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Abstract

We calculate the diffusion coefficients of persistent random walks on lattices,
where the direction of a walker at a given step depends on the memory of a
certain number of previous steps. In particular, we describe a simple method
which enables us to obtain explicit expressions for the diffusion coefficients of
walks with a two-step memory on different classes of one-, two- and higher
dimensional lattices.

PACS numbers: 05.60.Cd, 05.10.—a, 02.50.—r

1. Introduction

Random walks are widely used throughout physics as a model for systems in which the state
of the system can be viewed as evolving in a stochastic way from one time step to the next.
Their properties have been extensively explored and the techniques to study them are well
developed [1]. In particular, at a large scale, random walks behave diffusively.

The most-studied case is that of random walkers which have no memory of their past
history. Many physical applications, however, call for a model in which the choice of possible
directions for the walker’s next step are given by probabilities which are influenced by the
path it took prior to making that choice, so that its jumps are correlated; this is often called a
persistent or correlated random walk [2].

A walk with zero memory corresponds to the Bernoulli process of the usual uncorrelated
random walk. Walks with single-step memories are the most commonly studied cases of
persistent random walks, where the random walker determines the direction it takes at a given
step in terms of the direction taken on the immediately preceding step [1]. Such walks—not
necessarily restricted to lattices, as will be the case here—were first discussed in the context
of Brownian motion [3] and fluid dynamics [4], and have since found many applications
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in the physics literature, most prominently in polymer conformation theory [5] and tracer
diffusion in metals [6], but also in relation to the telegrapher’s equation in the context of
thermodynamics [7]. Previous works dealing with random walks on lattices with higher order
memory effects include that of Montroll [8], with applications to models of polymers, and
Bender and Richmond [9].

The state of the walker is thus specified by two variables, its location and the direction it
took at the preceding step. The statistical properties of such persistent walks can be described
by simple Markov chains and have already been thoroughly investigated in the literature; see
in particular [10]. We will only provide a short review of results relevant to our purposes, with
specific emphasis on the diffusive properties.

The statistics of random walks with multi-step memory can in principle be analysed in
terms of Markov chains, in a similar way to their single-step memory counterpart. However,
the number of states of these chains grows exponentially with the number of steps accounted
for. This is the source of great technical difficulties, which are present already at the level of
two-step processes.

Of specific interest to us are random walks with a two-step memory. Among the class of
persistent walks under consideration, these are the simplest case beyond those with a single-
step memory, and are therefore relevant to problems dealing with the persistence of motion
of tracer particles where the single-step-memory approximation breaks down. An example
where this occurs is given in recent work by the present authors, on diffusion in a class of
periodic billiard tables [11].

The paper is organized as follows. The general framework of walks on lattices is
briefly reviewed in section 2, where we provide the expression of the diffusion coefficient
of such walks in terms of the velocity autocorrelations. Successive approximation schemes
for the computation of these autocorrelation functions are presented in sections 3, 4 and
5, pertaining to the number of steps of memory of the walkers, respectively 0, 1 and
2. Specific examples are discussed, namely the one-dimensional lattice and the two-
dimensional square, honeycomb and triangular lattices, and their diffusion coefficients are
computed. Section 6 provides an alternative derivation of the diffusion coefficients of two-
step memory persistent walks with special left-right symmetries. Conclusions are drawn in
section 7.

2. Diffusion on a lattice

We consider the motion of independent tracer particles undergoing random walks on a regular
lattice .. Their trajectories are specified by their initial position 7 at time r = 0, and the
sequence {vy, ..., v,} of the successive values v; € #;, of their direction vectors at positions
r;, where 7, denotes the space of direction vectors allowed at site ;, which point to the lattice
sites adjacent to r;. Here we consider dynamics in discrete time, so that the time sequences
are simply assumed to be incremented by identical time steps T as the tracers move from site
to site. In what follows we will loosely refer to the direction vectors as velocity vectors; they
are in fact dimensionless unit vectors.

Examples of such motions are random walks on one- and two-dimensional lattices such
as honeycomb, square and triangular lattices, but also include persistent random walks where
memory effects must be accounted for, i.e. when the probability of occurrence of v, depends
on the past history v,_1, v,—2, . ...

The quantity we will be concerned with is the diffusion coefficient D of such persistent
processes, which measures the linear growth in time of the mean-squared displacement of
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walkers. This can be written in terms of velocity autocorrelations using the Taylor—Green—
Kubo expression:

2dt K—o00
n=1

e o
D=—|1+2 lim (vo-vy) |, 2.1
where d denotes the dimensionality of the lattice .2, and ¢ is the lattice spacing. The
(dimensionless) velocity autocorrelations are computed as averages (-) over the equilibrium

distribution p, so that the problem reduces to computing

(Vo va) = Y wor v, u({vo, ..., V). 22)
VO, .ees Uy
As reviewed below, this can be easily carried out in the simple examples of random walks
with zero- and single-step memories. The main achievement of this paper is to describe the
computation of the velocity autocorrelations of random walks with two-step memory. All
these cases involve factorizations of the measure ©({vo, ..., v,}) by products of probability
measures which depend on a number of velocity vectors, equal to the number of steps of
memory of the walkers. These measures will be denoted by p throughout the paper.
The next three sections, sections 3, 4 and 5, are devoted to the computation of the diffusion
coefficient (2.1) for random walks with zero-, one- and two-step memories, respectively.

3. No-memory approximation (NMA)

In the simplest case, the walkers have no memory of their history as they proceed to their
next position. This gives a Bernoulli process for the velocity trials, for which the probability
measure factorizes:

n(wo, ..., v.0) =[] p(wi). 3.1
i=0

Given that the lattice is isotropic and that p is uniform, the velocity autocorrelation (2.2)
vanishes:

(’U() * Un) = 8n,0~ (32)
The diffusion coefficient of the random walk without memory is then given by
ZZ
D = —. 33
NMA = oo (3.3)

4. One-step memory approximation (1-SMA)

We now assume that the velocity vectors obey a Markov process for which v,, takes on different
values according to the velocity at the previous step v,_;. We may then write

n
w({o. ... va)) = [ [ Pwilvi-) p(vo). @.1)

i=1
Here, P (b]a) denotes the one-step conditional probability that the walker moves in a direction

b, given that it had direction a at the previous step.

We denote by z the coordination number of the lattice, i.e. the number of neighbouring
sites accessible from each site, and we denote by R the rotation operation which takes a
vector v through all the lattice directions v, Ru, ..., R1vy. In general, the set of allowed
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orientations of v depends on the lattice site, such as in the two-dimensional honeycomb lattice.
We denote by T the symmetry operator that maps a cell to its neighbours, which corresponds
simply to the identity for square lattices and to a reflection for the honeycomb lattice.

The idea of our calculation is to express each velocity vector vy in terms of the first one,
vg, as v; = R« Tk, where i, lies between 0 and z — 1. Substituting this into the expression
for the velocity autocorrelation (vg - v, ), equation (2.2), we obtain

Z Vo * U, l_[ P(’Ul‘ |’Ui_1)p(’l)0) = Z Vo . RinTn,UO Mi, iy ** MiyioPigs (42)
VO,s.ens Uy i=1 10yeeesin=1
where
M, i, = P(R"T"vo|R" " wy) 4.3)

are the elements of the stochastic matrix M of the Markov chain associated with the persistent
random walk, and p; = p(i) are the elements of its invariant (equilibrium) distribution, denoted
P, evaluated with a velocity in the ith lattice direction. The invariance of P is expressed as
3 ;M jp; = pi. These notations will be used throughout this paper.

The terms involving M in (4.2) constitute the matrix product of n copies of M. Furthermore,
since the invariant distribution is uniform over the z possible lattice directions, we can choose
an arbitrary direction for v, and hence write

(v - v,) =g+ Ty mi"f + v - RT"vy mgf{ +-+ vy - RTI T yem, (4.4)

where m;"j) denote the elements of M".
Under special symmetry assumptions to be discussed in the examples below, one has

(vo»v,) = (cos )", 4.5)
where (cos #) denotes the average angle between two successive velocity vectors. It is then
a general, well-known, result for such symmetric persistent random walks with single-step
memory [2] that their diffusion coefficients have the form

1+ (cosb) .
Disma = Dnva————  (symmetric walks). (4.6)
1 — (cos9)

The actual value of the diffusion coefficient depends on the probabilities P (R’/Tv|v),
which are parameters of the model. Specific applications of equation (4.6) are given in the
examples below, such as shown in figure 1. To simplify the notation, we denote the conditional
probabilities of these walks by P;, where j = 0, ...,z — 1 corresponds to the relative angle
27 j/z of the direction that the walker takes with respect to its previous step (up to a reflection
in the case of the honeycomb lattice). These conventions are shown in figure 2.

4.1. One-dimensional lattice

The simplest case is that of a regular one-dimensional lattice. In this case, each site is
equivalent, and so T is the identity. Each velocity vector v; has only two possible values, v
and —v, so that R is a reflection. We denote by Py = P (v|v) the probability that the random
walker continues in the same direction at the next step, and by P; = P(—wv|v) the probability
that it reverses direction.

It is easy to check that the velocity autocorrelation (4.4) yields (4.5):

(vo-v,) = (P — P1)" = (cos0)", 4.7)
and so the diffusion coefficient is given by
Py
Disma = DNMAF~ (4.8)
1
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(@) (b)

Figure 1. Examples of walks on (@) square and (b) honeycomb lattices. Note the inversion of the
allowed directions at neighbouring sites on the honeycomb lattice.

(a) (b) 2

(©) 3 (d) 4 5

Figure 2. The possible directions of motion at a given step for different lattices, relative to the
incoming direction which is shown by the arrow, are labelled from O to z — 1, corresponding to
the angle 2 j/z that the lattice direction j makes with respect to the reference direction, up to
a reflection inversion in the case of the honeycomb lattice. (a) One-dimensional lattice (z = 2);
(b) honeycomb lattice (z = 3); (c) square lattice (z = 4); (d) triangular lattice (z = 6).

4.2. Two-dimensional square lattice

On a two-dimensional square lattice, v, can take four possible values, and each lattice site is
again equivalent. Thus, T is the identity and R can be taken as an anticlockwise rotation by
angle /2. We denote by Py = P (v|v) the probability that the particle proceeds in the same
direction as on its previous step, by P; = P (Rv|v) the probability that the particle turns to the
left relative to its previous direction, by P, = P(R?v|v) the probability that it turns around
and by P; = P(R3v|v) the probability that it turns right.

From (4.4), the velocity autocorrelation (vg - v,,) is given by

(vo-v,) =m{"} —m{"}. (4.9)
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The transition matrix M given by (4.3) is thus the following cyclic matrix:

Ph P P P
P P P P
P, P3 Py P
P P P PR

(4.10)

To calculate the elements mgf'j? of the powers M", it is possible to compute the eigenvalues
and eigenvectors of M and then decompose it as M = Q-L-Q~', where L is the diagonal
matrix of the eigenvalues of M and Q is the matrix of its eigenvectors. This procedure is,

however, not necessary here, since we only require the combination of mf"j) which appears in
(n)

i

(4.9). To proceed, we label the distinct entries of M" as a
cyclic if M is:

, using the fact that M”" is also

ain) a;n) agn) a‘(‘n)
(n)
& a8’ &
. . . A (4.11)
3 4 1 2
(n) (n) (m) agn)

Writing M" = MM"~!, we can exploit the particular structure of the matrix to reduce it from a
(4 x 4) matrix to a (2 x 2) matrix, by considering the following differences:

-1 -1
a)" —ay" _ (Po —P P- Pl) a" ™" —ay'™?
a;n) _ ain) P1 _ P3 PO _ P2 a;n—l) _ ain—l)

n—1
_(Po—P, P3—P Py— P,
B (Pl -P Py— Pz) <P1 - P3> ’ (“412)

The velocity autocorrelation (4.9) is thus given by

(v v,) =3y —ay”

n—1
_ Po—P, P3— P Py— P,
= 0)(}31_133 PO_P2> <P1_P3>. (4.13)

Summing the previous expression over all n, and using the fact that ) - j A" = (1 — Al
for a matrix A, where | is the identity matrix, we obtain the diffusion coefficient (2.1) as

-1
1—P0+P2 Pl—P3 P()_PZ
D =D 1+2(1 . 4.14
ISMA NMA|: +2( 0)( PP - P+ P P — P, (4.14)

For a symmetric process in which P; = P;, which is often imposed by a symmetry of the
physical system, equation (4.5) holds, and the diffusion coefficient takes the form (4.6), namely
1+ Py— P,
If, however, P; # Ps, then equation (4.6) is no longer valid. Instead, we have the more
complicated expression

Disma = Dnma 4.15)

1 —(Py— P> — (P — P3)’
(1= Po+P)?+ (P — P3)?’
Such asymmetric walks are the lattice equivalent of the continuous-space models of persistent
random walks with chirality considered in [12].

Disma = Dnma (4.16)
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4.3. Two-dimensional honeycomb lattice

On the two-dimensional honeycomb lattice, shown in figure 1(b), each site has z = 3
neighbours. Here, R is taken to be a clockwise rotation® by angle 27 /3 and the arrangement
of neighbours differs by a reflection T. We denote by Py = P (—wv|v) the probability that the
particle turns around, P} = P(—Rz'ul'v) that it turns left relative to its previous direction and
P> = P(—Rwv|v) that it turns right. The transition matrix M is thus

P P P
M=|P, Py P |. (417)
P P P

Proceeding as with the square lattice, we let
(n) (n) (n)
. g &

M = agﬂ) Eﬂ) a;") , (4.18)
PORENCORING
2 3 l

and obtain the matrix equation

_a(ln) [ (n) (")] (n—1)

1[,(n— 1) (,1,1)
T PO Pl P2 —a + E[ ]
_aén) [ (n) +agn)] — P2 PO P1 _a;n 1) + %[ (n—1) +a§n 1)] i
_agn) + %[ain) +a;n)] P P P _agn—l) + %[ (=1 (n 1)]
(P PP " 1-3p,
=3 P, Py P 1-3P, |. (4.19)
P P P 1-3pP
The velocity autocorrelation (4.4) is thus
1
(wo-v,) = —a" + 2[ al” +a"],
| P, P P\ /1-3P
= 5(1 0 O|P, Py P 1-3P, |. (4.20)
P] P2 P() 11— 3Pl

Hence, the diffusion coefficient (2.1) is

1-P —P i) 1-3F

Disma=Dnva |1+ 0 OO -~ 1—-Py —P 1-3P, . (4.21)
—P -P 1-P 1-3P

Again, in the case of an isotropic process for which P, = P, = P (‘symmetric’),

equation (4.5) holds, and substituting P = (1 — P;)/2 gives the following expression for the
diffusion coefficient:
1—P0+PS 3(1—P0)
D =Dnva———— = Dnva————- 4.22
ISMA NMA1+PO_PS NMA 1435, (4.22)
For an asymmetric process for which P; # P, defining the symmetric and antisymmetric
parts Py = (P; + P,)/2 and P, = (P; — P»)/2, we instead obtain

3 We take a clockwise rotation as opposed to an anticlockwise one in the other examples so that the lattice directions
are still labelled anticlockwise.
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1 —3P2— (Py— Py)?

3P2+(1+Py— P)?’

3(1 — Py)(1+3Py) — 12P?
(14+3Py)>+12P?

Disma = Dnma

= Dnma (4.23)

4.4. Two-dimensional triangular lattice

Persistent walks on a triangular lattice were made popular by Fink and Mao [13] in connection
with tie knots. Here, each site has z = 6 neighbours, so that R is an anticlockwise rotation
by angle /3. Following our convention (see figure 2(d)), we denote by Py = P(v|v) the
probability that the particle moves forward, P, = P (Rv|v) that it moves in the forward left
direction relative to its previous direction and similarly for P,, P3, P4 and Ps.

Proceeding along the lines of the previous subsection, we let

ain) aén) o a(6n)
(n) (n) (n)
a a e a
w=|° > (4.24)
agn) agn) . a(ln)
in terms of which the velocity autocorrelation (4.4) is given by
(wo+v,) =a + 1[af” +a)"” —af’ —al"] —ay". (4.25)
A computation similar to that of equation (4.19) yields
Py P --- Ps\"' [Po—Pi+3(P1— Py— Py+ Ps)
Ps Py -+ Py Py — P4+ 3(P, — Py — Ps + Py)
(worv)=(1 0 - Of . . . T
PP, - P Ps— Py+3(Py— Py — P3+ Py)
(4.26)
The diffusion coefficient (2.1) is then
1-P —-P - —Ps\ '
-Ps 1—-Py - =—P
Disma = Dnva | 1+(1 0 -+ 0)
—P -P - 1-P
Py— Py+ 3(P — P, — Py + Ps)
P — Py+ L(P, — P; — Ps + Py)
y 1 4+ 50 ‘ 3 5+ Lo . 4.27)

Ps— Py+ 3(Py— Py — P3 + Py)

4.5. d-dimensional hypercubic lattice

The case of a hypercubic lattice in arbitrary dimension d with coordination number z = 2d
can also be treated, provided that the same probability P; is assigned to scattering along all
new directions which are perpendicular to the previous direction of motion. We then have

8
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Py + P;jp +2(d — 1)Ps = 1, and the invariant distribution of velocities p(v) = 1/(2d) is
uniform. We then recover an expression similar to (4.15) for the diffusion coefficient in this
case.

5. Two-step memory approximation (2-SMA)

We now turn to the main contribution of this paper, namely the development of a technique for
the calculation of the diffusion coefficient for persistent random walks with a 2-step memory
on lattices.

We thus assume that the velocity vectors obey a random process for which the probability
of v, takes on different values according to the velocities at the two previous steps, v,,—; and
V,—2, SO that we may write

1({wo, ..., vah) =[] Pilvio, vi-2) p(wo, v1). (5.1
i=2
The velocity autocorrelation function (2.2) is then

n
(wo-va) = ) worvn [ [ Pilvior vica)p(vo, vy). (5:2)
{vn,...,v0} i=2
The calculation of these correlations proceeds in the most straightforward way by
transposing the calculation leading to equation (2.2) to the two-step probability transitions as
characterizing the probability transitions of a two-dimensional Markov chain. Considering a
lattice with coordination number z, the state of the Markov chain is a normalized vector of
dimension z2. The time evolution is specified by the (z> x z?) stochastic matrix M with entries

o .
Mi=(,~Dztia, j=(i—Dz+jp = Oy, jy P(R' T 0|R! Tv, R?v), (5.3)
where iy, i, ji and j, take values between 1 and z. Denoting by P the invariant
distribution of this Markov chain, i.e. the z>-dimensional vector with components p; such
2
that 3 5_, m; ;p; = pi, equation (5.2) becomes

ZZ

(o-v,) = Y I m" Vpy (5.4)

ioin=1
where J™ is the (z> x z?) matrix with elements
J(”)

i= (i1~ Dztinj=Gr—Desjy = €0 T €, (5.5
and e; denotes the unit vector along the kth lattice direction.

Using the symmetries of the problem and writing P;; = P(R‘TR/Tv|R/Tv, v) for
the conditional probability of turning successively by angles 27 j/z and 2wk /z with respect
to the current direction (with reflection by T where needed), we define ¢ = exp(2ir/z),
where i denotes the imaginary unit, i = /—1, and show, through the examples below, that
equation (5.4) reduces to the general expression

n—1

Poo Py P10
< ) ”Z(l N ¢ Py, d Py R )
voev,) =0"=

2 : : :
(bz_lPO,zfl ¢Z_IP1,171 d)z_]szl,l

x diag(1, ¢, ..., <)
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P()() P]() Pz—l,()
¢~ Py, p'Py - TPy,
+
¢ Pom1 @TPLy - @UTEPy
P1
x diag(1,¢7', ..., ¢! ] (5.6)
P
where diag(1, ¢, ..., ¢*~1) denotes the matrix with elements listed on the main diagonal and

0 elsewhere. Here, o is a sign factor which is —1 for the honeycomb lattice and +1 for the
other lattices, and reflects the action of T. Note that the second term in the summation is the
complex conjugate of the first, so that the result is real. The main result of our paper follows,
which is the expression of the diffusion coefficient for persistent random walks with 2-step
memory:

-1

1 — Pyo —Pio —P._10
Dosnia —¢Poi l=¢Py - —¢P_1.
=1l+oz(l---1)
Dnma : : . :
—¢* ' Pomy = Py e 1= Py,
x diag(1, ¢,...,¢° Y
-1
1— P()() —Pl() e —Iz-1,0
—¢~ ' Py, ¢ 'Py e =Py
+
—¢' Py —' Py - 1—¢' TP,
P1
x diag(l,¢~ !, ..., ¢! . (5.7
P

The remainder of this section serves to illustrate the derivation of this formula in the
specific examples of a walk on a one-dimensional lattice, and on a two-dimensional honeycomb
lattice. Similar arguments can be used to establish the validity of equation (5.7) in the case of
square and triangular lattices.

5.1. One-dimensional lattice

We first consider the simplest case, namely the one-dimensional lattice. The stochastic matrix
M from equation (5.3) is the (4 x 4) matrix

10
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P(|v, v) P(v|v, —v) 0 0
M — 0 0 P(—v|v,—v) P(—v|v,v)
P(—vlv,v) P(—v|v, —v) 0 0 ’
0 0 P(v|v, —v) P(v|v, v)

where Pyg+ Pyy = 1and P+ P = 1.

Considering equation (5.4), we compute the invariant distribution of M, which is the
vector P whose components correspond to the four states p(v, v), p(—v, v), p(v, —v) and
p(—v, —v). Given that we must have p(—v, —v) = p(v, v) and p(v, —v) = p(—v, v), the
equilibrium distribution is obtained as the solution of the system of equations

p(v,v) = Pyo p(v,v) + Pig p(—v, v),

) 5.9
p,v) +p(—v,v) = 5,
giving
pr=ps=p,v) = Pro
1 i 4 i 9 - —?
2[1 — Pyo + Pio]
(5.10)
( ) 1 — Py
p=p3 = p(—v,v) = ——m————.
2[1 — Pyo + Prol
The matrix J®, equation (5.5), is here the same for all n, and has the expression
1 -1 1 -1
1 -1 1 -1
J= . 5.11
-1 1 -1 1 ( )
-1 1 -1 1
The velocity autocorrelation (5.4) is thus
-1 -1 -1 -1
(vo-vn) = 2[(”‘571 ) — m% "+ mér,l4 = mg’fl ))pl
(n—1) (n—=1) (n—1) (n—1)
+(myy ) =my Y emy Y — m3 3 )p2],
(n—1) (n—1) (n—1) (n—1)
My, " — My my;  —M; Pi1
=21 1 o)) el D) ) 0, )" (5.12)
ms,  — M3y m3,  —M33 2
Since M”, the nth power of M, has the symmetries of M, its entries ml(”j) are such that
n) _ ) _ () n)y _ () _ ()
My =Mys =237, my;=my,=b,",
n)y _ () _ (n) n)y _ () _ (n)
M,=My3 =7, my, =mM33=Dbs",
n)y _ () _ (n) n)y _ () _ b(n) (5-13)
m3=My, =233, M3 =M3, =0,
n) _ ) _ () n) _ () _ (n)
Myg=My =234, my, =Mz =Dby.

Writing M" = MM"~!, we obtain two separate sets of equations for (2 x 2) matrices, one

involving a™, a%” and b, b{"’, and the other involving a\”, a{” and b{", by":

(n) (n) (n—1) (n—1)
a oy (Poo Py 0) a a
bin) bfln) POl Pl 1 bin—l) bgn_]) ’

B B (5.14)
ay’ a" _ (Poo  Pro ay ™" ay
bén) b;n) - Py1 Piy bgn—l) b;n—l) :

11
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Figure 3. Diffusion coefficient of the two-step memory walk on a one-dimensional lattice,
equation (5.17), as a function of its two parameters, Pyo and P o.

Note that these equations do not have a simple recursive form, since the elements of the

matrices on the two sides do not appear in the same places. However, taking the differences

al” —a”, al” —al”, b{” — b and by" — b{", we obtain the recursive system

(o ) (e (- o)
b — b b — b —Py1 —Piy ) \pD 0D 0= _pe-D ;
~ ( P Pro )nl <ail) A agl))
~Py1 —Piy 6" — " b —p{ )’
Poo Pio "' [ Poo —Pio
=<_P01 _Pll> <—P01 Py )’

=<P°° P”))nl 0 (5.15)
—Pyy —Piy 0 -1/ ’

Plugging this equation into equation (5.12), we obtain

n—1
Poo  Pio ) < P1 )
vorv,)=2( 1 . 5.16
(vo - vp) ( )<—P01 _Py oy (5.16)
This is equation (5.6), where ¢ = exp(2in/2) = —1. The diffusion coefficient is therefore

given by equation (5.7):

-1
_ 1— Pyo —Pio P1
Drsma = Dnma [1 +4(1 D) ( Py L+ P 1) (—pz):| ’

Pio  [1+ Pyo— Piol
=D . (5.17)
MMATT = Pyol [1 = Poo + Prol

It is a function of the two parameters Py and P;(, with graph shown in figure 3; when these
are equal, the process reduces to a walk with single-step memory, and the diffusion coefficient
to that of the single-step memory approximation (4.8), as it should.

12
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5.2. Two-dimensional honeycomb lattice

For the two-dimensional honeycomb lattice, the stochastic matrix M of equation (5.3) is a
(9 x 9) matrix with the following non-zero entries:

My =Mss =Moo = P(v| —v,v) = Poo,
Mi2 =Mse = Moy = P(R*| — R*v, v) = Py,
M3 =mss =mMog = P(Rv| — Rv, v) = P,
My 1 =Mgs =m39 = P(Rv| —v,v) = Py,
My, = Mg = M3 7 = P(v| — R*v,v) = Py, (5.18)
My3 = Mgy = M3y = P(R*0| — Ru, v) = Py»,
My,1 = My s = Meo = P(R*| —v,v) = Py,
My, =My = M7 = P(Rv| — R?v,v) = Py,
M73 =My4 =Mes = P(v]| — Rv,v) = Pa;.
Given the three constraints
Poo+ Po1 + Por =1,
Plo+ P+ Po=1, (5.19)
P+ P+ Py =1,

the actual number of independent parameters is 6. Note that the matrix M, as in the one-
dimensional case of the previous subsection, can be thought of as a cyclic matrix of 3 x 3
blocks, where the blocks themselves are however also cyclically permuted.
The invariant distribution P with components p; can be written in terms of the three
probabilities p(v, —v), p(v, —Rv), p(v, —R*v),
P1 =ps =pg = p(v, —v),
P2 = pe = p7 = p(v, —Rv), (5.20)
P3 = ps = pg = p(v, —R*v),

which are solutions of the system of equations

p(v, —v) = Py p(v, —v) + Pio p(v, —R*v) + P>g p(v, —Rv), (5.21)
p(, —R*v) = Py; p(v, —v) + P; p(v, —R*v) + P2 p(v, —Rv),  (5.22)

p(v, —v) + p(v, —Rv) + p(v, —R*v) = 1. (5.23)

The matrix (5.5) has the block structure

B, B, B
JW =(=1)"[B, B, B,|, (5.24)
Bs; B; Bj
where
-1 1/2 12 12 -1 1,2 12 172 -1
Bi=[-1 12 12|, By=|1/2 =1 1/2], Bs=|1/2 1/2 —-1|. (5.25)
-1 1/2 12 12 -1 1,2 12 172 —1

13
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Substituting these expressions into equation (5.4), we find

1 1 1 1 1
Vet - v0) = 3(=D"™ M m™ — —m™ — —m® — Zm@® e m®) ™ g
(Vns1 - vo) = 3(=1) 117 5Mis = 5Mio = 5My g +Mys — 5Myg — 5My
1 1 1 1
(n) (n) (n) (n) (n) (m,n) (n)
“yMs m7,9}p1 + |:_§m1,2 T oMt M+ Mys = 5Mye

1 1 1 1 1
(n) (n) (n) (n) (n) (n) (n)
- §m4,7 - §m7,2 TMse — §m7,7i|92 + |: - §m1,3 Tmyy, - zml,S

1 1 1 1
(n) (n) (n) (n) (n) (n)
- §m4,3 - 5”‘4,4 TMyg+Mm;3— §m7,4 - §m7,8:|p3}v

=3=D"'a 1 1

(n) 1,.,() 1,..(n) 1) 1,..(n) (n) (n)
M1 —3Mys—=53Mo —3M—3M

1) (n) 1
Le M7 —3Mi3+M,— Mg

2 2 2 2
1,..(n) 1 ,..(n) (n) 1 (1) (n) 1 ,..(n) (n) 1,..(n) 1,..(n)
X —=zM71 =My 5+Mg —5M+My g —3My7 My —3My 4 — 5M5g
1 ,.,() (n) 1 ,.,() (n) 1 (1) 1 (1) 1 e (1) 1,.-(n) (n)
My +Mys —3Myg Mys—5Myg—5My7 —5My3 —5Myg+Myg
P1
X{pP2]- (5.26)
P3

Proceeding along the lines of the computation presented in subsection 5.1, we obtain a
set of recursive matrix equations (A.9) involving the coefficients of M*. We refer the reader
to appendix A for the details of this derivation.

We note that the coefficients which appear in equation (5.26) satisfy identities such as,
for instance,

() 1. 1 () _ 1[mm , 2in/3 ) | —2ix/3 (1)
M= 2Ms—3Mg= E[ml,l + e/ mys+e o m1,9]
+3[m{"] +e 2 Bm{") + 2 Aml]. (5.27)
Thus, letting ¢ = exp(2imr/3), we can combine the results of equation (A.9) with

equation (5.26) to find

; Poo Pio Po \ /1 0 0
(Un'vo>=(—1)"§(1 L1 oPy1  dP11 PPy 0 ¢ O
®*Por $*Pro ¢ Py 0 0 ¢
Poo Pro P \"'/1 0 0 P1
+| 7P ¢*Pii 9P P 0 ¢> 0 pz) : (5.28)
dPy2  ¢P12 PP 0 0 ¢ P3

This is equation (5.6). The diffusion coefficient (2.1) is therefore given by (5.7), which is here

-1

Dosuia 1+ Py Py Py 1 0 0
m =1-31 1 1 ¢>2P01 1+2¢P11 ¢)P221 0 ¢ O2
¢ Por  d° P12 1+¢" P 0 0 ¢
1+ P()O PlO Pz() ! 1 0 0 P1
+ | 9*Por 1+¢7P1 9P 0 ¢*> 0 P2 |- (5.29)
¢ Po> ¢ Pra 1+¢P 0 0 ¢ P3

14



J. Phys. A: Math. Theor. 43 (2010) 035001 T Gilbert and D P Sanders

log(D2 sma)

0,
~2| /00
= /
-6 ‘L .

10 /05 p,,

Figure 4. Diffusion coefficient of the two-step memory completely symmetric walk on a two-
dimensional honeycomb lattice, equation (5.33), as a function of its two parameters, Poo and
Psp.

Given a symmetric process for which left and right probabilities are equal, but the
probability of a left-left turn is different than that of a right-left turn, we let

1 — Pyo
2 7 (5.30)
Piog = Pyg = Py, P = Py, = P, Pio=P=1— Py, — P
Carrying out the matrix inversions in (5.29), we find the diffusion coefficient
3(1 = Poo)(1 + Poo — Psp) (2 — Psp — 2P5)
(1 = Poo + Psp)[Psu(7 + Poo — 8Pys) +2(1 + Pyo) Ps — 4P2 1

If we further assume complete left-right symmetry and identify the probabilities of left—left
turns and left-right turns, thus letting

Poo = Py1 = Pys =

Disma = Dnma (5.31)

1—P
Pio=Pyy=P1=Pnr= 5 . (5.32)
equation (5.31) simplifies to
3(1 — Pyo)(1 + Pyg — P
Dasia = Drnia ( 00)( 00 — Psp) (5.33)

(1 = Poo + Pp)(1 + Poo +2Psp)
A graphical representation is displayed in figure 4.

6. Two-step memory approximation revisited

As seen in the previous section, the symbolic computation of (5.4) quickly becomes tricky.
However, an alternative to the above scheme can be found, provided that the walk has special
symmetries. Returning to (5.2), we write

VO Ifyeeey In
x -+ x P(8""?vg|S" vy, vo) p(vo, S"vp), 6.1)

where we introduce the compact notation S’ = R'T, and sequences in the exponent denote
multiple composition: S/t = Sir o §in-1 o ... 0 ', where each i takes values between 1
and z. Note that in general S/ o S' # S™*/ when T is non-trivial. The transition probabilities

15
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P(S72vy|S/1vg, Svy) can be seen as matrix elements Q
rewritten as

ja—j1.ji—jo» SO that (6.1) may be

(Vo - vy) Z Z vo + S weQy i, - Qi p (0, S o). (6.2)
We would like to rewrite this expression as a matrix product. However, this is in general

not possible, and further approximations are needed. Thus, assuming that the scalar product
v, - Vg factorizes as

Si' """ i”’UQ cVy = 1_[ Sik'vo * Vo, (63)
k=1
and defining
Qi ; =Q; ;S'vg vy = P(S 0[S vy, v9)S v - Vo, (6.4)
equation (6.2) becomes
(vo-va) =Y D> w0-S"0oQ;, i, , - Quyiiy P(v0. S w0),
vy ip,..., in
=z ) ViQ . (6.5)
11 ln
where we have introduced the vectors V;, = vg-S™"v and p;, = p(vo, S 'vg). As can be

seen, equation (6.5) has an appropriate matrix form and can easily be resummed over n to
compute the diffusion coefficient (2.1).

Since Q is a (z x z) matrix, equation (6.5) is much easier to evaluate than (5.4). The
trouble is that equation (6.3) is in general incorrect, and turns out to be strictly valid only
for one-dimensional walks. Nonetheless, it may also be applied to higher dimensional walks
satisfying special symmetry conditions. We consider the different geometries separately in the
following and discuss the conditions under which equation (6.5) can be applied. For higher
dimensional lattices, we recover by this simpler method the results obtained earlier under the
relevant symmetry assumptions.

6.1. One-dimensional lattice

The result (5.17) follows from equation (6.5). Indeed, R /1vg « vg = R Hiyg . vy = +1
according to the parity of i, + --- + i;, and since this is also a property of the product
]_[Zzl Rikvg - vy, we see that equation (6.3) is valid.

The vector p; on the right-hand side of equation (6.5) is

(—v, v) L= Po
= —]), V) = P ——
Pr="r 2(1 — Pyo + Pro)
p (6.6)
10
p2=pv,v) = .
2 2(1 = Poo + Pro)
The vector V;, on the other hand, has components
Vi=-1,
Vo= 1. 6.7)
The matrix elements Q; ; are defined according to equation (6.4):
—Pi1 Py )
Q=
<—P1 o Poo
Po—1 1- Poo)
= . 6.8
< —Pyo Pyo 6.8)

16
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Considering equation (2.1) and plugging the above expressions into equation (6.5), we
have

Dasva = Dnwia{l +4Vi[, — Q] 7'P}, (6.9)
and we recover equation (5.17).

6.2. Two-dimensional honeycomb lattice

Consider equation (6.3) in the case of a honeycomb lattice. The operation S'v is a clockwise
rotation of v by angle —n/3ifi = 1, 7/3if i = 2, or 7 if i = 3. The operation S’ is
thus a rotation by angle [2(i; + - - - +i,) — 3n]7 /3, and the scalar product

Siting ey = cos[2(i) + - - - + i) — 3n]m/3. (6.10)

This expression is in general different from the product

Shy.ev---Sly.v = Hcos[2(ik) — 31n/3. (6.11)
k=1
This is so, for instance, when n = 2 and i; = i, = 1, for which (6.10) yields —1/2, whereas
(6.11) yields 1/4.

There is however a special case under which the product structure that we seek can be
retrieved, as follows. There are a priori nine transition probabilities P(S//v|S/v, v). There
are, however, a number of left-right symmetries in the system which reduce the number of
independent transition probabilities to 3:

P(S"w|Stw, v), P(S*3v|S%v, v), P(S"?v|S!v, v). (6.12)
In the event that the two probabilities P(S!?v|S'v, v) and P(S"'v|S'v, v) are equal
P(8"?v|8'v, v) = P(8"'v|S'v, v) = P, 6.13)

which is to say that forward—left and right scatterings are treated as identical events, then the
number of independent parameters reduces to 2, which we take to be Py and Pg.

In this case, the expression of the diffusion coefficient can be obtained in a way similar to
equation (5.17) for the one-dimensional lattice. This is so because

Sit-in-tlyy Ly = cos {[2(1'1 +ootip 1) — 3"]%}
= cos%cos {[Z(il +ootip_g) —3(n — 1)]%}

+sin%sin{[2(z’1+--~+in1)—3(n—1)]%}, (6.14)

a2y gy — R ™

S v-.v =cosq[2(i; + +i,_1+2) S»n]3
T . . b4
=cos§cos{[2(11+--'+zn_1)—3(n—1)]5}

—sin%sin{[Z(i1+~~+in1)—3(n—1)]%}, 6.15)

Sit-in-139 .y = cos {[2(1'1 Hoedi, +3) — 3n]%}

—cos {[2(1'1 +o i) = 3(n — 1)]%}. (6.16)

17
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Thus, given the symmetry between forward—left and right scatterings, the two sine
contributions in equations (6.14) and (6.15) cancel, whereas the cosines add up to 1:

Sil"'ﬂi”*l‘l/v v+ Sil...,in—llv v = Sil...,inflfv .,
— Sil""i"“v-’U(SI’U"U+SZ'U"U)’ (617)
Sil...,i,l,1,3,v v = _Sl'l..»,l'n—l,v v = Sil....i;x—lv ) S3U .. (618)

We therefore retrieve an effective product structure, as in equation (6.3), and can compute the
diffusion coefficient using equation (6.5), with

1 1(1 = Pyo)
P—= 2 , 6.19
3(2—2PSS—P00) ( 1_2Pss > ( )

1
= (_ 1), (6.20)

_( Ps  1/2Pg—1/2
Q_<1—2Pss P ) 6.21)

and

We obtain the expression of the diffusion coefficient for the symmetric (in the sense of
equation (6.13)) two-step memory approximation on the honeycomb lattice:
3(1 = Poo) (2Pss + Poo)

. (6.22)
(3 - 4Pss + P()O) (2 - 2Pss - POO)

D;SMA = Dnma
This is equation (5.33).

6.3. Two-dimensional square lattice

For the two-dimensional square lattice, recall that T is the identity and the operation S'v = R'v
is a anticlockwise rotation of v by angle in/2, withi = 0, ..., 3. The operation Sitlngy ig
thus a rotation by angle (i; + - - - + i,)m /2. Equations similar to (6.14)—(6.16) hold*:

i . RN/
R''"v.v = cos (11+-~~+1n)5 ,
IinT . N 4
=cos—cos| (i1 +---+i,_1)=
2 2

. da G . )n
—sm—sm | (1 +---+i,-1)=—|,
2 )

=R'"""'p.vR"v.v

. . . T
— (5,}“1 — 3,"“3) Sin |:(11 +---+ ln_l)E:I. (623)
4 Note that, in general, we have the decomposition
Riling .y = Z sgn(wl,...,a),l)Ri‘v~vw] ~~R"”v-vwn,
W],y wp €{0,1}
where we introduced the notation v, = v if o = 0 and v, = v if @ = 1, and the function sgn(w;, ..., w,) = £1,
depending on the sequence wy, ..., w,. Equation (6.5) would then be replaced by a more complicated expression

involving the mixed products of two matrices P(R/* v|R/v, v)R/v - v and P(R/* v|R/v, v)R/v- v, .
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The last term drops out provided

P(R™*w|Rv, v) = P(Rv|R v, v). (6.24)
Under the additional assumption that
P(R"v|R'v, v) = P(R*v|R%v, v), (6.25)

we retrieve an effective factorization similar to that postulated in (6.3), and we can then use
(6.5) to obtain the corresponding diffusion coefficient. We refer to equations (6.24) and (6.25)
as defining a complete left-right symmetry. In this case, the invariant distribution is the
solution of

p(w.Rv) => PR*v|R/v,v)p(Rv, R/v), (6.26)
J
: 1

> pw,Riv) = 7 (6.27)
We solve these equations for p(v, v) and p(v, —v), identifying p(v, R'v) and p(v, R*v),
and define

v=(7").,  e=(P"Y), (6.28)

1 p(v,v)
with the transition matrix
_( —Pw|l—-wv,v) P(-vlv,v)\ _ (=P P
a= (—P(—m —v.v)  P@[v.v) ) = <—on Poo)' (€29

The expression of the diffusion coefficient follows, but will not be written down explicitly
as it is rather lengthy and not very transparent. The validity of this expression extends to
d-dimensional orthogonal lattices under the symmetry assumptions (6.24) and (6.25).

7. Conclusions

We have shown that it is possible to find exact results for the diffusion coefficient of persistent
random walks with a two-step memory on one- and two-dimensional regular lattices, by finding
the matrix elements which give the velocity autocorrelation function and then resumming them.

We have applied the results obtained here to approximate the diffusion coefficients of
certain periodic billiard tables in [11].

The extension to lattice random walks with longer memory is possible, albeit difficult for
obvious technical reasons. Finally, we remark that the extension to lattices in three dimensions
is not direct, since in that case, additional information must be specified in order to uniquely
define relative directions [12].
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Appendix A. 2-SMA on a honeycomb lattice

In analogy to equation (5.13), we may write
(n) (n) (n) (n) (n) (n) 4 (n) (n) (n)
a,’ a, a3 a, a; aga; ag a

09 an) Cgl) an) C(ln) an) Cén) Cf‘ll) an)

O
S O
(n) (n) (n) (n) (n) a(zn)aén) a‘(‘n) a;n) ) (A.1)

b;n) b;n) bén) bgn) b(ln) bgn)bgn) bf‘n) bgn)

Mn

1
Y
N=}
o
~
o
oo
o
(9%
o

(n) 4 (n)
a;’ ag; a, ag a, a;a ay a

We have the three sets of equations

(n) (n) (n) (n=1) (n=1) (n=1)
a’ a; ag Poo  Pio P\ (@ as’ 3y’
¢ o e’ =P P Py P UV, (A.2)
b b by Poy  Pia Ppy) \pl'=" py= p" P

(n) (n) (n) (n—=1) (n=1) (n=1)
a,’ a a; Py Pio Pao\ (&) ag a;
¢ e =P P P ||y P eV, (A.3)
b(2n) bén) b;n) P02 P12 P22 bén—l) b;n—l) b;n—l)

(n) (n) (n) (n—1) (n—=1) (n—1)
a3" a 4” a8" Pyy P9 Py a3n a4" ag"
Cén) Cin) Cén) =|P, P, Py Ci(gnfl) anfl) Cé(‘nfl) . (A4)
by” by’ by’ Pox Pra P/ \py™" py" pyh

Proceeding with our analogy, we seek linear combinations of the elements in the rows of the
matrices on the left-hand side of the above equations, so as to obtain a single matrix equation
similar to equation (5.15). Considering the elements in equation (A.2), we write

aﬁ") + ¢a§") + ¢2aé”) PO() Pl 0 P20 agnil) + q’)ag"*l) + ¢2a,g"71)
gt + 92 +c) | =| dPo1 $P11 $Pr ¢V + g2l 4 ey
¢?0\" + b + pbl” ¢*Por ¢*Pr2 ¢*Pr) \g2" )+ by~ + pb "
(A.5)
Comparing with equation (A.2), we infer
¢ = 1?
, 1-iV3
P=1 o ¢ = exp(2in/3) = T (A.6)
1+iv3
¢ = exp(—2in/3) = —%f.

Applying the same procedure to equations (A.3) and (A.4), we obtain
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¢a(n) ¢)2a(”)
¢ZC(")

¢2a(’l)

¢bg"> + b +

+ a(7”)

(n) (n)

+Cy +¢cCy

(n) +¢b(") +¢2b§”)

(n) (n)

+a, +¢pag

(n) +¢C(n) +¢2C;n)

@)
b8

Poo  Pro Py pay " +¢%al " +al'"” b
=| oPo1 oPi1 ¢P || 2%V TV 4+ TV 1 | (AT
®*Por §*Pia ¢*Pro by + bl 4 g2
Po() PlO on ¢za(”_l)+af‘" +q5a(” D
=|oP1 oPi1 ¢Py || UV +pcl N +p%clV |L (AB)

®*Por $*Pia ¢*Pry

-1 —1 -1
¢by ™ +¢2b{" "V +bg" Y

The system of equations (A.5), (A.7), (A.8) reduces to the single recursive matrix equation

(n) +¢a(n) +¢2a(n) (pa(n) +¢2a(n) +a(n) ¢2 (n) +a

¢2 (n) +C

¢C(1n) ¢2C(Vl) + Cg n)

24 (1) (n) (n)
¢°by +bs’ + @by

Poo
¢ Py
@ Po>

(n=1)

a;

)+ ¢a(")

(n) (n) +¢C(") ¢2 (n)

+¢>c

bS” + ¢pby” + bl ¢b§”) +¢°b{" +by"

Pio
PPy
P>

+¢a§"_')

Py
¢ Py
@ P2y
+¢a) p*al "V +al" " + pal "

(n—1)

+Cg C§n71)+¢cin 1) ¢2 é(;n 1)

¢b§"71) +¢2bz(‘n71) +b§(3n71)

¢Cin71)+¢zc§n71)
¢2b§n71) +b§n71) +¢bg171)

3

Poo Pro P2o Poo  ¢Pio ¢*Pro
= | oPo1 OP11 QP ¢Py1  $*Pi Py |,
@*Poy ¢*Piy ¢*Pry ¢’P P2 ¢Pn
Poo Py Py \"/1 0 0
= | oPo1 PP PP 0 ¢ 0 (A.9)
¢*Por ¢*Pr2 ¢*Pr2) \0 0 ¢°
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