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Abstract

The space-fractional diffusion equation models anomalous super-diffusion. Its solu-
tions are transition densities of a stable Lévy motion, representing the accumulation
of power-law jumps. Tempered stable Lévy motion uses exponential tempering to
cool these jumps. A tempered fractional diffusion equation governs the transition
densities, which progress from super-diffusive early time to diffusive late-time be-
havior. This note provides finite difference and particle tracking methods for solving
the tempered fractional diffusion equation with drift. A temporal and spatial 2nd-
order Crank-Nicolson method is developed, based on a finite difference formula for
tempered fractional derivatives. A new exponential rejection method for simulating
tempered Lévy stables is presented to facilitate particle tracking codes.

1 Introduction

The diffusion equation d;p = cd?p governs the transition densities of a Brownian
motion B(t), and its solutions spread at the rate t'/2 for all time. The space-fractional
diffusion equation 0;p = cdSp for 0 < av < 2 governs the transition densities of a totally
skewed a-stable Lévy motion S(t), and its solutions spread at the super-diffusive rate
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S(ct) ~ c/*S(t) for any time scale c. The super-diffusive spreading is the result of
large power-law jumps, with the probability of a jump longer than r falling off like r—¢
[11,15,16]. The super-diffusive scaling of a stable Lévy motion cannot be expressed
in terms of the second moment, which fails to exist due to the power-law tail of the
probability density [6]. Instead one can use fractional moments [17] or quantiles.

The totally skewed a-stable Lévy motion S(t) is the scaling limit of a random walk
with power-law jumps: ¢=V/*(X; +- - -+ X)) = S(¢) in distribution as the time scale
¢ — 00, when the independent jumps all satisfy P(X > r) = Ar~® for large = > 0.
Here 0 < o < 2 so that the second moment is infinite, and the usual Gaussian central
limit theorem does not apply. The random walk with power-law jumps is called a
Lévy flight [23]. The order of the fractional derivative in the governing equation
Oip = c0Sp equals the power law index of the jumps. A more general jump variable
with P(X < —r) = ¢Ar~—® and P(X > r) = (1—q)Ar—* leads to a governing equation
Op = cq0®,.p+ (1 —q)codp with 0 < ¢ < 1. A continuous time random walk (CTRW)
imposes a random waiting time T,, before the jumps X,,, and power law waiting times
P(T > t) = Bt for 0 < 8 < 1 lead to a space-time fractional governing equation
85 p = c0%p. See [13] for more details. Fractional diffusion equations are important in
applications to physics [15,16], finance [21], and hydrology [22].

Truncated Lévy flights were proposed by Mantegna and Stanley [9,10] as a modifica-
tion of the a-stable Lévy motion, since many deem the possibility of arbitrarily long
jumps, and the mathematical fact of infinite moments, physically unrealistic. In that
model, the largest jumps are simply discarded. Some other modifications to achieve
finite second moments were proposed by Sokolov et al. [24], who add a higher order
power law factor, and Chechkin et al. [4], who add a nonlinear friction term. Tempered
Lévy motion takes a different approach, exponentially tempering the probability of
large jumps, so that very large jumps are exceedingly unlikely, and all moments exist
[19]. Exponential tempering offers technical advantages, since the tempered process
remains an infinitely divisible Lévy process whose governing equation can be identi-
fied, and whose transition densities can be computed at any scale. Those transition
densities solve a tempered fractional diffusion equation, quite similar to the fractional
diffusion equation [2]. Like the truncated Lévy flights, they evolve from super-diffusive
early time behavior, to diffusive late-time behavior.

This paper provides finite difference and particle tracking methods for solving the
tempered fractional diffusion equation. Higher order methods for fractional diffusion
equations are based on the Griinwald finite difference approximation for the fractional
derivative [14,25]. This paper develops a second order Crank-Nicolson scheme, using
a variant of the Griinwald finite difference formula for tempered fractional derivatives
combined with a Richardson extrapolation.

Particle tracking solutions for fractional diffusion equations take a Langevin approach,
simulating a Markov process whose generator is the adjoint of the fractional deriva-
tive operator [27]. For tempered anomalous diffusion, particle tracking can be accom-



plished using an exponential rejection method for simulating tempered stables. Since
the tempered stable process is still an infinitely divisible Lévy process, increments
can be simulated for any choice of time step size.

2 Tempered stable Lévy motion

The totally skewed a-stable Lévy motion z = S(t) for 0 < a < 2, a # 1 has a
probability density p(z,t) that solves a fractional diffusion equation:

Oip(x, 1) = cdyp(x,t). (1)

Take Fourier transforms (denoted by f(k) = [e ™ f(x)dx)) to get Lp(k,t) =
c(ik)*p(k,t), recognizing that the fractional derivative 0% corresponds to multipli-
cation by (ik)® in Fourier space. The point-source solution p(k,t) = €% inverts
to a totally skewed a-stable density with no closed form, except in a few exceptional
cases [15,20]. The constant ¢ > 0 for 1 < a < 2, and ¢ < 0 for 0 < o < 1. The
useful scaling property tY/°p(t'/z,t) = p(x,1) is evident from the Fourier trans-
form. The process has heavy tails with P(S(t) > r) =~ Ar~®, so that any moment
(S(t)") = [x"P(z,t) dx of order n > « diverges [6]; hence the need for tempering in
some circumstances.

The basic idea of exponential tapering is to modify the density function to the form
e *p(z,t) and re-normalize: Lemma 2.2.1 on p. 67 in Zolotarev [28] shows that the
Fourier transform [ e "®p(z,t) dz = ™" has an analytic extension to S(u) < 0.
Setting u = k — i\ shows that [e e p(x,t) dz = %) For the special case
0 < a < 1, a simpler argument with Laplace transforms appears in Rosiniski [19].
Since k = 0 yields the total mass, the density e **"e=?*p(x,t) integrates to one. The
Fourier transform is easily computed: etlA#%)*=2"l Exponential tapering changes the
mean: i%etc[(’\ﬂk)%)‘a”k:o = —cta)*"!. Centering yields

—tux

Pk, t) = elelOFk)* =A% —ikaA*™1]
Invert the Fourier transform to get the mean-zero tempered stable density:
pa(a,t) = e etV (g — ctax* ). (2)

Since Lp(k,t) = c[(A + ik)* — A\* — ikaX*~'|p,(k,t), Fourier inversion reveals the
tempered fractional diffusion equation

Opa(,t) = c 05 pa(x, 1) (3)

where 922 f(z) is the inverse Fourier transform of [(A + ik)® — A* — ika > ] f (k).
Any easy calculation [2] shows that

O f(x) = e (e f(2)] = X f(2) — aX*0u f (2), (4)



which modifies the notation in [2] so that the tempered fractional diffusion equation
(3) preserves the center of mass.

Everything above carries through without modification for the case @ = 2. In this
case we can explicitly compute p(x,t) = (4rte)~/2e~*"/(41)  After substituting into
(2), a little algebra shows that py(x,t) = p(x,t). Hence tempering has no effect in the
Gaussian case, and a tempered diffusion is exactly the same as a classical diffusion.

The case o = 1 requires a different form p(k,t) = R0k to solve (1) with ¢ >
0. Now the scaling property is tp(tz + tclnt,t) = p(z,1). Apply the exponential
tempering, normalize and center as before to derive the Fourier representation

]5)\ (]{Z, t) _ etc[()\-l-ik) In(A+ik)—A1ln A—ik(1+1In )] ) (5)

Note that Lemma 2.2.1 in Zolotarev [28] also applies in this case. Invert to get the
mean-zero tempered stable density

pa(z,t) = e e!p(z — te(1 4+ In X + In(tc)), t) (6)

that solves the tempered fractional diffusion equation (3), where 93 f () is the inverse
Fourier transform of [(A 4 ik) In(A + ik) — Aln A — ik(1 + In A)] f(k) when a = 1.

To summarize, a totally positively skewed stable density with index 0 < o < 2 can be
tempered so that moments of all orders exist. The positively skewed tempered stable
density is obtained by: (i) multiplying the stable density by e~*?; (ii) rescaling by a
constant that makes the resulting function integrate to one; and (iii) shifting by a
constant that makes the resulting density function have mean zero. Then we have the

following result.

Proposition 1 Let S(t) be a totally skewed a-stable Lévy process for 0 < o < 2 with
density p(z,t) and Fourier transform

exp [ct(ik)?] a#1

exp [ctik In(ik)] o = 1. (7)

Ble50) = j(k, 1) = {

Then the tempered a-stable Lévy process Sy(t) has density

e—)\x-l-(a—l)ct)\ap(x _ CtOé)\a_l, t) o % 1
et (x — ct(1+ In ), t) a=1.

pa(z,t) = { (8)

Next we extend Proposition 1 to the general case, to accommodate both positive
and negative particle jumps. If S(¢) is positively skewed, then —S(¢) is negatively
skewed, with density p(—x,t). For 0 < a < 2, # 1 the density solves a fractional
diffusion equation O;p = c0%,p where 0%, corresponds to multiplication by (—ik)®
in Fourier space. Tempering multiplies the density by e**, normalizes to total mass



one, and centers, as before. The resulting tempered stable density has Fourier trans-
form etelA—R)* =X +ikad® ] which just replaces ik by —ik in the formula (5). It solves
the tempered space-fractional diffusion equation d;p = ¢9*;p where 8° f (x) is the
inverse Fourier transform of [(A — ik)® — A* + ikaX* '] f(k). A similar sign change
yields the negatively skewed tempered stable density and governing equation in the
case a = 1. For the general case, generate two independent positively skewed tem-
pered stable processes Sy (t) and Sy (t) with the same index «, and set

S(t) = ¢Sy (1) + (1 = 9)SX (1) (9)

where 0 < ¢ < 1. The probability densities of this process solve the general tempered
space-fractional diffusion equation

Op = cqd™;'p + c(1 — q) 9. (10)

Another interesting characterization of the tempered stable process can be stated in
terms of its Lévy representation. In short, a Lévy process is the limiting case of a
compound Poisson process whose jumps are described by the Lévy measure (e.g., see
[12, Remark 3.1.18], and (38) below). The remainder of this section is devoted to
showing that the tempered stable process can also be defined in terms of an expo-
nentially tempered Lévy measure. In the process, we will also show that exponential
tempering of the density function can also be used for any Lévy process with positive
jumps.

Any infinitely divisible process S(t) on R can be characterized by its Fourier transform

Ele*"] = exp [t (—aik—02k2+ / y (e_“m—1+ iha >¢(dx)>] (11)

1+ 22

where a € R, 0 > 0 and the Lévy measure ¢ with [ %gb(dz) < 00, are uniquely
determined [6,12]. We call [a, 0, ¢] the Lévy representation.

Given an infinitely divisible process S(t) with Lévy representation [0, 0, ¢|, we define
the exponentially tempered Lévy measure ¢, (dx) = exp(—A|z|)¢(dx). It is clear that
/ l_f%qb,\ (dx) < o0, so that there exists another infinitely divisible Lévy process Sy(t)
with Lévy representation [a, 0, ¢,] for any a € R. Write ¢ = ¢, + ¢_ where ¢ (U) =
o(UN{x : z > 0}) is the positive part of the Lévy measure. It is clear from (11)
that we can write S(t) = ST(t) + S~ (t) where ST(¢) is infinitely divisible with Lévy
representation [0, 0, ¢ ], S™(¢) is infinitely divisible with Lévy representation [0, 0, ¢_],
and ST(t), S~ (t) are independent. In order to develop a theory of tempered infinitely
divisible laws, it suffices to consider just the positive case. The extension to the signed
case is the same as for tempered stable laws. Hence it suffices to consider infinitely
divisible laws whose Lévy measure is concentrated on the positive real line.

Theorem 2 Let S(t) be an infinitely divisible process with Lévy representation |a, o, @),
where ¢ is supported on RY. Write the Fourier transform Ele=*5®)] = exp(t®(k)) and



the probability distribution P(U,t) = [, P(dz,t) = P(S(t) € U) for Borel measurable
U C R. Then ® has an analytic extension to the lower half plane. Given A > 0,
define an infinitely divisible process Sy(t) with Lévy representation [d, o, )| where
da(dr) = e *¢(dx). The mean E[S\(t)] exists for all X\ > 0, and we can choose
d € R so that E[S\(t)] = 0. The resulting tempered infinitely divisible Lévy process
Sx(t) has probability distribution

Py(dz,t) = e MmN =N Py G0 (—i\)E, t). (12)

Proof. First we show that
ikx
1+ 22

®(k) = —aik — o*k* + /OOO <e_“m -1+ ) o(dx)

has an analytic extension to the lower half plane. For &(z) < 0, let

© 14 22 - izx x?
v :/ (—m—1 ) dz).
(2) el G T ) T ¢(dx)

As ¢ is a Lévy measure, [;° 5 j; ¢(dx) < 0o. The rest of the integrand satisfies

1+ 22 < iz iz >
e —_
2 1+ a2

e " — 14 izx
72

|22 exp(|z]z) +2 z <1

2+ |z|z)/x*+2 x>1.

4 e—izx . 1|
(13)

Hence V¥ is well defined, its complex derivative

1 o1+ 22 , i(z +w)x , izx x?
lim — —i(ztw)r 1 A T ) < —izr _ q ) d
wobw o 2 <6 + 1+ 2?2 ‘ +1—|—552 1+x2¢( 7)
.1 oo fem B (e — 1) fqwr @’
= o < 22 Pt (e _1)> T
) 6—izm -1 . 1’2
_ - —1ZT d
z/o ( = + ze >1+a72¢( )
(14)
exists by the Dominated Convergence Theorem as
| 1 e—izm (e—iwx o 1) +jwr N i e—iww _ 1’ ’ 1 6_izw (e—iwm _ 1) + 1wz
J— 6 N J—
w 2 w w x2
—wT (15)
—12T -1
+e |
w

The second term is bounded by |e=%%|zel®l® < 2eCE+wDz < M for S(2) + |w| < 0.
For z > 1, almost the same bound applies to the first term. For x < 1, a Taylor



expansion shows that

e—izx (e—iwx _ 1) + T
2

<M. (16)

wr

Note that

\II(/{J - i)\) — (I)(]g) — aik — o2k? = /00 e~ thr—Ar _ —ikz _ AT (;S(da:)
/ La (17)

= /OOO etk (e_’\w — 1) 1 _)\jﬁ ¢(dx)

tends to zero as A\ — 07 by another dominated convergence argument, similar to (15)
without the 1/w. Hence W(z) — aiz — 022% is the analytic extension of ®. In other
words,

(ik + Nz

DAY i (B AN 20 F N2 P —(kNz _
O(k — i) ai(k —iX\) — o*(k — i) +/0 (e 1+ 2

) H(d)

is the unique extension of P.

Now

[e.9]

S~

—ikx ikx -z
<e 1+ T 932) e o(dr)

= ®(k —i\) — ®(—i)\) + aik + 0°k* — 2ikAo® + bik

(18)

for b = [5(e™** — 1) 5z ¢(dx) € R. Let H(dx,t) denote the probability distribution
of the infinitely divisible process with Lévy representation [a, o, ¢,], and denote its

Fourier transform by H(k,t) = [ e ** H(dx,t). Then

H(k,t) = exp [t (®(k — i)) — B(—i)) — 2ikAo” + bik)| .

As H is infinitely differentiable, by [1, Prop. 5.1.19] all moments are finite. The mean is
given by tyu = z'a%f[((), t) = it®'(—i\)+2tAo? —bt. Setting d = a— 1 yields an infinitely
divisible process Sy (t) with Lévy representation [d, o, ¢,] satisfying E[S\(t)] = 0 for
all t > 0. Its probability distribution P, (dx,t) has Fourier transform

Py(k,t) = exp [t (B(k — i)) — D(—i)) + iki®'(—i)))] . (19)

By [26, Thm. III.10], the moment sequence {f, },” with pu, = i“gﬂ—:ﬁx(o, t) is positive
(in the sense of [26, Def. IIL9b]). Let q(s) = Py(—is,t). Then p, = (=1)"424(0) and
hence by [26, Thm. VI.19.c|, the integral

g(s) = Py(—is, t) = / ~ e Py(da, t)

—00



exists for some measure P, and all R(s) > —\. Therefore

~

P\(k —iv,t) = /OO e~ ke P (da, t)

for all k € R and v > —\. As by (19)

lim Py(k —iv,t) = exp [t (D(k) — ®(—i)) + (ik — N)id' (—i)))]
we obtain, using the shift formula for the Fourier transform, that the inverse Fourier
transforms are the same as well:

NPy (da, t) = e PN NP (g 4 i@ (=it 1),
which concludes the proof. O

Remark: If S(t) has a Lebesgue density p(z,t), so that P(dx,t) = p(x,t)dz, then it
follows immediately from Theorem 2 that the tempered process Sy (t) has density

pa(z,t) = e_)‘m_q’(_i’\)t_i’\q),(_i’\)tp(x +1®' (=it t). (20)

If we take ®(k) = c(ik)® for a # 1, or ®(k) = c(ik)log(ik) for a = 1, then it follows
by an easy computation that (8) holds. This shows that exponentially tempering
the stable density is equivalent to exponentially tempering the corresponding Lévy
measure. More generally, (20) shows that exponentially tempering the Lévy measure
of an infinitely divisible law is equivalent to exponentially tempering the density.

3 Finite difference methods

In this section we develop a second order finite difference method to solve the tempered
fractional advection dispersion equation with drift on a bounded interval [z, x| with
Dirichlet boundary conditions:

Opu(x,t) = —v(x)pu(z, t) + c(2)0% u(z, t) + q(, 1) (21)

with u(x,0) = ug(z), u(zr,t) = Bg(t), and u(z,t) = 0 for all z < zy and t > 0.
We assume v(z) > 0, ¢(z) > 0 and 1 < o < 2, to be consistent with the fractional
advection dispersion equation for left-to-right flow [14]. Our approach is similar to
[25]. First we develop an implicit Crank-Nicolson scheme that is second order in time,
but fails to be second-order in space, due to the fact that the finite difference ap-
proximation of the fractional derivative is only first order. Then we apply Richardson
extrapolation to obtain a method that is second order in both variables. We prove
second-order consistency, and stability, and conclude with a numerical example.



Recall the fractional binomial formula

S (:) £ =(142)° (22)

k=0

which is valid for any o > 0 and complex |z| < 1. Define

= r(—ré];r_(kai N “”%Z)

and note that wy can be computed recursively via wg = 1, w; = —, wi = ’Z+1wk
Our first result establishes a suitable finite difference approximation for the tem-
pered fractional derivative. Recall that LP denotes the class of functions f for which
[ 1f(z)|P dx exists, and the Sobolev space WP contains the L? functions whose deriva-
tives of order j = 1,2,..., k are also in LP.

Proposition 3 Let f €¢ W"3! for some integer n > 1. Let p € R,h > 0,A > 0 and
1 < a<2. Define

«
Ay f(x

>|H

- —(j—p)hA : phA (1 B e_h/\)a
2::( e U f(x—(J—p)h)) — M f (). (23)

Then there exist constants a; independent of h, f,x and X such that

Ap o f (@) = 05  f(2) + aX ™! f'(2)

+ ngl a; (e—Axag‘i'j [ekxf(l’)} — >\a+jf($(7)) hi 4 O(hn) (24)

uniformly in x € R.
Proof. The proof is similar to [25, Proposition 3.1]. Use the fractional binomial formula

(22) with z = —e~"*%) "along with the fact that e_“mf(]{:) is the Fourier transform
of f(z — a), to see that (23) has Fourier transform ¢y (k) f(k) with

¢h(k’) hla (Z wje —(J p)h(A+ik) _ 6ph)\ (1 . 6_h)\)a)

7=0

_ O (1 — e (A+z’k>> _m <1 - e—“>“ (25)
h h

:(>\ + i/{:)awh()\ + ’L]{?) - )\awh()\)

1—eh#\*
wp(z) = eP* <7hz ) )

where



A Taylor series expansion and some elementary estimates imply

n(\ + k) — Z (N + ik hI| < CR"A + ik|"ePh

for some constants a; and C' independent of h. Hence

n—1

(k) F (k) = " a; (A4 k) = X)W F (k) + (k. )

0

<.
Il

for some function ¢ with
[ih(, h)| < CR(IA+ k[ 4+ X f(K)).

Since [ € Wnt3l 4 standard argument using the Riemann-Lebesgue Lemma implies
that |f(k)| < C(1 + |k|)™"3. Hence k + 9(k,h) € L*(R) and [¢(x, h)| < C|h|"ePt?
for all z € R, and then Fourier inversion yields (24) uniformly over z € R. O

Remark 4 Note that the approxvimation (24) has terms involving 0> f(z). For these
to be uniformly bounded, f has to be sufficiently reqular, which is the case if f €
W3l However, if for example f(z) = xP, then 829 f(z) is not bounded near x = 0
if a+j > 3, and (24) will not hold. One should be able to rectify this by using the
starting quadrature weights of Lubich [8], but we have not yet attempted this.

Next we outline a Crank-Nicolson scheme for solving the tempered fractional diffusion
equation (21) on = € [z, zg] and t € [0,T]. Define ¢, = nAt to be the integration
time 0 < t, < T and Az = h > 0 to be the spatial grid size with x; = x; + iAx,
i=0,...,N,. Define u? = u(x;,t,),c; = c(m:),v; = v(x;), and ¢ = q(ws, (bngs +
tn)/2). Let U" define the numerical approximation to the exact solution u!'. In view
of Proposition 3 we will write

Ut U (et caxe!
At 2

0 + %5;;%) (Urt+ur) +42, (26)

where 6,U" = (U — U",)/Ax and

A 1 <« (k—1)AA AR Az
ST = (Zw e U k+1> - G (1—ea) 0, (27)
Rearranging (26) for U*! in matrix form yields
(I — AtAU™ = (I + AtAU" + Q"2 A¢, (28)

where

Qn = [Ulnu .. U]T\L/z—l]T7
n n+1/2 n+1/2 n+1/2 T n n
Q +1/2 _ [ / N / ,...,qN:r_/l + (N, 1) (BE + BR)I, (29)

10



i = 5am= and I is the (N, —1) x (N, —1) identity matrix. The entries of the matrix
A are collected from (26) to yield

nie M, 4 % j=i—1
Ai,j ={n; (w1 _ Mz (1 —)\A:C) ) i cia)\z‘Zml-i-vi j=i (30)
0 j>i+1
fori,j =1,..., N,—1. The matrix A is lower triangular plus entries on the first super-

diagonal j =i + 1. Note that the boundary condition u(zy,,t,) = Bgr(t,) = B} is
incorporated in the forcing term @, essentially to account for the fact that the super-
diagonal term is cut off in the bottom row.

Theorem 5 The Crank-Nicolson scheme (28) is consistent.

Proof. The proof follows immediately from Proposition 3, along with the well-known
consistency for the first order difference approximation §,U* = (U* — U",)/Ax. O

Proposition 6 The fractional Crank-Nicolson scheme (28) is unconditionally stable.

Proof. The proof is similar to [25, Proposition 3.3]. Note that (22) implies

iwje—(j—l))\Agc _ e)\Am(l _ e—)\Agc)a‘

j=0
It follows by a straightforward calculation that Z;Jil_oo
ative entries of A are on the diagonal, this implies that —A;; > Z’H Z-Ai,j. Hence
the matrix is diagonally dominant and using the Greshgorin theorem [7 pp. 135-136],
all the eigenvalues of the matrix A in (30) have negative real parts. Then the spectral
mapping theorem shows that the eigenvalues of (I — AtA)~!(I + AtA) have complex
absolute value less than 1, so the system is unconditionally stable. O

i,; = 0. Since the only neg-

Some standard arguments along with Proposition 3 show that the Crank-Nicolson
scheme is O(At?+ Az). We can improve the order of approximation by using Richard-
son extrapolation to obtain second order convergence; i.e., solve the system twice,
once with grid size Az and again with grid size Ax/2. Let U; = 2Uy az/2 — Ui az
be the extrapolated solution on the coarse grid. Then, in view of Proposition 3, the
extrapolated scheme is O(At? + Az?).

Example 7 Consider the tempered fractional diffusion equation with no drift

(67

Oyu(x,t) = c(x) (e_MaTe)‘ u(z,t) — A u(z,t) — a)\o‘_l(%u(a?,t)> +q(x,t)

11



Table 1
Maximum error behavior for Crank-Nicolson (CN) and extrapolated (CNX) scheme showing
improved second order convergence.

At Ax CN Max Error CN Error rate | CNX Max Error CNX Error rate
1/10 1/50 | 7.7738 x 10~° -~ 2.8514 x 1076 -~
1/20 1/100 | 3.8353 x 107° 2.03 7.2120 x 1077 3.95
1/40 1/200 | 1.9055 x 10~° 2.01 1.8157 x 1077 3.97
1/80 1/400 | 9.4976 x 10~© 2.01 4.5555 x 1078 3.99
with x € [0,1], « = 1.6, A = 2, initial condition
xPe
u(x,0) = f?z;;jija
with B = 2.8, diffusion coefficient
xz°T'(1 —
o) =

forcing function

e P+ B —a) <(1 — ) Aegeth
T(3+1) T(B+1)

aﬁ)\a—lxa—i-ﬁ—l

()

228

and boundary condition
—A—t

B(t) = u(lt) = 5y

The exact solution is given by

xﬁe—)\x—t

Ut = T gy

We solved the equation numerically to time t = 1 with and without extrapolation. The
extrapolation was done by halving the grid size to Ax/2 while keeping At to obtain
Uzi,azj2 and then computing U; = 2Ug axj2 — Ui az- The mazimum error is given in
Table 1.

4 Monte Carlo Simulation

Since the tempered a-stable Lévy process S\ (t) is infinitely divisible, it can be ap-
proximated by a random walk at any given mesh At. In this section, we provide a
general method to generate tempered stable random variables. More generally, the
method can be used to simulate any exponentially tempered random variable.
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Given a non-negative random variable X with density f(z), define the exponen-
tially tempered density fi(z) = e f(x)/ Js* e ™ f(u)du. Take Y exponentially
distributed with mean A~!, independent of X. Generate (X;,Y;) independent and
identically distributed with (X,Y’), and let N = min{n : X,, < Y,}. Then Xy has
the exponentially tempered density function fy(z): To see this, let ¢ =P(X <Y) =
JoPP(X < y)he ™ dy and compute

n=1
n=1

where

P(X, <z, X, <Y,) :/ P(X <z, X <y)re ™ dy
0

v (32)
:/ P(X <y)heMdy +P(X < z)e™™
0
and hence the density of Xy is
iIED(XN <1r)= q—1i / ’ P(X <y)he Mdy +P(X < a:)e—ﬂ
dx - dx Lo - - (33)
=g [P(X <a)he™ 4 f(2)e™ —B(X < z)he ]
which reduces to fi(z), since ¢ = [° f(y)e ™ dy via integration by parts.
te(ik)™

If S(t) is stable with index o < 1 and its density has Fourier transform p(k,t) = e
then S(t) > 0, and the method of [3,20] can be used to simulate S(t) = Z: Take U
uniform on [—7/2,7/2], W exponential with mean 1, and set

Z = (|¢]t) (34)

yeSina(U +5) (cos(U —a(U + 7)) (1=a)/e
cos(U)V/e W ’

The tempered stable random variable S, (t) can be simulated by the rejection method:
Draw Z, and Y exponential with mean \~!. If Y < Z, reject and draw again; oth-
erwise, set Sy(t) = Z + ctaA®"!. To simulate the entire path of the process, write
t = nAt and note that Sy(t) = > 1_1[S\(kAt) — S\((k — 1)At)], a random walk with
all n summands independent and identically distributed with Sy (At).

When a > 1, the stable density p(x,t) with Fourier transform p(k,t) = e'®? is
positive for all —co < x < oo and all t > 0; i.e., the support is all of R. The
exponentially tempered density py(z,t) = e " e~ p(x, t) is still integrable because
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p(z,t) — 0 faster than any exponential function as * — —oo [28, Theorem 2.5.2
and Eq. (2.5.18-19)]. To simulate these random variables, we adapt the procedure
for & < 1 and use the following theorem. Recall that for two random variables X, Z
with cumulative distribution functions F(z) = P(X < z),G(z) = P(Z < z), the
Kolmogorov-Smirnov distance is defined by d(X, Z) = sup{|F(x) — G(z)| : x € R}.

Theorem 8 Let X be a random variable with density f(x) such that the integral I =
[ e f(x) dx exists. Define the exponentially tempered density fi(x) = e f(x)/I.
LetY be exponentially distributed with mean A=, independent of X. Generate (X;,Y;)
independent and identically distributed with (X,Y'), and for a > 0 let N, = min{n :
X, <Y, —a}. Then the density of Xy, converges in L' to f\ as a — oo, and hence
d(Xn,,X) — 0 in the Kolmogorov-Smirnov distance.

Proof. Set ¢ = P(X <Y —a) and compute F,(z) =P(Xy, <z)=¢ 'P(X <z,X <
Y — a). Note that F,(z) = ¢ 'P(X < z) for x < —a, and, similar to (32), for z > —a
we have

Fa)=at (TP <y a)hedy + P(X < a)e- et
a(r) =¢q ; (X <y—a)de™Vdy +P(X < z)e :

Then the density of Xy, is f,(z) = ¢7' f(z) for x < —a and, by the same argument
as (33), fo(z) = ¢ ' f(x)e =) for 2 > —a. Note that

g :/Oo P(X <y —a)re ™ dy = e_’\“/ P(X < y)re N dy
0

—a

= | _fwdy+e? [ fly)e™dy.
Let hgy = e [T f(y)dy and g, = [~2 e M f(y)dy. Then ¢ = e (I — go + ha),
0 < he < go — 0 and the L' distance

> —eleMf(x)  f(x) oleMf(x)  flz)e Mot
/_OO|fA(:c)—fa(x)\dx—/_oo T L B e dz
—a | ,—Ax Aa 0o | p—Ax -z
e L e P o e B [ el P
—o0 1 I — gy + he —a 1 I — g,+ he
29, 1 1 3Ga
<2 L (J—g)|— )< —2r 0.
_I_ga+ha+( g)<1_ga+ha [>_I_ga+ha_)0
Finally we note that
d(Xn,, X) = sup |Fa(z) — Fa(z)]
e
—swp| [ @y [ fw)dy
z€R ;oo —00 (35)
<sup [ [fa(y) — fu(y)| dy
z€R J—o0
o0 39{1
= — < —
S ) = bl dy < = 0
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which completes the proof 0O

Note that if P(X > —a) = 1, then obviously g, = 0 and Xy, has the exponentially
tempered function fy(z) as its density.

To simulate S\(t) for @ > 1, choose a > 0 so that P(S(t) < —a) is small, draw Z
using

Z = (ct)

: s T s (1-a)/c
eSina(U = 7) <cos(U —ao(U -5+ &») (36)

cos(U) Ve W
and Y exponential with mean \~!. If Z > Y — a, reject and draw again; otherwise,
set Sy(t) = Z + ctaX*"!. Note that a larger a increases accuracy of the simulation
method, however a larger a will result in more rejections, increasing computing time.
For a = 1, use the same method and set Sy(t) = Z + ct(1 4+ In \) where

Z = (ct) (ln <gct> + (g + U> tan(U) — In <gzv2V+L[S]U>> . (37)

A random walk simulation of the particle path can be accomplished as in the case
a < 1, by simulating and adding independent and identically distributed random
jumps Sy(At). Figure 1 illustrates a random walk simulation of S)(¢) with o = 1.2,
c=1, At =1,and 0 <t < T = 100,000 for four different values of the tempering
parameter A. The simulation produced no Z < —2.5, and the chosen shift a = 4 lead
to few rejects [4, 000 out of 100,000 for A = 0.1; 350 for A = 0.01; 30 for A = 0.001; and
5 for A = 0.0001]. In this case, the random variable S(1) is stable with index «, mean
zero, skewness +1, and scale 0 = (— cos(ma/2))/* ~ 0.3578 in the parameterization
of Samorodnitsky and Taqqu [20]. The Kolmogorov-Smirnov bound (35) is less than
10~* (zero to machine precision) which can be verified by numerical integration using
the fast efficient codes of Nolan [18] for the stable density. Observe that as A gets
smaller, the anomalous large jumps in Figure 1 increase, leading to superdiffusion.
Particle tracking codes can be accomplished by simulating a large number of particles,
and generating a histogram of the results at different time points. The particle tracking
method can be extended to variable coefficient equations with complicated geometry
and boundary conditions.

An alternative simulation method uses the Poisson approximation for an infinitely
divisible Lévy process. It follows from results in Cartea and del Castillo-Negrete [2]
that the density py(z,t) of Sy\(t) has Fourier transform

pa(k,t) = exp {cot/ (e — 1 4 ikz)eaz! dx
0

where ¢y = ¢(a — 1)/T'(2 — a). Note that this corrects the constant in [2, Eq. (21)].
Given € > 0 small, we estimate py(k,t) by

exp [cot/ (e 1 4 ikx)e Maz™*" dx}

£

, (38)
= oxp [mecot (f(k) = 1+ ikpe)
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Fig. 1. Tempered stable Lévy motion Sy (¢) with a = 1.2.

where m. = [* e Maz= L dz, f.(z) = m-le ™ az™*"! is a probability density, and

pe = [ xf.(x)dr is its mean. Recognizing that the last line in (38) is the Fourier
transform of a mean-centered compound Poisson [12], we can write

Ne(t)

S)\(t) ~ Z (Jz - Ns)

i=1

where J; are independent random variables with density f., and N.(¢) is a Poisson
process with rate m.co. The approximation becomes exact as € — 0. To simulate J;,
use the exponential rejection method for positive random variables X developed in
this section, with P(X > ) = (z/¢)™%, so that X = ¢/U"* with U uniform on [0, 1].
To simulate the Poisson process, let W; = In(U;)/(mecy), T, = Wi + -+ - + W, and
N:(t) = max{n : T,, < t}. Note that this approximation is actually a continuous time
random walk [15,16] with exponentially tempered power-law jumps. Setting A = 0
yields a well-known approximation to the anomalous diffusion process S(t). In the
special case a < 1, a more refined version of this simulation idea was developed in a
recent paper of Cohen and Rosinski [5]. Their method reproduces the exact sample
path of the process up to small jumps, using a series representation based on a similar
Poissonian representation.
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