the
Allen-Cahn equation [1]. In the case of normal diffusion that equation describes the
kinetics of a phase transition. The variable u is now the deviation of the density
from a certain characteristic density rather than density itself, hence it can take both
positive and negative values. Parameter p, which breaks the symmetry u — —u,
plays the same role as 2a—1 in the piecewise linear model considered in the previous
subsection. Similar models with different kinetics were studied in the past[10].
A solution of the equation

Az, t) = Upy +u — u® + p (19a)
is sought in the form of a front with velocity c,
u(z,t) =u(€), &=z+ct. (20a)

The boundary conditions ( stated below ) are to be chosen so that for p > 0 the
domain wall moves to the left, i.e. ¢ > 0. Then if p < 0, the transformation
W — —p, u — —u, x — —x restores the considered problem. Hence the front
solution is governed by the equation

c"*égu(f) = uge +u —u® + p. (21a)
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The boundary conditions are taken as
u(—00) = u_ () < 0, u(00) = (1) > 0, (21b)
where w4 (p) and u_(p) are the maximal and minimal roots of the equation
u—u+p=0 (22)

(it is assumed that |u| < 2/3/9, therefore equation (22) has three real roots; note a
difference in sign in the definition of ¢ in comparison with the previous section ). In
the case u = 0 equation (19) has a stationary solution ug(§), ¢ = 0, which satisfies

0= (UO)gg + up — up, (23a)
solved as

up(§) = tanh % (23b)

This is similar to the case a = 1/2 for the model considered in section 2.1.
Let us consider now the case 0 < 4 < 1 and construct the solution in the form

U = Uy + U1, |U1|<< 1. (236)
At the leading order, the correction u, satisfies
Y 5gu0(§) — = (u1)ge + (1 3ug) uy. (23d)
For (23c) to have a solution, by Fredholm alternative
c'b(y) =2p (24a)

with the quantity b(vy) given by

b0 =1 | [ (€ luo©) — wale - ) e

1 o sinh(2¢) — 2¢
=——— CFORO)dC, F(¢) = Z——20 = 24b
2’y/21"(_,.y) A C (C) Cv (C) SinhQC ( )
The case p < 0 can be considered in a similar way; one finds that c¢(—p) = —c(p).

The obtained relation for ¢(u) is similar to the relation (15) found in the previous
subsection.

The effect of memory is seen when the asymptotic form of the solution tails is
evaluated. At the left tail ( £ — —oo ) the fractional term on the left-hand side of
(23d) yields

N dud ®© | _ (V2
O 0ua(e) ~ s e ) = [T @

and the asymptotics for uq is

S _ 20\ evE 63

ur~ g 5 (3 + l"(—w)b(w)) etV 4 Cedve, (25Db)
with C' being a constant that cannot be determined by this approach. At the right
tail ( € — oo ) the substitution ¢ = y¢ is used in the evaluation of the fractional
derivative, giving

ap
(1 —7)b(y)

&7,
(26a)

- /oo tanh 5 — tanh (¢252)
dy ~
0

C’Y 52”0(5) ~ _1—\(_7)57 yry_l,_l
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LY S —v)

ey (1 A (260)
The obtained asymptotics are similar to those found in the previous section. The
difference of the asymptotics for £ — —oo and £ — oo can be explained qualitatively
in the following way. As the front propagates to the left, the left tail is not “aware” of
its existence and exhibits a normal exponential decay due to the hyperbolic tangent
solution, whereas at the right tail the memory of the already passed front causes
the power law asymptotics typical of the kernels of fractional derivatives.

3. Domain walls for sub-diffusion with aging.

3.1. Models of sub-diffusion based on continuous time random walk ap-
proach. In the present section another class of sub-diffusion models is addressed,
where the rate of chemical reaction is activation limited and not influenced directly
by the sub-diffusion. Due to the presence of memory the reaction and diffusion
processes are intertwined in a way that no longer allows to write a balance equation
with the respective terms uncoupled.

The formalism of continuous time random walk is utilised to build a positive def-
inite evolution operator that accounts for sub-diffusion with reactions [19, 17, 22].
Let us describe first the essence of that approach in the absence of a reaction.
Assume that the system contains N kinds of molecules performing random jumps
starting from a certain time instant ¢ = 0. A molecule of the kind 7,7 =1,2,..., N,
that arrives to the point 2’ at the time instant ¢’ performs the next jump to the point
x at the time instant ¢ with the probability density m;(x —z')w(t —¢'), where func-
tions m;(€) (species-dependent step length probability function) and w(7) (waiting
time probability function) satisfy the conditions

o0 o0
/ m;(€)d¢ =1, / w(r)dr = 1. (27)
—o0 0
Let us denote by n;(z,t,t") the density of molecules of the kind i at the point z
and time instant ¢, which have arrived to that point at a time instant ¢/, 0 < ¢/ < t.
The time evolution of that quantity is given by

Oni(x,t,t") = —w(t —t"n(x, ¢, 1), (28)

hence
t—t’
ni(z, t,t") = ni(z,t',t") <1 —/ w(7‘)d7‘> . (29)
0

Using (29), it is possible to rewrite (28) in the form

on(x, t,t") = =W (t —tn;(x, t,t), (30)
where )
wit—¢)— 2=t (31)
1— [, w(r)dr

Equation (30) is valid for ¢ > 0. To account for the initial condition the definition
of functions n;(x,t,t") is formally extended into the whole region —oo < t < 00, so
that n;(z,t,t') = 0 everywhere outside the subset 0 < ¢’ < ¢. At the instant ¢t = 0
particles of densities pg; arrive in the system, so that n;(z,0,t") = po,0(¢'). At finite
t the distribution n;(z, t,t’) consists of two parts: a smooth part at ¢’ > 0 comprising
particles that performed jumps, and a singular part of the type ps,(x,t)d(t'), where
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ps;(x,t) is the density of particles that never performed jumps. The total probability
density is

pi(ac,t):/ ni(z,t,t")dt’, (32)

wherein the limit 0~ of the integral means that the contribution of the J-like part
of the distribution is taken into account.
At the same time, the general master equation reads

o) t
ni(z,t,t) = / m;(x — x’)/ w(t —t")n; (2, ', t")dt' dz’. (33)

Comparing (28) and (30), one comes to the conclusion that equation (33) can be
written also as

00 t
ni(z,t,t) = / mi(z —2') [ Wt —t)n; (2 t,t")dt'dz’. (34)
—0o0 (U
Later on, w(7) is taken as
%
_ TTo -
w(r) = i, 0<7 <1 o~ 0, (350)
giving
gl
W(r) = . 35b
(1= (35)

A “heavy tail” in the waiting time probability function provides a sub-diffusive
behaviour [11].

Let us include the chemical reaction. Now, the time evolution of n;(z,t,t")
is affected by two factors: total decrease due to jumps and chemical composition
change due to the reaction. The following modification of equation (30) is postulated
[13]:

N
On(x,t,t") = =Wt —tn;(x, t,t') + Z M;i(p1, ..., pn)nj(x, t,t') (36)
j=1
with the probability density for walkers of all ages being

¢
p(z,t) = / n(z,t,t")dt"  t>0

p:(pla"'apN)a n:(nlu"'anN)' (37)
It is convenient to introduce the variable 7 = ¢ — ¢’ ( the particle “age” ) instead of
the arrival time ¢’ [22] and define

ni(z,t,7) = ni(x,t,t —71), T>0. (38)
Hence the model is formulated as

(815 + 87') "7(% 2 7-) = (_W(T)I + M(p)) 77(11% 2 7-)7

reER, 0<t<oo, 0<7T <L, (39a)
tt+

px,t) = /0 n(x,t,7)dr t>0, (39b)

n(x,t,0) = /Rm(x - x’)/o W(r)n(z' t,7)drdz" + po(x)d(t) t>0. (39¢)
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For the sake of simplicity, later on the limit ¢ is indicated instead of ¢t* in the
integrals. It is meant however that a d-like part of the distribution stemming from
the initial condition is taken into account.

The model desribed above is based on the assumption that (i) each kind of
molecules is produced from all kinds of molecules with the rates M;; that do not
depend on the ages of molecules but only on the total densities of components;
(ii) the age of the molecule does not change in the course of reaction. The latter
assumption needs some commenting.

When a diffusive process is described by a continuous time random walk, a par-
ticle’s age is the time elapsing between its last step and the present time. If the
process also involves chemical reactions, the particle might change identity before its
next step occurs. Then two possibilities ensue: the definition holds and the particle
keeps its age in spite of the change of its identity, or the definition is adjusted so
that any newborn particle is ascribed the age of zero. Both approaches were studied
in the literature, and there are arguments in favour [13] and against [25] each one of
them. On one hand, it is more intuitive to assign a zero age to a new particle and
quite difficult to track all the particles of the same age, when mutual conversions
might have taken place more than once. On the other hand, the “rejuvenation”
of particles in the course of the chemical reaction, even near the state of a chemi-
cal equilibrium, may significantly enhance the diffusion and make it insensitive to
the behaviour of the tail of the waiting time distribution w(t), because “young”
particles jump more often, and their rate of jumping does not depend on the tail
asymptotics [2]. In the present paper, the front-type solutions for a sub-diffusive
model with uniform aging are considered.

3.2. Spatially uniform solution. Prior to the discussion of the front propagation,
let us consider a spatially uniform solution governed by the following system of
equations and boundary conditions:

(O + 0 n(t7) = (—W(EHT+ M(p)) n(t,7), 0<r<t  (40a)
n(t,0) = /O Wt 7)dr + pod(t)  t> 0, (40D)
p(t) = /0 n(t,7)dr t >0, (40c)

where the integrals include contributions of both the smooth distribution with 7 < ¢
and the singular distribution at 7 = ¢. The general solution of (40a) is
nt,r)=elo W (r)dr T+ [/ M(P(t')dt! n(t —7,0), (41a)

and by (40b)
t
n0)= [ nt = m OW e 7 by 4 500, (41h)
0

Of course, in the spatially uniform case the diffusion is absent, therefore the age
distribution of molecules is irrelevant. Indeed, substituting relation (41b) into the
expression for p, one obtains a closed equation for density,

9 Mlp(1)l0) (12a)
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Thus, for sufficiently large ¢ p(t) tends to a constant value p. corresponding to one
of the roots of the equation
M(p(t))p = 0 (42b)
(it is assumed that system (42) has no other kinds of attractors ). Nevertheless, it
is instructive to find the asymptotics of the function 7(t, ) for large ¢.
For the sake of simplicity, let us take p, = p.,, hence p(t) = p,, for any ¢t. The
solution of the above problem is sought in the form

n(t,7) = poc F(t,7). (43)
Then the contribution of the reaction term vanishes, and equation (41b) is reduced
to
t "T ’ ’
F(t,0) = / F(t—7,00W(r)e” Jo W’ g 4 3(t) t>0. (44)
0

Noting that

W (r)e™ Jo WD — (1) (45)
and using (35a) in Laplace transform of (44) with respect to ¢ ( tilde denotes trans-
formed quantities ),

~ Pos Poc
1(s,0) =

1—aw(s) TI(1- il

s < 1. (46a)

Inverting the asymptotics in (46a), an expression for 7 is obtained:

P (t — 7)771
L1 =y)I(y) (0 +7)7

Note that the distribution function n(t, 7) is t-dependent for any ¢, i .e., no station-
ary distribution over the age 7 is established at large ¢, even when the components
densities are constant in space and time. As the time elapses, the weight of the
“old” particles grows.

The absence of a stationary distribution at large ¢ has important consequences.
In particular, it is shown below that the front between two locally stable phases
never acquires a stationary shape or a constant velocity. The same conclusion was
established formerly for fronts between a stable and an unstable phase [18].

n(t,7) ~ t> 1. (46b)

3.3. Spatially non-uniform problem. For a non-uniform system the general
solution of (39a) is

'r](q;’ t, 7-) —e .foT W(T/)dT/ I+.ftt—7' M(p(th/))dt/ ’I’]((E, t— T, 0) (47)
Substituting into the definition of p (39b) and differentiating with respect to ¢, we
find the following equation:

@* x x z,t) — t T)n(z,t, 7)dr
7 = (e t.0)+ M(plat) plant) = [ Wiomatryin

A Fourier transform of (39c) with respect to z yields ( transformed quantities de-
noted by a hat )

t
i(g.1.0) = f(g) / W (r)ii(a,t, 7)dr. (49)
0
Using the form of the matrix m

fi(q) ~I—q*cD + o0 (q¢%) g <1, (50)
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with o being the second moment of the step length probability function and D — a
diffusion coefficients matrix, the initial condition in Fourier space takes the form

n(q,t,0) ~ (I —q O'D / W(r)n(q,t,7)dr qg<1, (51a)
or after inversion at the diffusion limit
9? ¢
n(x,t,0) ~ (I + O'DW) / W (r)n(x,t,7)dr, t > 0. (51b)
0

Thus equation (48) becomes

8t Do / W(r)n(a,t,m)dr +M(p(z,1)) p(z,t), > 0. (52)

Substituting the solution for n(z,t,7) into (48) and taking into account the initial
condition, an equation for the density of arriving particles n(x,t,0) reads

n(x,t,0) = (I+aDa—2) /t (r) eli=e M)At ot 1 0Vdr + p(x, 0)8(2).

ox?

(53)
Denoting y(z,t) = n(z,t,0) and z(x,t) fo n(xz,t,7)dr, a closed formulation

of the problem is presented, including functlons of two variables only:

op(z,t) 0%z(x,t)
5 — D5 tMle@t)p(z,t), >0, (54a)
62

y(x,t) = (I + UD@) z(x,t), t>0, (54b)

2 t

y(z,t) = (I—FO’D%)/ w(T)e Sz M(p(et))dt! y(z,t —7)dT + p(x,0)0(t). (54c)
3.4. Approximate solutions. The investigation of the general properties of sys-
tem (54) is beyond the scope of the present paper. In the rest of the paper the
function n(z,t,7) is replaced by a trial function, constructed according to the fol-
lowing arguments. Let us consider a front between two large domains where the
vector p is almost constant, p = p_, with p, being two different roots of the equa-
tion (42b). In each of these domains n(x,¢,7) is determined by the relation (46b).
In the intermediate region that function satisfies the condition

t
[t trydr = pla). (55)
0
In what follows the expression
plz)  (t—7)"
(1 =y)I(y) (10 +7)7

is used as a reasonable approximation that satisfies the aforementioned conditions.
Under that assumption it is possible to compute explicitly the integral term in

(52):

n(z,t,7) ~ t>1 (56)

t —1
v (t—T1)"
W(r)n(z,t,7)dr ~ / dr
/ T~ TG Jo (o b
=t 1 t

(57)

_ ( t -7 ) _
e o i T L= 7)T() 73 (0 +1)°

7=0
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Then (52) takes the form of a normal reaction — diffusion equation with effective
diffusion coefficients decaying algebraically with time:

p = &?p

— ~DO" S +f t>1

ar 922 * >

~ o
-7 D, £=M(pp. (58)
I(1=y)C(v)7g

The decrease of the effective diffusion coefficients is caused by the “aging” of the
ensemble of molecules. Hereinafter two examples are treated.

3.4.1. Model with time dependent diffusion coefficient and piecewise linear kinet-
ics. Consider a reaction — diffusion equation with a time fractional power diffusion
coefficient and piecewise linear kinetics:

Op=t""12p—klp—H(p—a) z€R, t>0, 0<y<1l.  (59)

Such a problem with no reaction was studied in the past [12].

An analytical solution of the problem can be obtained in the case a = 1/2, when
the front between the phases p = 0 and p = 1 is motionless. Defining u = p — 1/2
equation (59) is rewritten as

1
Ou =t "10%u — k (u ~3 sgnu) . (60a)
Impose an initial condition u(z,tg) = ug(z), to > 0 with ug(z) satisfying
up(z) = —uo(—x) —o0 <z < o0,
uo(xz) >0 Va >0, ug(0)=0. (60b)

Then u(z,t) possesses the same properties for ¢ > t(, enabling one to replace sgnu
by sgnz and find an exact solution of (60a).
Upon Fourier transform
du ik
—=— ("¢ +R)u—- —.
il G AR
Solving the ordinary differential equation with a general initial condition u(q,0) =
aO(Q)a

(61)

G = e~ (kt+a*0/7) <a0(q) ik / t e’W+q2T”/mr> . (62a)
qa Ji,

Hereinafter a simple initial condition is chosen, sufficient to yield a front solution

and analyse the effect of anomaly:

uo(x) = lir(lgl+ esgn (z). (62b)
Inverting the transform and applying (62b),

ik 0o igr—q®tT/y t .
u(z,t) = —;—e_kt/ 67/ FTHE TV dr dg

™ —00 q to

e t
o [T 0len) o [ e
0 0 q to

1 e [ |z
= 5 sgnx ke /to e"Terf W dT, (63)
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wherein the following identity was used:

sin(gr) 2 T ||
MY omadt gg = Z f|—= v 0 R
/0 P e q 2sgnxer (2\/5 a >0, r ek,

2 v 2
erf x = —/ e Y dy. 64
VT Jo (64

Note that the erf form includes a singularity at 7 = ¢ and a restriction ty < ¢,
though it allows to show the monotonicity of the solution ( excluding the point
x=0):

Ou _ WA i [ ppraysiae -7y __dT
2o T 50 Vat, (fo<t). (65
B o e . e — €z (to <) (65)

The limiting values at infinity are ( to leading order )
1
u(x,t) ~ 5 senz (1 - e_k(t_t‘))) |x| — oc. (66)
The steepness of the front is

@
ox

k
3 tA=020 s, (67)

=0

3.4.2. Model with time dependent diffusion coefficient and cubic non-linearity. As
the second example, let us consider a single component model with a cubic non-
linearity ( with the diffusion coefficient scaled to unity ),
U 2u

% :t771%+u—u3, (68)
where u = 2p — 1. An analytical solution cannot be presented in that case, but
some self-similar solutions can be found in asymptotic limits. An odd solution is
considered with the front centre ( the point where u = 0 ) located at x = 0. Let

u=h(¢), ¢ =uxt?, 0<vy<1, (69)

with the parameter « of the similarity variable to be determined. Then

a%h’(() =2t b — k3. (70)

First, let us consider the vicinity of the front x = O(1) in the limit ¢ > 1. In
that case one finds a self-similar solution of equation (68) choosing @ = (1 — v)/2
and neglecting the terms O(xt*~!) on the left-hand side. The solution is

¢
h ~ tanh ﬁ’ (71)

i.e. the shape of the front is typical for the Allen-Cahn equation, but its character-
istic width decreases with time.

Let us consider now the time evolution of the solution in the far tail > 1 where
g =h —11is small and (70) can be rewritten as

alg' =tTg" +t(—29+ O(g?)) . (72)

A self-similar solution can be obtained with v = —+/2 if the reaction term is
negligible, hence

v
g+ 54‘9’ =0 (73)
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( the region where that assumption is justified, is given below ). Then

C 7
g= c/ e ¢ 2/4d§’ (74)

with ¢ being a constant. The estimate of the reaction term

¢ ¢
—9g ~ _20/ e ager = A8 (L ey +/ o—r¢?adC ) Ae e
o0 7 \¢ o0 ¢

¢®
(75a)
compared with the diffusion or time evolution term

Opu ~ %Ce”ygz/‘l (75b)

shows that the self-similar solution is justified in the region ¢ > /2. Therefore the
far tail asymptotics is given by
2
L 2687 ey e, (76)
v T

3.4.3. Domain wall in an external field. It is of interest to describe the effect of
anomaly on the constant velocity of a normal domain wall due to a small external
field. Modifying equation (68) by a small inhomegeneity,

ou 0%u

— == —ud 4y, 0< 1, 0<y<1. 7

5 8x2+u u’ + <K ¥ (77)
If i1 # 0, the similarity solution (69) loses validity, because the centre of the domain
wall is not located at © = 0, but moves according to a definite law = = zo(¢).
Instead of (69) let us introduce the ansatz

|

u=nh(¢), ¢(=(x—zo())t*, a= — (78)

where the function xo(¢) should be found from the existence condition of the self-
similar solution. Substituting (78) into (77), an equation similar to (70) is obtained:

d
a%h'(() SH(QOTO =K R b (79)
Similarly to the case u = 0, a self-similar solution is possible only in the limit
t > 1, when the first term on the left-hand side of (79) is negligible. Another
ensuing demand

% t* = v(p) = const. (80)
The value of v at small 1 can be found by means of an asymptotic expansion
hC) =ho(Q) +phi(Q)+..., v=povi+.... (81)
The leading order equation is
hy + ho — hiy =0, (82a)
giving
ho(¢) = tanh i (82b)

V2

At the next order an inhomogeneous linear problem is obtained:

R+ (1 —h§) hy = —vy by — 1. (83a)
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This equation has bounded solutions if its right-hand side is orthogonal to the
solution of the homogeneous equation h{, yielding
oy = _@, dro _ _ﬂmw—l)/z.
2 dt 2
Thus, the domain wall motion slows down, matching the conclusion obtained for a
front between stable and unstable phases [18].

(83b)

4. Conclusion. Existence of front-like solutions was shown for three reaction —
sub-diffusion models. For the fractional model with piecewise linear kinetics an
exact solution for the front shape and an explicit dependence of the front speed on
kinetic parameters were obtained. The main observed effect of sub-diffusion is a
threshold phenomenon for an anomaly exponent 7 close to zero. Specifically, there
exists a critical value of the kinetics parameter a = a., that separates extremely
fast (@ > acr ) and extremely slow (a < a, ) fronts.

For the fractional model with cubic non-linearity and a small external field the
front tails were shown to be asymmetrical due to the memory. The part of the
line where the front has not yet passed exhibits a normal exponential behaviour,
whereas behind the front the decay is algebraical. The front velocity also changes
with ~.

For the integral model based on the continuous time random walk with aging
the front was obtained as a similarity solution with a different anomaly dependent
scaling for the inner part and the tail. In the presence of an external field the front
velocity was shown to decay algebraically with time.

Acknowledgment. This work was supported by NSF grant DMS-0707445, Israel
Science Foundation grant 812/06 and by New York Metropolitan Research Fund.

Appendix A. Equivalence of fractional operators. Equivalence of operators
(2b) and (2¢) can be shown using integration by parts:

{9/9(t)}c = F(ll_»y) /700 (tg—(:'))7 "

I S o (e D S b (01 R ()
‘m—v)/o o r<1—v>/o o

__ L [T —glt=s)
- I() /0 s 45 ={09}kr - (A1)

The operators in Fourier space are computed as follows. For a Caputo derivative,
defined for the class of differentiable functions,

F{olg)}c = #/m et /t LT),ydet

F(l - FY) —o0 —o0 (t - T)
 Fg'(r) [Feias o — (ia)? .
i [ s = oy 7 (4.2a)

For a Riemann-Liouville type operator and Weyl derivative there is no differentia-
bility condition:

PO =y [ e [ O
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L F) [y iy gt — o
X 1 * pd [f gln)
POl = 5= | | i

- iy fme [

+ig / o) /T h % dt dr} — (iq)" Fyg. (4.2¢)

— 00
Note that the identical operators in Fourier space are obtained under somewhat
different demands with respect to the decay at infinity of the function g(¢): for
Caputo and Riemann-Liouville type derivatives Fourier transform of ¢(¢) should
exist, whereas in the case of Weyl derivative the limit in (A.2c ) should also vanish.

Appendix B. Non-existence of complex roots. To show that no complex roots

of (11) exist substitute Q, = re’¥ and separate into two real equations
e[ 777 cos(yp) + k — D12 cos(2¢) =0 (B.1a)
|77 sin(yp) — Dr?sin(2¢) = 0. (B.1b)
If ¢ > 0, i.e. the contour is in the upper half plane, for the multi-valued func-
tion (—icq)” it is convenient to choose the branch cut on the negative part of the
imaginary axis. Then out of the range [~7, 2T) the relevant poles might lie within
0 < arg ql >0 < 7, and since ) = isgncgq, the argument of @), should satisfy
<@ < Z. If ¢ > 0, the branch cut is along the positive part of the imaginary
axis, and out of the range [~ 2T, Z) the relevant sector is —7 < argg|,_, < 0 and
again —% < ¢ < & . Therefore for both signs of ¢ the sought roots satisfy || < §
For a complex root sin(vyp) # 0 for any 0 < v < 1, wherefrom it follows also that

sin(2¢) # 0. Then dividing by sin(y¢), substituting into (B.la) and rearranging,
Dr?sin (2 — 7)) + ksin(ye) = 0. (B.2)

Since for any ¢ in the range at hand cos(yg) > 0, equation (B.la) has a solution
only if cos(2¢) > 0. Then 0 < |¢| < §, and both terms in (B.2) are either positive,
negative or zero, proving that no complex roots @), exist.

Appendix C. Algebraical decay of tails. For sgnc # sgné the integration
variable in (13) is changed to y = |¢|¢ and the integral is split as follows:

1k v o0 vl d
u({“):i—f—; ’g sgncsinﬁ/ . gy cosyay .
0 v - v .2~
(D (%) +k+|§ chos7> + |£ Y27 sin? 5
ysiny dy
52 sgn{/ 2
2 —l—k—l—ﬁw'Vco~ el 2y gin? A
5 el Y sy | + gl y'smTy
siny /ydy

+ksgn§/ (

% —|—k—|—’ ’ chosy) —|—‘ ’ Y27 sin® &
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v e’} =1 d
+|¢ cosysgné gy smydy . (C1)
§ 0 2 vy 2 2y )
(D(%) +k+‘§‘ y7cosﬁ> +|g| ysin”y
The third integral is split in two:
/Oo siny /y dy
2 lo% 2 27
0 (D (%) +k+ |y cosﬁ) + 5 Y27 sin? 4
_/E siny /y dy
- 2 ¥y 2 2~
0 (D (%) +k+|¢ chosﬁ> + |£ Y27 sin® 5
i sin d
N / : y/ydy i 2 ’ (C.2)
¥ ¥
i (D (%) +k+g v cosﬁ) +|§ y27sin? 4
wherein the denominator of the first is expanded in series:
/5 siny /ydy
2 ¥y 2 2y
0 (D (%) +k+ ‘g‘ y"%osﬁ) + |£ Y27 sin® 5

c

€l S A1 rlél

~ % </0 Slzy - QCO::7 ; /O Y sinydy + O (|€|_2”)> dy,

and all remaining series terms are virtually computed before the limit |{| — oo
is taken, so that the integrals are convergent. In the complementing integral the
integration variable is changed y — 1/t:

/Oo siny /y dy
|

€| 2 c v ~ ° c 2 2~
D(%) +k+|g| yreosy) +|f Y27 sin” &
B /1/|£| t3sin(1/t) dt
0 4y |e| cosy ) + e sin2 5 2y
& £ % £l sin™y
Iz 1/1¢l 1
~ ——/ t3 sin — dt |€] — oc. (C.3)
Then since
1| . 1| .
/ t3 sin — dt </ tdt = —, (C.4)

the complementing integral is of order O (5_2) at most and thus negligible as
compared to O (|¢|77). Therefore including the two additional integrals of order

O (¢,

1  sgné /°° siny cosy |c 'Y/Oo 1.
u(é) ==+ —=>— —=dy -2 - T sinyd
€)=5+— oy Wl ) ydy
—_——

/2 () sind
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1 Y [e’e} e3¢}
+k—‘g sgnc sin:y/y”_lcosydy+sgn§ cos’y/gﬂ_lsinydy +o([¢]77)
m 0 0
—_—

I'()cos 5 I()sin
1 1 C v . ~ -
==(1+sgné)+ —|=| I'(y)sin(27) (sgnc —sgné) + o (|§| ) ) (C.5)
2 2k | €
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