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ON THE MEAN SQUARE DISPLACEMENT IN LEVY WALKS

CHRISTOPH BORGERS'AND CLAUDE GREENGARD?

Abstract. Many physical and biological processes are modeled by “particles” undergoing Lévy
random walks. A feature of significant interest in these systems is the mean square displacement
(MSD) of the particles. Long-time asymptotic approximations of the MSD have been established, via
the Tauberian Theorem, for systems in which the distribution of the step durations is asymptotically a
power law of infinite variance. We extend these results, using elementary analysis, and obtain closed-
form expressions as well as power law bounds for the MSD in equilibrium, and representations of the
MSD as sums of super-linear, linear, and sub-linear terms. We show that the super-linear components
are determined by the mean and asymptotics of the step durations, but that the linear and sub-linear
components (whose size has implications for the accuracy of the asymptotic approximation) depend
on the entire distribution function.
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1. Introduction. We consider a random walker in R? moving at random veloci-
ties in straight line segments of random duration. At the end of each flight segment, a
new velocity and duration are chosen at random. We assume that the durations and
velocities are independent. Denote by F' the distribution function of the duration.
When F has infinite variance, the case of primary focus in this paper, this process is
called a Lévy walk [20, 21, 25, 26, 30]. A swarm of random walkers starting at the
same location and performing independent Lévy walks exhibits super-diffusion, that
is, faster than linear growth in the mean square displacement (MSD) — the mean of
the square of their distances from the origin. One finds many discussions of physical
and biological applications of Lévy walks and related random processes leading to
super-diffusion in the literature. Our own interest in the subject started when we
modeled the evolution of a rarefied gas in an ultra-thin planar channel as a succes-
sion of infinite-variance flights and showed that the molecular density approaches a
Gaussian distribution with a variance which grows super-linearly [5, 15, 23]. Other
examples of applications include certain kinds of transport in fluid flow [26, 32], trans-
port in biological cells [6, 28], the migration of bacteria [1], predator search behavior
[27], and traveling humans [7]. Also, Lorentz gases [16, 33] and other billiards prob-
lems [2], in which there is no randomness in a strict sense but, rather, deterministic
chaos, have been approximated by super-diffusive random walks.

The most commonly studied Lévy walks are those in which the speeds of the
walkers are fixed. However, there are many interesting examples in which both the
directions and the speeds of the flights are random [31]. For example, in the gas
flow between horizontal plates with Maxwellian reflection conditions mentioned above,
individual molecules undergo random flights whose durations and horizontal velocities
are independent, with durations of infinite variance and finite expected square speed
[5]. By allowing speeds to be random, but assuming that the expectation of the
squared speed is finite, we include this and other examples without complicating the
analysis beyond that of the single-speed case.

A fundamental quantity characterizing super-diffusion is the MSD. The common
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approach to analyzing the MSD is to formulate an equation describing the density of
the walker location as a function of time and then to take a Fourier transform with
respect to the space variables and a Laplace transform with respect to the time vari-
able. One can then use the Tauberian theorem to deduce the long-time asymptotics
of the MSD from the behavior of derivatives with respect to the Fourier variable near
0 [19, 21, 29].

An alternative and more elementary approach is to express the MSD as an integral
over the velocity auto-correlation, and evaluate or analyze the integral; see for instance
[2, 12]. We present a mathematical analysis of the basic properties of the MSD, using
this approach, under the assumption that F has finite expectation.

While the standard approach is very useful in providing insights into various
aspects of the asymptotic behavior of Lévy walks, the more elementary approach taken
in this paper allows the derivation of exact, explicit expressions, valid for all times,
for the MSD, for important classes of problems (Section 4). This enables detailed
understanding of the accuracy of asymptotic approximations for the MSD (Section
6). In other examples, when exact expressions cannot be obtained, our approach
permits the derivation of time-dependent bounds, valid for all times (Corollary 7.4).

We will distinguish between the “equilibrium” MSD, M., and the “transitional”
MSD, M,,. Precise definitions are given in Section 2. The difference between the
two cases lies in the interpretation of “t = 0”. In the equilibrium case, ¢ = 0 should
be thought of as the time at which we start watching a random walk that has been
going on for a long (strictly speaking, infinite) time. In the transitional case, the walk
begins at time ¢ = 0. The equilibrium case is easier to analyze since the MSD is then
expressible as a simple convolution integral, and we focus on this case.

Long-time asymptotic approximations have been derived for various duration dis-
tributions, for both M;, and M.,. These approximations depend only on the tails
of the distributions. However, accuracy of the asymptotic approximation may only
emerge after an extremely long time. For instance, if M, is proportional to tlogt
to leading order, as occurs in numerous applications [2, 14, 33], there is typically a
correction term of order ¢t. For this term to become negligible, 1/logt must become
small, so t must be extremely large. We show that the presence or absence of a linear
correction term depends on the entire distribution F', not just on its tail. Similarly
we show that the presence of a logarithmic factor in 1 - F' may cause M., to consist,
to leading order, of a sum of two terms that only differ by a factor proportional to
logt. Highly precise and complete knowledge of F' may therefore be needed to ascer-
tain whether leading-order long-time asymptotic approximations for M., are accurate
approximations to the actual M., at times of physical interest.

Of course, distributions found in real-world applications need not be exactly power
laws asymptotically. We show that the model is robust in the sense that for distribu-
tions bounded by power laws, the MSDs also satisfy related bounds.

We relate the transitional MSD, M;,, to the equilibrium MSD, M,,. Our results
on My, are weaker than those on M., and mostly concern the leading-order asymptotic
behavior, but we also give a result on correction terms for My,.. Finally, we present
the asymptotic MSD for free molecular flow in planar channels [5].

2. Background and notation. Let T}, i =0,1,2,..., be random variables with
0STO<T1 <T2<... .

We will consider a random walker changing velocities at times 7;. We assume that
the increments 7, = T;-T;_1,4=1,2,3, ..., are independent and identically distributed
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positive random variables. The equilibrium and transitional cases differ in the choice
of distribution of Tj, as discussed below.

Let F' denote the distribution of the ;. We assume throughout this paper that
F is continuous and that its mean, 7, is finite:

?:/m(l—F(s))ds<oo.
0

Our primary concern is this paper is with the case when the second moment of F

o = fow 25(1- F(s)) ds, (2.1)

is infinite.
At each time T; a new velocity vector, V;, is chosen. For simplicity of exposition,
we will often refer to the times Ty, T7,... as "collision” times, thinking of a particle

colliding with a background. Thus the random selection of a new V; is thought of as
the result of a “collision”. We assume that the velocities are identically distributed
and independent of each other and of the collision times. We’ll also assume that the
mean velocity is zero, since if it were not, one could simply subtract the mean velocity
and consider the shifted velocities (the only change would be a drift in the direction
of the mean velocity). Denote by v the characteristic speed,

v=VE[Vil*],

where |- | denotes the Euclidean norm. As we shall see below, given a duration distri-
bution F, the MSD is proportional to v* = E[|V;|*]. This is the only dependence of
the MSD on the velocity distribution. So, for example, given F', walks in d dimensions
with post-collision velocities uniformly distributed on the sphere of radius v and those
which go only in axial directions, with equal probabilities, at speed v, have identical
MSDs — not just asymptotically, but for all time.
We consider two choices of Tp:
1. Transitional case: Ty = 0.
2. FEquilibrium case: Ty > 0 is random and independent of the 7;, with distribu-
tion function

1 rt
Fo(t) = :f (1- F(s))ds, t>0. (2.2)
7 Jo
To review the significance of the distribution Fy, recall [17] that for any ¢ > 0,
Zy=min{T; : j>0, T;>t}-t>0

is called the residual life at time t. Denote its distribution function by Fr(t,z2), z > 0,
so that for ¢t >0, z > 0,

Fr(t,z)=P(35>0 t<TjSt+Z).

LEMMA 2.1. If F is continuous, then Fgr(t,z) is a continuous function of (t,z) €
[0,00) x (0, o0).

Proof. Let t >0, z> 0. Let At and Az be numbers with ¢t + At >0 and z+ Az > 0.
We must prove that Fr(t + At,z + Az) > Fg(t,z) as At,Az - 0. We will consider
the case At >0 and Az > 0. The cases when one or both of At and Az are negative
can be understood analogously.
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We have

3720 t+At<T;<t+At+z+Az
=3j20 t<Tj<t+At+z+Az
=3j20 t<Tj<t+z or t+2<Tj<t+z+At+Az

and therefore
Fr(t+At,z+ Az) < Fr(t,z) + FR(t + z, At + Az). (2.3)
Similarly,

3]20 t<TjSt+Z
=320 t<T<t+At+z+Az
=3720 t<Tj<t+Atort+At<T;<t+At+z+Az

and therefore
Fgr(t,z) < Fr(t,At) + Fr(t + At,z + Az). (2.4)
From (2.3) and (2.4),
|Fr(t+ At,z+ Az) - Fr(t, z)| <max (Fr(t + 2z, At + Az), Fr(t, At)) .
It therefore suffices to prove now that for any a > 0,

Altirr%V P(3j>20 a<T;<a+At)=0. (2.5)
To prove (2.5), we write, for any n > 1,

P(3j20 a<Tj<a+At)< > P(a<Tj<a+At)+P(Ta<a+At).  (2.6)
j=1

Because F is continuous, the right-hand side of (2.6) converges to P(T,+1 < a) as
At — 0*. This implies

limsup P(35>0 a<Tj<a+At)<P(Thsi<a).
At—0+

The assertion now follows because P(T,,4+1 <a) > 0asn — oo. O

The importance of Fjy lies in the following well-known result from renewal theory
[17, Chapter XI, Section 4].
THEOREM 2.2. In the equilibrium case,

Fr(t,z) =Fy(z) forallt>0, z>0.
In the transitional case,

tlim Fr(t,z) =Fo(z) for all 2>0.
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We will use the following elementary fact.

LEMMA 2.3. If 0% < oo, then 1 - F(t) = o(1/t%).

Proof. Let 7 denote a random variable with distribution function F. Let 2 denote
the underlying probability space. For ¢ > 0, let I;(w) = 1 if 7(w) > t, and = 0 otherwise.
Then

t2(1—F(t)):[T(w)>tt2dw§fT(w)>tT(w)2dw:fQT(w)QIt(w)dw.

The integrand converges to zero as t — oo for any fixed w, and is bounded by the
integrable function 7(w)?. The Lebesgue dominated convergence theorem implies the
assertion. O

Some simple properties of Fjy that will be of use to us later on are collected in the
following lemma.

LEMMA 2.4.

(a) If F is continuous, then Fy is continuously differentiable, with density

t>0.

po(t) = %F(t),

(b) If 0% < 0o then 1 - Fy(t) = o(1/t) ast — .

(c) The expectation of Fy is a%/(2T), regardless of whether o? is finite or infinite.
Proof. (a) follows from the fundamental theorem of calculus.

(b) Since 1 - Fy(t) = £ [, (1 - F(s))ds, this follows from Lemma 2.3.

(c¢) The expectation of Fy is

fow(l—Fo(s))ds: [5(1‘F0(5))]3°+f0w8%mdszslggs(l—Fo(s))+g;.

Using part (b), we see that this equals ¢%/(27). O
Now define the random, piecewise constant velocity, V,

(Vo if0<t<T,
V(t)‘{w T, <t<T,

Consider a random walker in R? starting at X (0) = 0 and moving with velocity V ()
at time ¢. The position of the random walker at time ¢ is

t
X(t) = f V(s)ds.
0
The mean square displacement (MSD) is the quantity
M(t) = E[|IX(1)]*]-

As mentioned in the introduction, we use subscripts to distinguish the equilibrium
and transitional cases, writing M., and M;, and referring to M., as the equilibrium
MSD, and to My, as the transitional MSD.
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3. Integral representations and properties of the MSD.

3.1. The MSD as a double integral. The MSD can be expressed as an integral
as follows [12]. For all ¢ > 0,

M(t) :E[/OtV(r)dr- /OtV(s)ds]

:E[/Ot/OtV(T)-V(s)drds]
ZQE[\/(;t/;SV(T)'V(S)deS].

Recalling that expectations are integrals over the sample space and using Fubini’s
theorem, we conclude that

M(t) =2 fot fo E[V(r)-V(s)]drds. (3.1)

The auto-correlation E[V (r)-V (s)] that appears in (3.1) is related to the residual life
distribution Fg as follows. Assume that 0 <r < s. If there is no j with 7} € (r,s], an
event, of probability 1 - Fr(r,s—7), then V(r) = V(s) and so E[V (r)-V(s)] = v%. If
there is a j with T} € (7, 5], then V(r) and V(s) are independent and E[V (r)-V(s)] =
0. Hence,

E[V(r)-V(s)] =v*(1 - Fr(r,s - 1)) (3.2)
and, inserting (3.2) into (3.1),

t s
M(t) :21)2[ f (1- Fr(r,s—r))drds (3.3)
0 0
for all t > 0.

3.2. Properties of the MSD. We record the following general consequences
of eq. (3.3).
PROPOSITION 3.1. In both the equilibrium and transitional cases,
(a) M(t) ~v*t? ast -0,
(b) M is continuously differentiable,
(¢) M'(t) >0 for allt>0,
(d) M grows at least linearly, i.e., li{r_{glf M'(t) > 0,and
. M(t-s)
(e) for any fized s >0, thjg M@ 1.
Proof. (a) means
M(t)  20°
2 2

and this holds because

t s
/ f (1- Fr(r,s—1))drds — v,
o Jo

max {Fr(r,s—r):0<r<s<t}<F(t)->0

as t - 0. (b) follows immediately from (3.3) because Fg is a continuous function
(Lemma 2.1). In fact,

M (¢) = 20° fotu — Fp(rt-r))dr
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Note that 1 - Fg(r,t—r) is a non-negative continuous function of r and ¢ which tends
to 1 as r - ¢t~. Thus, M'(¢) > 0 for all ¢ > 0, establishing (c). To prove (d), we will
prove the existence of a positive lower bound on M’, valid for sufficiently large ¢. Let
a >0 and ¢t > a. Then

M'(t) = 20° fot(l—FR(T,t—r)) dr
> 2112/: (1-Fr(r,t—r))dr
> 2112/: (1-Fr(t-a,a))dr

2v%a (1 - Fr(t-a,a))
- 2v%a(1 - Fy(a))

as t — oo. For sufficiently small a > 0, we have 2v2a(1 - Fy(a)) > 0. Choose a so that
this holds. Then for sufficiently large t,

M'(t) > v?a(1 - Fo(a)) > 0.

This implies (d). To prove (e), first note M (t) — M (t-s) > 0 because of (c¢). Further-
more,

(I(t) - M(t - ))? = (BIX O - X (- 5)P])]
- (BLIX(0) - X (- DX W] + X (- )]
< B[IX () - X(t - )] B[IX(1) + X (- 9)f]
. 2
<[ ([ W) |2 (B £1x0-97)
<28 s [ P (BIX P+ BIX )

-2 [ fSE[|v<u>|2]du(EnX(t)ﬁ +E[IX (1))
= 40252 M (t).
Hence, M (t) - M(t—s) < 2vsy/M (), and, since M(t) - oo by (d), (e) follows. O

3.3. Computing M., from F. As we have seen in Theorem 2.2, in the equi-
librium case, Fr(r,s —r) = Fo(s —r) for all r. Hence, eq. (3.3) becomes

Meq(t):21)2f0t/(;s(1—F0(s—r))drds. (3.4)

We now establish two consequences of this integral expression which will allow us
both to construct illustrative examples and to establish the asymptotic behavior of
the MSD. First, differentiating (3.4) and introducing the change of variables ¢ —r = u,
we find

M, (t) = 207 fot(1 - Fo(u))du. (3.5)

Equation (3.5) implies, by anti-differentiation, a representation of M., as a single
integral:

M,y (t) = 207 fo "1 = Fo () (¢ - u)du. (3.6)
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Integrating by parts in (3.6), using (2.2), we obtain an integral expression for M.,
directly in terms of F' rather than Fj:
PROPOSITION 3.2. For allt >0, the equilibrium MSD can be expressed as

Meg(t) = 02 (t2 - % [Ot(l —F(u))(t—u)zdu)
:v;(tQ/tm(l—F(u))du+/Ot(l—F(u))(2tu—u2)du). (3.7)

Proposition 3.2 will prove useful in deriving asymptotic results. We now derive an
alternative characterization of M., which will prove useful in constructing examples.
Differentiating eq. (3.5), we obtain

M, (t) = 20 (1 - Fy(t)). (3.8)

Differentiating a third time, we arrive at the following proposition.
PROPOSITION 3.3. M., is three times continuously differentiable and for allt > 0,

202
My(8) = = (F(®) - 1) (39)

q
with boundary conditions,

Meg(0)=0, M,(0)=0, ML(0)=20% Ml)(o0)=0. (3.10)

It may appear at first sight that M., is over-determined by the four conditions in
(3.10). However, note that (3.9) implies that M/ (0) - M/, (c0) = 2v*. Therefore,

M, (0) = 2v* and M/ (00) = 0 are equivalent conditions.

4. A family of power laws with closed-form M,q4. A standard assumption
in the literature is that F is, asymptotically, a power law. This enables derivation of
asymptotic behavior of Lévy walks, including the MSD, via Laplace transforms and
the Tauberian theorem [21].

However, in the equilibrium case, for a variety of power laws, one can get a more
precise result — the exact MSD for all times. For example, for a > 1 and ¢ > 0, let

F(t)=1- (1+ ti)a (4.1)

0

The mean of this distribution is

7:f°°(1+3) dt= 0 (4.2)
0 to a-1

For « < 2, the second moment of F' is infinite, while for « > 2, it is finite. Using (4.2),
we see that in the limit as o - oo, with 7 fixed, we obtain the exponential distribution

F(t)=1-¢"". (4.3)

We also note that

Fo(t) = %[Ot(l—F(s))ds: - (1 . tto)la.
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Using either Proposition 3.2 or Proposition 3.3, we can compute M4(t) exactly
for the distributions in (4.1) and (4.3). For example, consider the case a = 3. Using
egs. (3.9) and (4.2), we obtain

Integrating, using the boundary conditions (3.10), we find

" t\ 2
M, (t) =201+ —) 7
to

/ t\ !
M., () = 2%t - 20, (1 " ;) ,
0

and

t t
Meq(t) = 2’[}2t(2) (? - log (1 + ?)) .
0 0

This proves eq. (4.6) below. The other parts of Proposition 4.1 are proved by similar
straightforward calculations.

PROPOSITION 4.1. For the distribution given by (4.1) if a < oo, and by (4.3) if
« = oo, we have, for allt >0,

(2_22;%)2_0[)((1+;)3a—(3—a);—1) ifa>1,a+2,3 (44)
Mt - 2(vt0)2((t1+tto)log(tthtO)—ttO) if a=2 (4.5)
2(Ut0)2(%—1og(1+%)) if a=3 (4.6)
2(v7)? (% —1+e*t/?) if a=oo (4.7)

We stress again that these are exact formulas valid for all times, not just asymp-
totic ones. Note that (4.4) tends to (4.5) as « - 2, and to (4.6) as o — 3. Using (4.2),
it is also straightforward to see that in the limit as o - oo with 7 fixed, (4.4) tends
to (4.7).

When the particles move at a constant speed v, there is a sharp front consisting
of particles which have experienced no collisions. Then at time ¢, the probability of
having experienced no collisions is 1 - Fy(t) and the contribution to M., of this front
is v2t2(1 - Fy(t)). For the above power law with 1 < o < 2, this gives a contribution of

f - t l-a
MY (1) = vt (1+%) .
As t — oo, the front contributes an asymptotically constant proportion to the total
MSD:
ML) (2-a)(3-a)
M., (t) 2

For a > 2, the contribution of the front to M, (t) becomes negligible as t - oo.
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5. Leading-order asymptotics of Mc4. If F' has finite variance, then

2 t 0—21}2
anszm;mE[a-%@»@: o
t—oo t—o0 JO T
by eq. (3.5) together with Lemma 2.4, part (¢). Hence,
2 21
Mey(t) ~o”v = as t > oco. (5.1)

The more interesting case is that of infinite variance, to which we now turn. In
several places we will make use of the following lemma.

LEMMA 5.1. Let f and g be non-negative, locally integrable functions of t € [0, c0)
with f(t) >0 and g(t) >0 for sufficiently large t,

f(#) ~g(t) ast— oo,

and

ﬁmﬂoﬁzﬁmﬂﬂﬁ:w

Then
t t
f f(s)ds~[ g(8)ds ast— oo.
0 0
Proof. Let € >0. Choose A >0 so that for t > A, f(¢) < (1+¢€)g(t). Then for ¢ > A,

fotf(s)ds:[OAf(s)ds+[4tf(s)ds£fOAf(s)ds+(1+e) /Atg(s)ds
fOAf(s)ds+(1+e) fotg(s)ds.

IA

Therefore

fotf(s)ds < fOA f(s)ds 1
fotg(s)ds B fotg(s)ds

+ €.

Letting t - oo, we find

t
d
lim sup w <l+e
t— 00 fO g(s)ds

By a similar argument,

Since these conclusions hold for any e > 0, the assertion follows. O
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The following theorem shows that in the infinite variance case, the leading-order

long-time asymptotic behavior of 7M., is determined by the leading-order long-time
asymptotic behavior of 1 - F.

THEOREM 5.2. Let F' and F be infinite-variance distributions with finite means
T and T and equilibrium MSDs Mcq and Meq, respectively. Assume that
1-F(t) ~ 1-F(t) ast— oo.
Then

TMoy(t) ~TMoy(t) ast— oo.

Proof. TMj = 2v*(F -1), M/} (c0) = 0 and TMéZ =20%(F-1), M" 7 (00) = 0 imply

M (1) = /too2v2(1—F(s))ds ~ ENI(E) = f 202(1 - F(s)) ds

as t - co. From Lemma 2.4, part (c), and eq. (3.5), we know that M (¢) and Méq(t)
tend to oo as t - oo. This implies, using Lemma 5.1, that

FM!, (1) = [ FM! (s)ds ~ FN, (1) = [ FNI (5)ds.
Because M, (t) and M,,(t) tend to oo, this in turn implies, again by Lemma 5.1,

TMeq(t) = [ M, (s)ds ~ TM,,(t) = f éq(s)ds,

which is the statement of the theorem. O

Proposition 4.1 and Theorem 5.2 together imply the well-known formulas [3, 24]
for the leading-order asymptotic behavior of M., for a € (1,2], summarized in the
following corollary. We add to the statement of this corollary the result for the finite
variance case a > 2 (see eq. (5.1)).

COROLLARY 5.3. Suppose that

ol

for some ty >0 and o> 1. Then ast — oo,

to 2(Ut0)2 t\3@ .
?(Oz—l)(Q—oz)(E;—a)(%) ifl<a<?2, (5.2)

Meq(t) ~ 2( t0)2 IOg — Zf a = 2, (53)
tjo(m)?ti if a>2. (5.4)
T 0
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6. Accuracy of leading-order asymptotics: Examples.. In this section we
explore the accuracy of leading-order asymptotic descriptions of M., such as those
given in Corollary 5.3.

6.1. Canonical power laws. For the power laws

F(t)=1- (1+ %)a

discussed in Section 4, the accuracy of the leading-order asymptotics can be ascer-
tained from eqs. (4.4)—(4.6). The discrepancy between the exact M., and the leading-
order asymptotics given in Corollary 5.3 is O(t/ty) for a < 2, and O((t/tp)>®) for
2 < a < 3. Therefore the leading-order asymptotic approximation for M., (t) is inac-
curate when a »~ 2 unless t/tg is very large.

Figure 6.1 illustrates this conclusion, using ty = 1, v = 1, and six different values
of a. The figure shows, for 0 < ¢t < 1000, the exact Mc,(t) (solid), the leading-
order approximations (dotted), and Monte Carlo estimates of M., (circles), based on
500,000 simulated random walkers for each value of a.

><104 a=14 ><~|04 a=1.6

>
<

0
0 500 1000 0 500 1000
t t

Fig. 6.1: Exact M., (solid), leading-order approximation as given in Corollary 5.3
(dotted), and approximations of M., obtained by simulations of 500,000 walkers (cir-
cles) for six different values of a.

For o = 2, the relative difference between M., and its leading-order approximation
is approximately 1/log(t/to), and for this to be smaller than 0.05, corresponding to
5% accuracy, we need t/tg > €*0 » 5 x 108. Zarfaty et al. [33] relate slow convergence
of M., to slow convergence in the Central Limit Theorem (CLT) for a = 2 [22], a
special case of slow convergence for any slowly varying scaling in the generalized CLT
[4]. A related, deterministic, problem is that of infinite-horizon billiards, in which
the asymptotic MSD also contains a logarithmic factor. For this case, Cristadoro
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et al. derived the first two terms in the asymptotic expansion of the MSD [9] and
demonstrated numerically that the leading-order term is a poor approximation of the
actual MSD for reasonable lengths of time [10]. In [11], the same authors derived
an evolution equation for the MSD for random walks on a lattice with exponentially
distributed waiting times between flight segments, a problem that can be seen as an
abstraction of the infinite-horizon Lorentz gas when o = 2.

6.2. A general approach to constructing examples. Instead of beginning
with F' and computing M,,, we can also, for the purposes of constructing interesting
examples, start with M., and compute F' from it, based on the following proposition.

PROPOSITION 6.1. Let M € C3([0,00)). There exist an expected speed v >0 and
a continuous probability distribution function F on (0,00) with finite mean T such
that Meq = M is the equilibrium MSD associated with v and F' if and only if

1. M(0)=M'(0) =0,

2. M"(0) >0 and M"(c0) =0,

3. M is an increasing function with M"'(0) <0 and M"'(o0) = 0.
In that case,

B M"'(t)
M///(o)’

M”(O)
M (0)]

2= MO pay-a

T =
Proof. This is a straightforward consequence of Proposition 3.3. O

6.3. Accurate leading-order asymptotics. Examples in which there are ac-
curate leading-order asymptotic descriptions of M., can be constructed using Propo-
sition 6.1. For instance,

M., = v?tlog(1 +1t) = v*tlogt + O(1)

when

3+t
F(t)y=1- —/———,
®) 3(1+1)3
and for 1 < a <2,
M, (t) =2 (1+ 1) = 023>+ O(£27%)

when

N of, at _ala+ D)
F(t)=1-(1+t) (1 1+t 6(1+t)2)

6.4. Logarithmic factors for a € (1,2). What happens when the distribution
function is asymptotically close to, but not exactly, a power law? For example, set

1+log(1+t)
(1+1t)3/2

A closed-form equilibrium MSD can be derived for this distribution function, as well:

F(t)=1-

8 3/2 8 370 4 8
Meq(t):v2(§(t+1)/ log (t+1) + o (t+ 1) —gt—2—7)

= 02§t3/2 (log (t) + %) +0(t).

The leading-order approximation M, (¢) ~ 1)2%t3/ 2]ogt is very poor because the next-
most-significant term is O(¢%/?).
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7. Super-linear, linear, and sub-linear terms. We saw in the last section
that linear correction terms can have considerable implications for the accuracy of
the leading-order approximation of M., when o is near 2. Here we show that that for
a € (1,2], the linear contributions to M., depend on the entire distribution F', while
super-linear terms, for a given 7, only depend on the asymptotic behavior of F'.

The following theorem shows that the entire distribution F' is needed to compute
linear contributions to M.,: The value of 7 and the precise tail of F' (i.e., F(t) for
t > A, for some A >0) do not determine the linear contributions.

THEOREM 7.1. Let F be continuously differentiable, with equilibrium MSD M., .
Then for all A > 0 such that F(A) > 0, there exists a distribution function F, with
equilibrium MSD Meq, such that the means of F and F agree, F' and F agree on
[A,00), and

| Meq(t) = Meg ()] 2 O(2)

ast— oo. ~
Proof. By eq. (3.7), if F and F agree on [A,c0), then for all ¢ > A,

~ 1)2 A ~
Mey(8) = Mey(8) = = fo (F(u) - F(u)(2tu - u?)du.

Hence, to complete the proof, it suffices to find an increasing F such that

A - A -
[0 (F(u) - F(u))du=0 but fo (F(u) - F(u))udu +0,

which is, of course, always possible. O

On the other hand, the following theorem shows that the value of 7 and knowledge
of F up to a “finite variance” piece are sufficient to determine super-linear contribu-
tions to Meq.

THEOREM 7.2. Let

1-F(t) = G(t) + H(t),

where G and H are integrable functions of t >0 with

fow \H(#)|t dt < oo. (7.1)

Then

Moy (1) :“:(t? [ ¥ Gw)du + fo tG(u)(2tu—u2)du)+O(t). (7.2)

Assumption (7.1) makes precise the assertion that H is a “finite variance piece”;
compare eq. (2.1).
Proof. Because of Proposition 3.2 and assumption (7.1), it is enough to prove

oo t

‘f H(u)du‘ =0 (%) and ‘f H(u)uzdu‘ =0(t).
t 0

Both follow from (7.1):

” H(u)du| < ” |H(u)|uldu < ” |H(u)|uclu1 =0 1
t t U t t

t
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and

‘fOtH(u)UQdu g/O‘t|H(u)|udut£f0m|H(u)|udut:O(t),

0
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In particular, this proposition implies that an asymptotic expansion of the slowly
converging part of 1 — F translates into an asymptotic expansion of the super-linear

part of M,:
COROLLARY 7.3. Suppose that

1-F(t) = Z Cit™ +Ct 2+ O(t™9)

as t — oo, where n >0,
l<p1<...<pp<2, @q>2,
and the C; and C are constants. Then
Mey(t) = 2 [ ;
| %G, 0 )6 1)

Proof. We set

| XL Gt + Ot fort 21,
G(*) _{ 0 for t <1,

and
H(t)=1-F()-G(t)=0(t"7).

Theorem 7.2 implies that

t37Pi 4+ Ot logt] +0(t).

(7.3)

(7.4)

[ee) n t n
Mey(t) = Uj f S Ciu i+ Cu™® | du + 2t / 3 Ciu i+ Cu™® | udu
T t j=1 1 J=1

+O(t).

tf n
—f (Z CiuPi +C’u_2)u2du
1 \3

The assertion follows by evaluating the integrals. O

What happens if F' doesn’t follow a power law exactly? Power law bounds on F

give us bounds on the MSD. For instance, we have the following result.
COROLLARY 7.4.
(a) Let € (1,2), C>0. If

1-F(t)<Ct™™
for allt >0, then

c 3704
’( DHE-0G-a)

Meq(1) <

for all t > 0. Similarly, if 1 - F(t) > Ct™ for all t > 0, then the

inequality holds.

reverse
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(b) Let C >0 and A>0. If
1-F(t)<Ct™?

forallt> A, then

,02

A t
Meq(t)s[CA+f0 (1—F(u))(m—u2)du+20tlogZ

T

fort>A. Similarly, if 1-F(t) > Ct™2 for allt > A, then the reverse inequality
holds.
Proof. These are immediate consequences of Proposition 3.2. O

8. Asymptotic behavior of M;,. We next relate M., and M;, to each other,
in order to deduce asymptotic behavior of My, from the asymptotic behavior of M.,.
(See also [3], where expressions for M., and M, are obtained from assumed forms
of the Laplace transform of the duration density in a more general setting.) Let
t > 0 and denote by X, the position of the equilibrium process. Then the conditional
expectation of X,,(t)?, given that Ty > t, is (vt)z. If Ty < t, then X, (t) consists of the
initial segment of duration 7Ty, and the rest. The displacements experienced in these
two segments are not independent — when T} is larger, the second segment is briefer.
They are, however, uncorrelated, and therefore the variances of the displacements
add. Writing as before pg = F§ = (1 - F')/7, we have

M, (t) = (1 - Fy(t))(vt)* + fot p0(5)((v8)? + My (t — 5))ds. (8.1)
Equation (8.1) can be read as an equation representing po * My, in terms of Mc,:
(po * Mur) (1) = Moy (1) = (1= () () = [ po(s)(vs)?ds.
By integration by parts, this can be re-written more simply:
(po + My (1) :Meq(t)—2v2f0t(1—F0(s))sds. (8.2)

LEMMA 8.1.

po * My (t) ~ My (t) ast— oo.

Proof. Tt is clear that

Do % My (1) = fotpo(s)Mtr(t — 8)ds < My (1)

for all ¢, since My, is strictly increasing (Proposition 3.1, part (c)). Now let € > 0. Let
S be so large that

S
[ po(s)ds>1—e.
0

Then for t > S,

Po * Mtr(t) = AtPO(S)Mtr(t_ S)dS 2 ASPO(S)Mtr(t_ S)dS 2 (1 - 6)‘Z\4zfr(7f_ S)
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For ¢ sufficiently large, this is > (1 — €)2M,,.(t) since My,.(t — S) ~ My, (t) as t - oo
(Proposition 3.1, part (e)). Since the above arguments hold for all € > 0, the assertion
follows. O

THEOREM 8.2. If 0% < oo, then

t
Mﬁ-(f) ~ Meq(t) ~ 0'2’02:
T

ast— oo.

Proof. This follows from eq. (8.2), together with Lemma 8.1, Lemma 2.4, part
(b), and eq. (5.1). O

For power laws with exponent « € (1,2), the smaller & —1 (and hence the greater
the first step of the equilibrium process), the more we might expect M., to exceed
M. For fixed a, the two MSDs are asymptotically proportional, but, indeed, the
asymptotic ratio of My, to M., is a— 1, as seen in [3, 13, 18].

THEOREM 8.3. Let

L= F(t) ~ (%)a (8.3)

as t — oo, for some constant tg > 0. Then
(a) My~ (a=1)Mq if a € (1,2), and
(b) My ~ Mg if o0 >2.
Proof. (a) Let a € (1,2). From (8.3),

1Ry =2 [T F(s))ds = ( ! )_M1
- == -F(s))ds~ ————|— .
R Fa-1) \t
This yields, using Lemma 5.1, the asymptotic behavior of the second term on the
right-hand side of eq. (8.2):

t 2to(vitp)? £\
202[ (1—F0(s))sds~7(L0)(—) .
0 T(a-1)(3-a) \t

From eq. (4.4) and Theorem 5.2,

" /(a—l) 2(’Ut )2 t 3-a
Mg (t) ~ - = (2—&)(03—04) (%) .

Therefore, by eq. (8.2) and Lemma 8.1,

to 2(vtg)? £\ tg 2(vtp)? t\> e
M”N?(a-1)(2-a)(3-a)(%) _?(a—1)(3-a)(%) ~ (= 1)Meg.

(b) For a > 2, we have 0 < oo, and therefore the assertion follows from Theorem 8.2.
For a =2,

1= Fo(t) = % ftw(l—F(s))dS . %

and therefore, using Lemma 5.1,

2v2f0t(1—F0(s))sds~2(vt0)2; (8.4)
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By eq. (4.5) and Theorem 5.2,
t t
Moy (t) ~ 2(vtg)? = log —.
T to

Therefore, by eq. (8.2) and Lemma 8.1, My, (t) ~ Meq(¢t). O
For specific examples, (8.2) enables us to compute pg * My, but not My,.. We
know from Lemma 8.1 that the leading-order asymptotic behavior of pg * My, is the
same as that of My.. However, in special cases, knowledge of pg * My, yields more
than just the leading-order asymptotic behavior. We give the following example.
LEMMA 8.4. Assume that

t _2
1-F@)~[— as t — oo,
to

for some ty > 0. Then there exists a constant C' >0 such that for all sufficiently large
i,

0< Mt?“(t) —pPo * Mt'f(t) < C\/ t(logt)3

Proof. We noted in the proof of Lemma 8.1 that pg * My,-(t) is a lower bound on
My, (), so 0 < My, (t) — po * My, (t). We will now find an upper bound on My, (t) —
po * My (t):

M (1) = po % Min(t) = fowpo(s)MtT(t)ds—[Otpo(s)Mtr(t—s)ds

t oo
- fo po(8)(Miy (£) = My (¢ 5))ds + ft po(s)ds M (1). (8.5)
In the proof of Proposition 3.1, we saw:

Mtr(t) - Mt?"(t - S) < 2us AV Mtr(t)
Using this in (8.5), we find the upper bound

20/ My (1) fo " spo(s)ds + ft " po()ds M (1) (8.6)
By hypothesis,
po(t) ~ % (%) (8.7)

as t - oo. This implies

t 2
f spo(s)ds ~ 2 logt. (8.8)
0 T
We know from Theorem 8.3 that
My, (t) ~ Citlogt (8.9)
for some positive constant Cy. Furthermore, from (8.7),

3

ftw po(s)ds ~ - tt, (8.10)
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Using (8.8)—(8.10) in (8.6), we obtain the assertion. O

As was the case for equilibrium Lévy walks, even exact knowledge of the tails
and means of step durations doesn’t suffice to determine the linear terms of the
asymptotics of the transitional MSDs:

THEOREM 8.5. Let a distribution F', with mean T, satisfy

ro-(¢)]

as t - oo, for some ty >0, and let A >0 be given. Then there exists a distribution F
with the same mean, T, and with

F(t)=F(t) forallt> A,

such that the corresponding mean square displacements My, and M,, differ by at least
o(t).
Proof. Let F be as in Theorem 7.1. By Lemma 8.4 and eqgs. (8.2) and (8.4),

t
My, (t) = Moy (t) - 2(111%0)2% +o(t),
and similarly
- - t
My, (t) = Moy (t) - 2(vto)* = + o(t),
T

as t — oo. Since, by Theorem 7.1, M, (t) and M., (t) differ by > O(t), so do M;, and
My, O

For the canonical power laws of Section 6.1, Figure 8.1 illustrates our results by
showing, for six different values of «, the exact MSD (solid) and the leading order
asymptotic approximation (dots) for the equlibrium (black) and transitional (dots)
cases.

9. Application to free molecular flow in a planar channel. We studied
the flow of a rarefied gas in an infinite planar channel in [5]. Assuming that length
units are chosen so that the thickness of the channel is 1, we take the flow domain to
be

{(z1,22,2) eR® : 0<2z<1}.

We refer to x = (21,22) as the “horizontal” coordinates, and to z as the “vertical”
coordinate. As in [5], we consider the projection of a particle trajectory into the
(x1,z2)-plane. Gas molecules are assumed not to interact with each other, to travel at
constant velocities in the interior of the channel, and to undergo random reflections at
the walls, described by Mawell’s boundary conditions [8, pp. 118 ff] (the accomodation
coefficient in [5] is arbitrary, but we take it to be 1 here for simplicity). Specifically, a
gas molecule that hits the lower wall z = 0 re-emerges with a random velocity (V, W),
V e R? and W > 0, with density

e_‘V‘Q/CZ 2we_w2/cz

veR? w>0. (9.1)

2 2 ’

e C

The parameter ¢ equals \/2kT/m, with T' = absolute temperature, m = mass per gas
molecule, and k& = Boltzmann constant; dimensionally, ¢ is a speed. The reflection law
at the upper wall, z = 1, is analogous, with the sign of W reversed.
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Fig. 8.1: Red: My, (solid, computed by Monte Carlo simulation) and leading asymp-
totic approximation for My, (dotted). Black: M., (solid, computed analytically) and
leading asymptotic approximation for M., (dotted). For « > 2, the leading asymp-
totic approximations for M, and M., are identical, and are shown as black dotted
curves.

The time 7 between a collision with a wall and the next collision with the opposite
wall equals 1/|WW|. The distribution function of 7 is

2 2
1 00 Qe v /c
F(t)=P(r<t) :P(|W| > 7) - f we do = e
t 1/t c?
Note also that
1 1
F(t)=1- + as t - oo. (9.2)

(ct)2  2(ct)*

The mean of 7 is

_ fo‘” (1 _ e—l/(ct)z) dt = ﬁ (9.3)

Cc

The two components of the horizontal velocity V' are Gaussians with mean zero and
variance c?/2, independent of each other and of . Therefore

v =E(V?) =E(VE+V}) =

From Proposition 3.3, M., can be expressed in terms of the error function erf and
the exponential integral Ei. We omit the unwieldy formula, which however makes it
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easy to find asymptotic expansions of M., to arbitrary accuracy. For instance, we
find

M.y(t) = QC“\(;_g(Ct) ; 1\;_7 ot + % +o(%) as t - oo, (9.4)
Vs Vs

where v »~ 0.577 is the Euler-Mascheroni constant. Using eq. (8.2) and Lemma 8.4,
we also conclude

2ctlog(ct) 1+~

Ve Ve

for the transitional mean square displacement.

M, (t) = ct+0 (12 (log t)/?) (9.5)

It is interesting to compare (9.4) and (9.5) with the main result of [5]. The
notation in [5] differs from that used here in several ways. In particular, in the limit
studied in [5], the channel width tends to zero while time tends to infinity. However,
it is not difficult to show that the result of [5], translated into the notation used here,
predicts that at time ¢, the distribution of the location of a particle starting at the
origin at time 0 will be approximately bivariate Gaussian with variance

ctlog(ct)

NG

Comparing with (9.4) we see the “doubling effect” previously observed by others
[2, 3, 30] in which the variance of the long-time Gaussian approximation is half the
leading-order MSD approximation.

10. Summary. There is considerable interest in the MSD in Lévy walks due to
the importance of this quantity in a wide variety of application areas. The leading-
order behavior of MSDs for Lévy walks with power law distributions of the flight
segment duration is asymptotically determined by the exponent of the power law,
up to a constant of proportionality. Given a mean duration, the constant of propor-
tionality is determined as well. However, the quality of the asymptotic approximation
depends delicately on the exact form of the distribution. The dependence is especially
sensitive for power laws with exponents near 2. At « = 2, the leading-order term of the
MSD at time t is proportional to tlogt, but the next-order term is usually proportional
to t, with a constant of proportionality which depends on the entire distribution. For
a near 2, the sub-leading-order terms can also be close to the leading-order terms for
values of ¢ of physical interest.

We have derived exact, closed-form expressions, valid for all time, for the MSDs
for particular choices of the power laws and for a power law perturbed by a logarithmic
factor. These examples illustrate the dependence of the accuracy of the asymptotics on
the entire distribution. We have also established robustness of the MSD asymptotics in
the sense that power law bounds on the distribution functions imply power law bounds
on the equilibrium MSDs. Finally, we have proved that for power laws with « between
1 and 2, the equilibrium and transitional MSDs are asymptotically proportional, with
constant of proportionality o — 1.
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