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NUMERICAL METHODS FOR SPDES
WITH TEMPERED STABLE PROCESSES*

MENGDI ZHENGT AND GEORGE EM KARNIADAKIST

Abstract. We develop new probabilistic and deterministic approaches for moment statistics
of stochastic partial differential equations with pure jump tempered a-stable (TaS) Lévy processes.
With the compound Poisson (CP) approximation or the series representation of the TaS process,
we simulate the moment statistics of stochastic reaction-diffusion equations with additive TaS white
noises by the probability collocation method (PCM) and the Monte Carlo (MC) method. PCM is
shown to be more efficient and accurate than MC in relatively low dimensions. Then as an alternative
approach, we solve the generalized Fokker—Planck equation that describes the evolution of the density
for stochastic overdamped Langevin equations to obtain the density and the moment statistics for
the solution following two different approaches. First, we solve an integral equation for the density by
approximating the TaS processes as CP processes; second, we directly solve the tempered fractional
PDE (TFPDE). We show that the numerical solution of TFPDE achieves higher accuracy than PCM
at a lower cost and we also demonstrate agreement between the histogram from MC and the density
from the TFPDE.
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1. Introduction. We develop and compare different numerical methods to solve
two stochastic models with tempered a-stable (TaS) Lévy white noises: a reaction-
diffusion equation and an overdamped Langevin equation with TaS white noises,
including stochastic simulation methods such as the Monte Carlo (MC) [11, 43] and
probability collocation method (PCM) [3, 55]. We also simulate the density of the
overdamped Langevin equation through its generalized Fokker—Planck (FP) equation
formulated as a tempered fractional PDE (TFPDE).

1.1. Stochastic models driven by tempered stable white noises. We first
solve the following stochastic reaction-diffusion model via stochastic simulation meth-
ods (MC and PCM) in the It6 sense:

du(t, z;w) = (% + pu)dt + edLi(w), x € 10,2],
(1.1) u(t,0) = u(t,2), periodic boundary condition,

u(0,x) = ug(r) = sin(5z), initial condition,

where Li(w) is a one-dimensional TaS process (also known as a Carr-Geman-Madan—
Yor (CGMY) process in finance) [9, 10].

The second model is a one-dimensional stochastic overdamped Langevin equation
in the It6 sense [12, 24]:

(1.2) dx(t;w) = —ox(t;w)dt + dLi(w), 2(0) = o,
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where L;(w) is also a one-dimensional TaS process. It describes an overdamped par-
ticle in an external potential driven by additive TaS white noise. This equation was
introduced in [28] to describe the stochastic dynamics in fluctuating environments for
Gaussian white noise, such as classical mechanics [20], biology [22], and finance [11].
When Li(w) is a Lévy process, the solution is a Markov process and its probabil-
ity density satisfies a closed equation such as the differential Chapman—Kolmogorov
equation [15] or the generalized FP equation [47]. When L;(w) is a TaS Lévy process,
the corresponding generalized FP equation is a TFPDE [12].

1.2. Background on tempered stable processes. TaS processes were in-
troduced in statistical physics to model turbulence, e.g., the truncated Lévy flight
model [27, 33, 39], and in mathematical finance to model stochastic volatility, e.g.,
the CGMY model [9, 10]. Here, we consider a symmetric TaS process (L;) as a
pure jump Lévy martingale with characteristic triplet (0,v,0) [6, 52] (no drift and no
Gaussian part). The Lévy measure is given® by [11]

—A|z|
(1.3) v(z) = “ __ 0<a<2

[z|otT”
This Lévy measure can be interpreted as an Esscher transformation [18] from that
of a stable process with exponential tilting of the Lévy measure. The parameter
¢ > 0 alters the intensity of jumps of all given sizes; it changes the time scale of the
process. Also, A > 0 fixes the decay rate of big jumps, while o determines the relative
importance of smaller jumps in the path of the process.? The probability density
for L; at a given time is not available in a closed form (except when « = %)3 The
characteristic exponent for L; is [11]
. « .
; s iso
(1.4) ®(s) = s 'log E[e"**] = 2T (—a)\*c [(1 - X) -1+ T} , a#l,
where I'(z) is the Gamma function and E is the expectation. By taking the derivatives
of the characteristic exponent we obtain the mean and variance:

(1.5) E[L] =0, Var[L)]=2tT'(2 - a)eA* %

In order to derive the second moments for the exact solutions of (1.1) and (1.2), we
introduce the It6 isometry. The jump of L; is defined by AL; = Ly — L;—. We define
the Poisson random measure N (t,U) as [23, 37, 40]

(1.6) NtU)= Y Iar.cu, U€BRg), UCRy.

0<s<t

Here Ry = R\{0}, and B(Ry) is the o-algebra generated by the family of all Borel
subsets U C R, such that U C Ryg; I is an indicator function. The Poisson random
measure N (¢,U) counts the number of jumps of size AL, € U at time ¢t. In order
to introduce the It6 isometry, we define the compensated Poisson random measure
N [23] as

(1.7) N(dt,dz) = N(dt,dz) — v(dz)dt = N(dt,dz) — E[N(dt, dz)].
Tn a more generalized form, the Lévy measure is v(z) = %/\_:I‘Im<o + %le>o. We

may have different coefficients ¢4, c—, A4, A_ on the positive and the negative jump parts.
2In the case when o = 0, L is the gamma process.
3See inverse Gaussian processes.
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The TasS process L; (as a martingale) can be also written as

(1) L= t A o).

For any t, let F; be the o-algebra generated by (L, N(ds,dz)), z € Ro, s <t. We
define the filtration to be F = {F;,t > 0}. If a stochastic process 6;(z),t > 0,z € Ry
is Fy-adapted, we have the following It isometry [37]:

T 2 T
(1.9) E < /0 Ret(z)N(dt,dz)> =E /O Rﬁf(z)u(dz)dt].

Equations (1.1) and (1.2) are understood in the It6 sense. The solutions are stochastic

It6 integrals over the TS processes L, [46], such as fOT f(t)dLy, with the Lévy measure
given in (1.3). Thus, by applying (1.8), the second moment can be derived using the

Lévy measure:
T 2 T 2
E dL, =E N(dt,d
(/ 1) ) (/ [ s z>>

(1.10)
T
/ fz(t)zzu(dz)dt] .
0 JRo

=E

Both equations (1.1) and (1.2) contain an additive white noise L, of a Ta:S process.
Details of white noise theory for Lévy processes with applications to stochastic partial
differential equations (SPDEs) and finance can be found in [5, 38, 30, 31, 41]. The
white noise of a Poisson random measure takes values in a certain distribution space.
It is constructed via a chaos expansion for Lévy processes with kernels of polynomial
type [38], and defined as a chaos expansion in terms of iterated integrals with respect
to the compensated Poisson measure N (dt, dz) [25].

1.3. Numerical simulations of functionals of TaS processes. For simula-
tions of TaS Lévy processes, we do not know the distribution of increments explic-
itly [11], but we may still simulate the trajectories of TaS processes by the random
walk approximation [4]. However, the random walk approximation does not identify
the jump time and size of the large jumps precisely [48, 49, 50, 51]. In the heavy
tailed case, large jumps contribute more than small jumps in functionals of a Lévy
process. Therefore, in this case, we have mainly used two other ways to simulate
the trajectories of a TaS process numerically: compound Poisson (CP) approxima-
tion [11] and series representation [49]. In the CP approximation, we treat the jumps
smaller than a certain size § by their expectation, and treat the remaining process
with larger jumps as a CP process [11]. There are six different series representations of
Lévy jump processes. They are the inverse Lévy measure method [14, 26], LePage’s
method [29], Bondesson’s method [8], thinning method [49], rejection method [48],
and shot noise method [49, 50]. In this paper, for TaS processes, we will use the shot
noise representation for L; as a series representation method because the tail of the
Lévy measure of a TaS process does not have an explicit inverse [51]. Both the CP
and the series approximation converge slowly when the jumps of the Lévy process
are highly concentrated around zero, however, both can be improved by replacing the
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small jumps with Brownian motions [2]. The a-stable distribution was introduced to
model the empirical distribution of asset prices [32], replacing the normal distribution.
The empirical distribution of asset prices is not always in a stable distribution or a
normal distribution. The tail is heavier than a normal distribution and thinner than
a stable distribution [7]. Therefore, the TaS process was introduced as the CGMY
model to modify the Black and Scholes model.

In the past literature, the simulation of SDEs or functionals of TaS processes was
mainly done via MC [43]. MC simulation for functionals of TaS processes is possible
after a change of measure that transforms TaS processes into stable processes [45].

The paper is organized as follows: in section 2, we compare the CP approximation
and the series representation of a TaS process; in section 3, we solve a stochastic
reaction-diffusion model with TaS white noise via MC and PCM, both with CP
approximation or series representation, of the TaS process; in section 4, we simulate
the density evolution for an overdamped Langevin equation with TaS white noise via
the corresponding generalized FP equations. We also compare the statistics obtained
from the FP equations and MC or PCM methods. We conclude in section 5. In
Appendices A and B, we provide algorithms of the rejection method and simulation
of CP processes. We also provide the probability distributions to simplify the series
representation in Appendix C.

2. Numerical simulation of TaS processes. In general there are three ways
to generate a Lévy process [49]: random walk approximation, series representation,
and CP approximation. For a TaS process, the distribution of increments is not
explicitly known (except for o = 1/2) [11]. Therefore, in the following we discuss the
CP approximation and the series representation for a TaS process.

2.1. Simulation of TaS processes by CP approximation. In the CP ap-
proximation, we simulate the jumps larger than § as a CP process and replace jumps
smaller than § by their expectation as a drift term [11]. Here we explain the method
to approximate a TasS subordinator X; (without a Gaussian part and a drift) with the
Lévy measure v(z) = C;;—:flww (positive jumps only); this method can be generalized
to a TasS process with both positive and negative jumps. The CP approximation X}
for this TasS subordinator X; is

Xpom X) =Y AXdax.>s+E > AXIax.<s
s<t s<t
S Qep
= Flicr, + 0t =Y T e, + b0t

i=1 i=1

(2.1)

We introduce @, here as the number of jumps that occurred before time ¢. The first
term > 7, JfIthi is a compound Poisson process with jump intensity

® e~y

and jump size distribution p®(z) = ﬁfg—ﬁlzzg for J¢. The jump size random vari-
ables (RVs) J¢ are generated via the rejection method [13], given in Appendix A. Here,
T; is the ¢th jump arrival time of a Poisson process with intensity U(d). The accuracy
of the CP approximation method can be improved by replacing the smaller jumps
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by a Brownian motion [2], when the growth of the Lévy measure near zero is fast.
The second term functions as a drift term, b%¢, resulting from truncating the smaller
jumps. The drift is b° = ¢ f(f 67;#. This integration diverges when « > 1, therefore
the CP approximation method only applies to TaS processes with 0 < a« < 1. In
this paper, both the intensity U(d) and drift b° are calculated via numerical integra-
tions with Gauss-quadrature rules [16] with a specified relative tolerance (RelTol).*
In general, there are two algorithms to simulate a compound Poisson process [11]:
the first method is to simulate the jump time 7; by exponentially distributed RVs
and take the number of jumps ., as large as possible; the second method is to first
generate and fix the number of jumps, then generate the jump time by uniformly
distributed RVs on [0,¢]. Algorithms for simulating a CP process (the second kind)
with intensity and the jump size distribution in their explicit forms are known on
a fixed time grid [11], given in Appendix B. In order to simulate the sample paths
of a symmetric TaS process with a Lévy measure given in (1.3), we generate two
independent TasS subordinators via the CP approximation and subtract one from the
other. The accuracy of the CP approximation is determined by the jump truncation
size 4.

2.2. Simulation of TaS processes by series representation. Let {e;},
{n;}, and {&;} be sequences of independently and identically distributed (i.i.d.) RVs
such that P(e; = £1) = 1/2,7; ~ Expo-nential()), and &; ~ Uniform(0,1). Let {I';}
be arrival times in a Poisson process with rate one. Let {U;} be i.i.d. uniform RVs on

[0,T]. Then, a TaS process L; with Lévy measure given in (1.3) can be represented
as [51]

+o00o -1/«
al’; o
(2.3) Ly = Z €5 <26—7{> A njfjl»/ ‘| I{Ujgt}a 0<t<T.
j=1

Equation (2.3) converges almost surely as uniformly in ¢ [48]. In numerical simu-
lations, we truncate the series in (2.3) up to Qs terms. The accuracy of a series
representation approximation is determined by the number of truncations Q).

2.3. Simulating inverse Gaussian (IG) subordinators (o = 1/2). In or-
der to compare the numerical performance of CP approximation and series represen-
tation of TasS processes, we simulate the trajectories of an IG subordinator by the
two methods. An IG subordinator is a TasS subordinator with a Lévy measure (with
one-sided jumps, o = 1/2) as

— Az

ce
(2.4) vig = W11>0-

The probability density function (PDF) at time ¢ for an IG subordinator is known to
be [11]

t
(2.5) pe(x) = = e2dme*)‘w7”62t2/w, x> 0.

2372

We perform the one-sample Kolmogorov-Smirnov statistic (K-S test) [34] between the
empirical cumulative distribution function (CDF) and the exact reference CDF:

(2.6) KS =sup|Fem(z) — Fer(2)|, = € supp(F).

4The RelTol of numerical integration is defined as ‘q‘

ZQ? , where ¢ is the computed value of the
integral and @ is the unknown exact value.
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Fic. 1. Empirical histograms of an IG subordinator (a = 1/2) simulated via the CP approxi-
mation at t = 0.5: the IG subordinator has ¢ = 1, A = 3; each simulation contains s = 10% samples
(we zoom in and plot x € [0,1.8] to examine the smaller jumps approzimation); they have different
Jump truncation sizes as § = 0.1 (left, dotted, CPU time 1450 s), 6 = 0.02 (middle, dotted, CPU
time 5710 s), and 6 = 0.005 (right, dotted, CPU time 38531 s). The reference PDFs are plotted in
red solid lines; the one-sample K-S test values are calculated for each plot; the RelTol of integration
in U(8) and b is 1 x 10~8. These runs were done on Intel (R) Core (TM) i5-3470 CPU @ 3.20
GHz in MATLAB.
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F1G. 2. Empirical histograms of an IG subordinator (a = 1/2) simulated via the series represen-
tation at t = 0.5: the IG subordinator has ¢ = 1, A = 3; each simulation is done on the time domain
[0,0.5] and contains s = 10% samples (we zoom in and plot x € [0,1.8] to examine the smaller jumps
approzimation); they have different numbers of truncations in the series as Qs = 10 (left, dotted,
CPU time 129 s), Qs = 100 (middle, dotted, CPU time 338 s), and Qs = 1000 (right, dotted, CPU
time 2574 s). The reference PDFs are plotted in red solid lines; the one-sample K-S test values are
calculated for each plot. These runs were done on Intel (R) Core (TM) i5-3470 CPU @ 3.20 GHz
in MATLAB.

This one-sample K-S test quantifies a distance between the exact IG process and the
approximated one (by the CP approximation or the series representation).

In Figures 1 and 2, we plot the empirical histograms (with the area normalized
to one) of an IG subordinator at time ¢, simulated via the CP approximation with
different small jump truncation sizes § (explained in section 2.1) and via the series
representation with different numbers of truncations in the series @5 (explained in
section 2.2), against the reference PDF in (2.5). We observe that the empirical his-
tograms fit the reference PDF better when 6 — 0 in the CP approximation in Figure
1 and when g increases in the series representation. The quality of fitting is shown
quantitatively via the K-S test values given in each plot.

In both Figures 1 and 2, we run one million samples on 1000 bins for each his-
togram (known as the square-root choice [54]). We zoom in and plot the parts of
histograms on [0, 1.8] to examine how smaller jumps are captured. We observe that
in both Figures 1 and 2 when ¢ is large or ), is small, the distribution of small jumps
is not well approximated. Therefore, both methods suffer from accuracy if smaller
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jumps have a big contribution to the solution of SPDEs, e.g., when « or A\ is large.
Furthermore, when § is large in the CP approximation (see 6 = 0.1 in Figure 1), the
big jumps are well approximated although the small ones are not; when @ is small
in the series representation, neither big nor small jumps are well approximated (see
Qs = 10 in Figure 2). When the cost is limited, this shows an advantage of using
the CP approximation, when big jumps have a larger contribution to the solution of
SPDEs.

3. Simulation of reaction-diffusion equations with TaS white noises.
In this section, we will provide numerical results for solving the stochastic reaction-
diffusion equation (1.1). We will perform and compare four stochastic simulation
methods to obtain the statistics: MC with CP approximation (MC/CP), MC with
series representation (MC/S), PCM with CP approximation (MC/CP), and PCM
with series representation (PCM/S).

The integral form of (1.1) is

t
7‘,2
(3.1) u(t,r) = e T 'sin (ga:) + ee“t/ e "dL,, x€]0,2],
0

where the stochastic integral is an Ito integral over a TaS process [46]. The mean of
the solution is

(3.2) Ee.[u(t, )] = "~ tsin (gx) .

By the It6 isometry [37] and (3.2), the second moment of the solution is
2 . 2ut

ce"e

s
/1*/\270[ (1

(3.3) E..[u?(t, v;w)] = =T i (§x) +

—e (2 - a).
Let us define the Ly norm of the error in the second moment [2u2(t) to be

E@z ’ ’t; - Enum 2 ,t;
(3.4) 12un(t) = Beal (@ Ew)] ; (v, 5 laagoap
[Eeq [w? (@, t; W)l L2 ((0,2))

where Eyum[u?(x,t;w)] is the second moment evaluated by numerical simulations.

3.1. Comparing CP approximation and series representation in MC.
First we will compare the accuracy and convergence rate between MC/CP and MC/S
in solving (1.1) by MC. In MC, we generate the trajectories of L; (a TaS process with
the Levy measure given in (1.3)) on a fixed time grid with st the number of time steps
({to = 0,t1,ta,...,tst = T}). We solve (1.1) via the first-order Euler’s method [43] in
the time direction with a time step At = ¢t —¢™:

8211

(35) Un+1 — Un = <W + uu") At + E(Ltn+1 — Ltn).

We discretize the space by N, = 500 Fourier collocation points [21] on the domain
[0, 2].

In Table 1, we plot the [2u2 errors at a fixed time T versus the sample size s
by the MC/CP and the MC/S, for A = 10 (upper) and for A = 1 (lower, with a less
tempered tail). First for the cost, the MC/CP costs less CPU time than the MC/S,
e.g., when A = 10 in Table 1, the MC/S with @, = 10 and s = 65536 takes twice the
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TABLE 1
MC/CP vs. MC/S: error 12u2(T) of the solution for (1.1) versus the number of samples s with
A =10 (upper) and X =1 (lower). T =1,c= 0.1, « = 0.5, e = 0.1, u = 2 (upper and lower). Spatial
discretization: Nz = 500 Fourier collocation points on [0,2]; temporal discretization: first-order
Euler scheme in (3.5) with time steps At = 1 x 107°. In the CP approzimation, RelTol =1 x 10~8
for integration in U(J).

s (A = 10) 256 1024 4096 16384 65536 262144

MC/S Qs =10 |[3.9x1073|6.0x1074|1.6x107* [6.8x107° | 2.3 x 107° | 3.5 x 1076
MC/CP §=0.1 |54x107%|6.2x107*|6.3x 1074 |43 x 107* [4.3 x 107* | 4.5 x 10~*
MC/CP §=0.01 [ 3.6 x 1074 | 1.8 x 107° | 9.8 x 107° | 1.3 x 107° | 3.5 x 1076 | 2.0 x 10~°
s(A=1) 256 1024 4096 16384 65536 262144

MC/S Qs = 10 1.7x1072(1.4%x1072 |6.1x1073 | 7.6 x 1073 | 4.4 x 1073 | 6.6 x 10~4
MC/CP §=0.1 |1.8x1072|4.9x1073|24x 1073 |25x 1073 |51 x 107% | 2.7 x 1074
MC/CP §=0.01 |8.6x 1072 |3.8x 1073 |58 x 1073 | 2.0 x 1073 | 1.1 x 10~* | 3.6 x 1075

CPU time as the MC/CP with ¢ = 0.01 and s = 65536 even though the MC/CP is
more accurate. Second, to assess the accuracy of the methods, the MC/CP is more
accurate than MC/S even though it takes about half the CPU time, e.g., the MC/CP
with 6 = 0.01 and the MC/S with Qs = 10. Third, we observe that decreasing &
in the MC/CP to improve the accuracy is more effective with a small s when more
smaller jumps are present (larger \). For example, when A = 10, 6 = 0.01 starts to be
more accurate than 6 = 0.1 when s = 1024; when A\ = 10, § = 0.01 starts to be more
accurate than § = 0.1 when s = 65536. This can be explained by the fact that large
jumps have a greater contribution to the solution and decreasing ¢ in the MC/CP
makes a great difference in sampling smaller jumps as in Figure 1.

3.2. Comparing CP approximation and series representation in PCM.
Next, we will compare the accuracy and efficiency of PCM/CP and PCM/S in solving
(1.1). In order to evaluate the moments of solutions, PCM [55], as an integration
method on the random space, is based on the Gauss-quadrature rules [16]. Suppose
the solution is a function of a finite number of independent RVs ({Y!, Y2 ..., Y"™)})

as v(Y1, Y2 ..., Y"™), the mth moment of the solution, is evaluated by
dl dn
(3.6) Ep™(YLY2 Y=Y Y v vl .yt w)
i1=1  ip=1

where wa and yf] are the i;th Gauss-quadrature weight and collocation point for
Y7, respectively. The simulations are run on (II"_;d;) deterministic sample points

(yill, ..., y; ) in the n-dimensional random space. In the CP approximation, the Ta:S

process L, is approximated via L; ~ Z?:‘:f JoLi<, + b°t, where Q. is the number of
jumps we consider. As we mentioned in section 2.1 there are two ways to simulate a
compound Poisson process. Here we treat the number of jumps @, as a modeling pa-
rameter by the CP approximation and simulate the time between two jumps T;41 —T;
by exponentially distributed RVs with intensity U(d). The PCM/CP method contains
two parameters: the jump truncation size § and the number of jumps we consider Q..
Therefore, the PCM /CP simulations of problem (1.1) are run on the collocation points
for RVs J{S and T; in the 2Q).p-dimensional random space (with d?@<» sample points);

Qcp is the number of jumps truncated. In the series representation, the TasS process
Osz
2cT

L; is approximated via L; =~ 2?231 6[(54)" A njgi/a]I{UjSt} on the simulation
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domain [0,7]. To reduce the number of RVs (therefore, to decrease the number of

dimensions in the random space), we calculate the distribution of [(524) =1/« /\r]jfjl-/ “
for a fixed j in Appendix C and treat it as one RV for each j. Therefore, the PCM/S

simulations under the series representation are run on the quadrature points for RVs
€5, [(gcrf)_l/a A Ujfgl'/a], and U; in the 3Q,-dimensional random space (with d39
sample points). In the following, we generate the stochastic collocation points numer-
ically based on the moments [42]. In Appendix D we introduce a method to generate
orthogonal polynomials for a given measure with finite moments [56]. The stochastic
collocation points are generated by the Gaussian quadrature rule [19]. Alternative
methods can also be used such as the Stieltjes” method and the modified Chebyshev
method [17]. Here, we assume each RV has the same number of collocation points d.

However, typically for this problem (1.1) we only need d(Q¢, + 1) sample points
in PCM/CP instead of d??<» and only dQ, sample points in PCM/S instead of d®%.
Using the CP approximation given in (2.1), the second moment of the solution in
(3.1) can be approximated by

Qcp
(3.7) E[u2(t, z;w)] ~ et~ 3™t sin? (ga:) +EHE[()%) Y Ele T,
=1

Using the series representation given in (2.3), the second moment of the solution in
(3.1) can be approximated by

E[u’(t,z;w)] ~ 21— 37t g2 (Ex)

2
(3.8) 1 Qs .\ -Ye 2
2 2ut 1 e—2nT E ol A el
reems e ); <<2CT> s

The distribution of RV [(gcl;{)_l/o‘ A njf;/a] is given in Appendix C. Here we sam-
ple the moments of solution directly from (3.7) for the PCM/CP and (3.8) for the
PCM/S; therefore, we significantly decrease the sample size with the integral form of
the solution in (3.1). For example, in this typical problem we may evaluate E[e 2T
for each i separately in (3.7). Indeed, such a reduction of the number of samples in
the PCM method is possible whenever the following condition can be met. Suppose
we have @ independent RVs {Z;,i = 1,...,Q}. If the expectation of a functional of

{Z;,i=1,...,Q} is a functional of expectation of some function of each Z; separately,

(3.9) E[F(Zy,...,Z4)] = G(E[fi(Z1)], .., E[fa(Z4)]),

we may evaluate each E[f;(Z;)] “separately” via the PCM with d collocation points.
In this way, we reduce the number of samples from d% to dQ.

In Figure 3, we plot the [2u2(T") errors of the solution for (1.1) versus the number
of jumps Q¢p (via PCM/CP) or @, (via PCM/S). In order to investigate the @, and
Qs convergence, we apply a sufficient number of collocation points for each RV until
the integration is up to a certain RelTol. We observe three things in Figure 3.

1. For smaller values of Qs and Q.,, PCM/S is more accurate and converges
faster than PCM/CP, because bigger jumps contribute more to the solution
and PCM/S samples bigger jumps more efficiently than PCM/CP as we ob-
served in Figures 1 and 2.
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Fic. 3. PCM/CP vs. PCM/S: error 12u2(T) of the solution for (1.1) versus the number of
Jumps Qep (in PCM/CP) or Qs (in PCM/S) with X\ = 10 (left) and X\ =1 (right). T =1, ¢ = 0.1,
a = 0.5, ¢ =01, p =2, N =500 Fourier collocation points on [0,2] (left and right). In the
PCM/CP, RelTol = 1 x 10710 for integration in U(8). In the PCM/S, RelTol =1 x 10~8 for the

integration of E[((gg{ Yy~ njgjl./"‘)%

2. For intermediate values of Qs and Qp, the convergence rate of PCM/S slows
down but the convergence rate of PCM/CP speeds up, because the contribu-
tion of smaller jumps starts to affect the accuracy since the PCM/CP samples
the smaller jumps faster than PCM/S.

3. For larger values of @ and Qp, both PCM/CP and PCM/S stop converging
due to their own limitations to achieve higher accuracy.

The limitations of PCM/CP and PCM/S are
e in the PCM/CP when 4 is small, the integration to calculate U(8)=c [5~ e;::ﬁlz

is less accurate because of the singularity of the integrand at 0;

e in the PCM/S, the density for the RV [(%)*1/0‘/\%5;/0‘] in (2.3) for a greater

value of j requires more collocation points (d) to accurately approximate the

expectation of any functionals of [(%)‘Ua A njéj%/a].
Within their own limitations (§ not too small, Qs not too large), the PCM/S achieves
higher accuracy than the PCM/CP; however, it costs much more computational time
especially when the TaS process L; contains more smaller jumps. For example, when
A = 10 in Figure 3, to achieve the same accuracy of 10711, the PCM/S with Qs = 10
costs more than 100 times the CPU time than the PCM/CP with Q., = 30 and
§=1x1075.

3.3. Comparing MC and PCM in CP approximation or series repre-
sentation. Next we compare the accuracy and efficiency both between MC/CP and
PCM/CP and between MC/S and PCM/S to obtain the statistics of the solution of
(1.1).

In Figure 4, we compare MC/CP and PCM/CP with the same § (left), then
we compare MC/S and PCM/S (right). In the PCM/CP, we fix d (the number of
collocation points for each RV) and vary @, to obtain different numbers of sample
points s; in the PCM/S, we fix d and vary @ to obtain different s. By (3.7) and (3.8)
we only have s = d(2Q., + 1) instead of s = d?“e» in the PCM/CP and dQ; instead
of s = d3@ in the PCM/S. However, we still plot the error versus s = d*@<» in the
PCM/CP and versus s = d3@¢ in the PCM/S to investigate the PCM method in case
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Fia. 4. PCM vs. MC: error [12u2(T') of the solution for (1.1) versus the number of samples
s obtained by MC/CP and PCM/CP with 6 = 0.01 (left) and MC/S with Qs = 10 and PCM/S
(right). T=1,c=01,a =05, A=1, e =0.1, u = 2 (left and right). Spatial discretization:
Nz = 500 Fourier collocation points on [0,2] (left and right); temporal discretization: first-order
Euler scheme in (3.5) with time steps At = 1x 1075 (left and right). In both MC/CP and PCM/CP,
RelTol = 1 x 10™8 for integration in U(S).

the dimension of the random space cannot be reduced. With the dimension reduction,
PCM/CP and PCM/S outperform the convergence of MC/CP and MC/S drastically;
without the dimension reduction, the PCM/S seems to be still more accurate than
the MC/S, however the slope of convergence of PCM/CP slows down for a larger
s = d?@». We also observe during the numerical experiment that the error is clearly
decreased when we increase 5 or (¢, but it is not as clear when we increase d from
2 to 3.

4. Simulation of overdamped Langevin equations with TaS white noises.
In this section, we will present two methods for simulating the statistics for (1.2) by
solving the corresponding generalized FP equation. In the first method, we solve for
the density by approximating the TasS process L; by a CP process, while in the sec-
ond method, we solve a TFPDE. We will compare these two FP equation approaches
with the previous MC and PCM methods via the empirical histograms and errors of
moments.

4.1. Generalized FP equations for overdamped Langevin equations with
TaS white noises. It is known that for any overdamped Langevin equation with a
Lévy white noise 7y,

(4.1) dx(t) = f(x(t),t)dt + dnt(w), x(0) = xo,
the PDF of the solution P(x,t) satisfies the following generalized FP equation [12]

0

(4.2) %P(x,t) = [f(x,t) P(x,t)] + f‘l{Pk(t) lnSk}.

Sk is the characteristic function (ch.f.) of the process n; at time ¢ = 1, as Sy =
Ele~%™"]. We define the Fourier transformation for a function v(z) as F{v(x)} =

Vg = fj;f dre="**y(x). Py(t) is the ch.f. of z(t), as P(t) = E[e~**®)]. The inverse
Fourier transformation is defined as F~'{v,(2)} = v = 5= j:oo dze* vy, (z).
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By the CP approximation with the jump truncation size ¢ of the TaS process Ly
for (1.2), the density P.p,(z,t) of the solution x(t) satisfies [12]

+oo —Alyl
(4.3) %Pcp(x,t) = |:O’—2U(5):| Pcp(a:,t)—kaxarigif’t)—k/ dyPCP(x_y’t)T;Tﬂ
with the initial condition P, (z,0) = d(z — x¢), where U(9) is defined in (2.2).

We also obtain the generalized FP equations as TFPDE for the density Ps(x,t)
directly from (4.2) without approximating L; by a CP process for (1.2). Due to the
fact that when 0 < a < 1 and 1 < a < 2, the ch.f.s for Ly, Sk, are in different forms,
the density P, (z,t) satisfies different equations for each case.

When 0 < o < 1, Sy, = exp [-D{(A +ik)* — A*}] [11, 36], where D = <I'(1 — a),
I'(t) = fOJrOO '~ le~%dx, the density Ps(z,t) satisfies

0

0
Epts(x,t) =% (cm:PtS(a:, t))

— 0o

(4.4)
— D(a) (Ong‘7)‘Pts(x,t) + wa_’O)gPts(x,t)> O0<a<l,

with the initial condition Pis(z,0) = 6(z —x¢). The left and right Riemann-Liouville
tempered fractional derivatives are defined as [4, 36]:

(4.5) —eo DI f(w) = e o DY[EN f(2)] = A f(x), 0<a<l,
and
(4.6) DTLf(x) = e DY [e M f(2)] — A\f(z), 0<a<l.

In the above definitions, for @ € (n — 1,n) and f(z) (n — 1)-times continuously
differentiable on (—o0, +00), oo Dg and D% are left and right Riemann-Liouville
fractional derivatives defined as [4]

(4.7) D) = g | N (N

Tl —a)dom | o= g7

_1\n n o0

When 1 < a < 2, S = exp[D{(A + ik)* — X\* — ikaX*~'}] [11, 36], where

D(a) = ml"@ — «), the density Pis(x,t) satisfies
%Pts(x,t) = % (cm:PtS(a:, t))
(4.9)

+ D(Oé) (_OOD;X’)\PtS(ZE, t) + rDi’O);)Pts(xa t)) y l<a< 2,

with the initial condition Py(z,0) = §(x — x¢). The left and right Riemann-Liouville
tempered fractional derivatives are defined as [4, 36]
(4.10)  _ oD f(x) = e N DY f(x)] — AN f(z) —aX* 1 (2), 1<a<?2,

and

(4.11) D2 f(x) =, DY e f(x)] = A f(z) + a7 (2), 1<a<2.
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The left and right Riemann-Liouville fractional derivatives _o Dy and D¢ can be
numerically implemented via the Grinwald-Letnikov finite difference form for 0 <
a < 1[35, 36, 44]:

(412) —ooD?f(ﬂf)—hmh—mzj OhD‘Wf( ) 0<a<l,
. 1Dioof(x)_hmh—>ozj OhaW f(x+]h) O<a<l.

Here, _oDg and D% are implemented via the shifted Grinwald-Letnikov finite
difference form for 1 < o < 2 [36, 44]:

(4.13) oo D% f(x) = limy 0 Zj -0 haW fle—=(G—1Dh), 1<a<?2,
' DYoo f(@) = limy o X/25 5 W, fla + (j— D), 1<a<2

Note that Wi = (¢) (—=1)F = % can be derived recursively via Wy =

1L,W) = —a, Wiq1 = ’Z‘Tcl’“Wk In the following numerical experiments, we will solve
(4.4) and (4.9) by the aforementioned first-order numerical fractional finite differ-
ence scheme for spatial discretization on a sufficiently large domain [—L, L] and fully
implicit scheme for temporal discretization with time step At. Let us denote the
approximated solution of Pg(x;,t,) as P*. Let us denote z; = ]ZV—I;Z —L="hi—1L,
1=0,1,..., N,, where h is the grid size. When 0 < o < 1, we use the following fully
implicit discretization scheme for (4.4):

(4.14)
P:I’L+1 _ pn P.”Jrl _ P:I’L+1
i i i <0,+2D(a))\a>13in+l +ox; i+1 o i—1
D(a) i D(@) o, N~
_ ha 67)\17; Z Wjekwi,j Pl’n:i-Jl _ ha e)\wi Z Wjef)\wH,thi?::‘;l.
j=0 j=0

When 1 < o < 2, we use the following fully implicit discretization scheme for (4.9):
(4.15)

1
Pt —pr
At
Pﬂ+1 o Pﬂ+1
= (o —2D(@)\* | P 4 g 2L
2h
1+1 N,—i+1
_Aml ZW e)\zl ]+1Pn++1 + Arl Z W e—ArH_J 11;)11_1:51 .-

In both the CP approximation and the series representation, we numerically approx-
imate the initial condition by the delta sequences [1] either with sinc functions®

. 400
sin(nm(x — x .
ie) o = TETEZD [ 5000 f(0)de = 1(0)
or with Gaussian functions
+oo
(17) 6 =exp(-n(e—w0)?), lm [ 69()f(@)dr = (0).

5We approximate the initial condition by keeping the highest peak 6}3 in the center and setting
the value on the rest of the domain to be zeros. After that we normalize the area under the peak to
be one.
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Fic. 5. Zoomed in density Pis(t,x) plots for the solution of (1.2) at different times obtained
from solving (4.4) for o = 0.5 (left) and (4.9) for a = 1.5 (right): 0 = 0.4, zg =1, c =1, A =10
(left); o = 0.1, o = 1, ¢ = 0.01, A = 0.01 (right). We have Ny = 2000 equidistant spatial points
on [—12,12] (left); Ny = 2000 points on [—20,20] (right). Time step is At = 1 x 10~* (left) and
At =1x10"° (right). The initial conditions are approzimated by 62DO (left and right).

In Figure 5 we simulate the density evolution for the solution of (1.2) obtained
from the TFPDEs (4.4) and (4.9). The peak of the density moves towards smaller
values of z(t) due to the —ox(t;w)dt term. The noise dL;(w) changes the shape of
the density.

The integral form of (1.2) is given by

t
(4.18) z(t) = zpe 7t + e / e’7dL,.
0

The mean and the second moment for the exact solution of (1.2) are

(4.19) E[z(t)] = zoe™ 7"
and
(4.20) E[2?(t)] = 23e 27" + g(l — 6_20t)%.

Let us define the errors of the first and the second moments to be

o |E[Znum ()] — Elre ()] err o |E[x121um(t)] - E[xgz (t)]|
@21) erna(®) = ="gn o+ =T gRn )

4.2. Simulating density by CP approximation. Let us simulate the den-
sity of solution x(t), P.p(x,t), in (1.2) by approximating the TaS process L; by a
CP process (density/CP) Y52, J3L,<7, + %t [11]. We solve (4.3) for P.,(z,t) via
the second-order Runge-Kutta (RK2) for temporal discretization and via Fourier
collocation on a sufficiently large domain [—L, L] with N, equidistant points {z; =
—L + ?V—in,i = 1,...,N,}. For each x; we simulate the integral in the last term

f:r;o dyPey (i — y, t)% via the trapezoid rule taking y to be all the other points

on the grid other than z;. We take § = ]2V—L to include all the points on the Fourier
collocation grid in this integration term.
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Fic. 6. Density/CP vs. PCM/CP with the same 8: errors errist and erronq of the solution
for (1.2) versus time obtained by the density equation (4.3) with CP approzimation and PCM/CP
in (4.22). ¢=0.5, a =0.95, A =10, 0 = 0.01, zg = 1 (left); ¢ =0.01, « = 1.6, A = 0.1, o = 0.02,
xo = 1 (right). In the density/CP: RK2 with time steps /At = 2 x 1073, 1000 Fourier collocation
points on [—12,12] in space, § = 0.012, RelTol = 1 x 108 for U(6), and initial condition as 62DO
(left and right). In the PCM/CP: the same § = 0.012 as in the density/CP.

We also simulate the moments for the solution of (1.2) by PCM/CP. Through
the integral form (4.18) of the solution we directly sample the second moment of the
solution by the following equation:

Qep
(4.22) E[2%(t)] ~ z2e 27t + e 2t B[(J?)?] ZE[ewTi]'

We generate d collocation points for each of the RVs (J{ and {T;}) in (4.22) to obtain
the moments.

In Figure 6, we plot the errors erris; and errg,q versus time for 0 < a < 1 and
1 < a < 2 of the density/CP and PCM/CP with the same jump truncation size ¢.
The error of the density/CP comes from (1) neglecting the jumps smaller than §, (2)

ce— Myl

from evaluating fj:oo dyPep(x —y,t) T by the trapezoid rule, (3) from numerical
integration to calculate U(6), and (4) from the delta sequence approximation of the
initial condition. The error of the PCM/CP comes from (1) the jump truncation
up to size d, (2) the finite number Q., terms we consider in the CP approximation,
(3) numerical integration for each E[(J{)?] and E[e??":], and (4) the error from the
long-term integration in the generalized polynomial chaos resulting from the fact that
only a finite number of polynomial modes is considered and the error accumulates
with respect to time (an error due to random frequencies) [53]. First, we observe
that the error growth with time from the PCM/CP is faster than the density/CP for
both plots in Figure 6. Then, we observe in Figure 6 that when L; has more larger
jumps (A = 0.1, right), the PCM/CP with only (s, = 2 is more accurate than the
density/CP with the same § = 0.012. (Larger values of @, maintain the same level
of accuracy with ()¢, = 2 or 5 here because the error is mainly determined by the
choice of 9.)

4.3. Simulating density by TFPDEs. As an alternative method to simulate
the density of the solution for (1.2), we will simulate the density Pis(x,t) by solving
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Fic. 7. TFPDE vs. PCM/CP: error erranq of the solution for (1.2) versus time with A = 10
(left) and X\ = 1 (right). Problems we are solving: a = 0.5, ¢ =2, o0 = 0.1, g = 1 (left and right).
For PCM/CP, RelTol = 1x10~8 for U(8) (left and right). For the TFPDE, finite difference scheme
in (4.14) with At = 2.5 x 107°, Ny equidistant points on [—12,12], initial condition given by 61
(left and right).

the TFPDEs (4.4) for 0 < o < 1 and (4.9) for 1 < a < 2. The corresponding finite
difference schemes are given in (4.14) and (4.15).

In Figure 7, we plot the errors for the second moments versus time both by the
PCM/CP and the TFPDEs. In the TFPDESs, we solve (4.4) and (4.9) by the finite
difference schemes given in (4.14) and (4.15). The error of the TFPDEs mainly comes
from (1) approximating the initial condition by delta sequences, and (2) temporal or
spatial errors from solving (4.4) and (4.9).

In Figure 7 we experiment with A = 10 (left, with fewer larger jumps) and with
A = 1 (right, with more larger jumps). First, we observe that with the same resolution
for x(t) (N = 2000 on [—12,12]) and temporal resolution (At = 2.5 x 107°), the
errang errors from the TFPDE method grow slower when A = 1 than A = 10, because
a more refined grid is required to resolve the behavior of more smaller jumps (larger \)
between different values of z(t). Second, we observe that the error from the PCM/CP
grows slightly faster than the TFPDE method. In PCM/CP, the error from the long-
term integration is inevitable with a fixed number of collocation points d. Third,
without the dimension reduction in the PCM/CP (if we compute it on d??< points
rather than d(Q., + 1) points), the TFPDE consumes much less CPU time than the
PCM/CP with a higher accuracy.

In Figure 8, we plot the density Pg(x,t) obtained from the TFPDEs in (4.4) and
(4.9) at two different final time values T" and the empirical histograms obtained from
the MC/CP with the first-order Euler scheme

(4.23) 2" 2" = —ox" At 4 (Lynsr — Lin).

Although we do not have the exact formula for the distribution of x(t), we observe
that the density from MC/CP matches the density from TFPDEs, indicated by the
one-sample K-S test defined in (2.6).

5. Conclusions. In this paper we first compared the CP approximation and
the series representation for a TaS by matching the empirical histogram of an 1IG
subordinator with its known distribution. The one-sample K-S test values indicated
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Fi1c. 8. Zoomed in plots for the density Pis(x,T) by solving the TFPDE (4.4) and the empirical
histogram by MC/CP at T = 0.5 (left) and T = 1 (right): a« = 0.5, ¢ =1, A =1, 29 = 1, and
o = 0.01 (left and right). In the MC/CP, sample size s = 10°, 316 bins, § = 0.01, RelTol = 1x10~8
for U(8), time step At = 1 x 1073 (left and right). In the TFPDE, finite difference scheme given
in (4.14) with At =1 x 107° in time, Ny = 2000 equidistant points on [—12,12] in space, and the
initial conditions are approximated by 5‘% (left and right). We perform the one-sample K-S tests
here to test how the two methods match.

a better fitting between the histogram and the distribution if we decreased the jump
truncation size § in the CP approximation and increased the number of terms @
in the series representation. When the cost is limited (large ¢, small Qg, the CP
approximation), the large jumps are better approximated by the CP approximation.

Next we simulated the moment statistics for stochastic reaction-diffusion equa-
tions with additive TaS white noises, via four stochastic simulation methods: MC/CP,
MC/S, PCM/CP, and PCM/S. First, in a comparison between the MC/CP and the
MC/S, we observed that for almost the same accuracy, MC/CP costs less CPU time
than the MC/S. We also observed that in the MC/CP, decreasing § was more effec-
tive in reducing the error when the tail of the Lévy measure of the TasS process was
more tempered. Second, in a comparison between the PCM/CP and the PCM/S,
we observed that for a smaller sample size the PCM/CP converged faster because it
captured the feature of larger jumps faster than the PCM/S, while for a larger sam-
ple size the PCM/S converged faster than the PCM/CP. However, the convergence
of both PCM/CP and PCM/S slows down for higher accuracy due to the limitations
discussed in section 3.2. We also introduced a dimension reduction in the PCM/CP
and the PCM/S for this problem in Section 3.2. Third, we compared the efficiency
between MC/CP and PCM/CP, and between MC/S and PCM/S. With the dimension
reduction the PCM outperforms the efficiency of MC dramatically in evaluating the
moment statistics. Without the dimension reduction, the PCM/S still outperforms
the efficiency of MC/S for the same accuracy.

Subsequently, we simulated the stochastic overdamped Langevin equations with
additive TaS white noises. We provided two different ways of simulating the gen-
eralized FP equations that describe the density of the solution: first we solved the
generalized FP equation as an integral equation by approximating the TaS process
as CP processes; then we solved the generalized FP equations as TFPDEs;, in differ-
ent forms for 0 < @ < 1 and 1 < a < 2. The integral equations served as a good
tool to predict the moment statistics in section 4.2. We observed that the TFPDEs
provided more accurate moment statistics than the PCM/CP with much less compu-
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tational cost without dimensional reduction in the PCM/CP. We also observed that
the empirical histogram via MC/CP matches the PDF from the TFPDEs.

Finally, we want to point out that the four stochastic simulation methods (MC/CP,
MC/S, PCM/CP, PCM/S) and the simulation of the generalized FP equations are
not restricted to SPDEs with TaS processes, but they are applicable to SPDEs with
any Lévy jump processes with known Lévy measures. In this paper we aim to develop
new methods in relatively simple models with additive noise but in the future we will
address nonlinear dynamics and multiplicative noise.

Appendix A. Algorithm to generate RVs with distribution p’(x) =

1 cer®

I.>5 for CP approximation [13]. The distribution p°(z) can be bounded

T(6) zo+1
by
5—046—A6
. ) < —— 9z
(A1) P @) < g @)

where f0(x) = ‘;‘ii—:fl'ng. The algorithm is [11, 13] the following.

Az
ALGORITHM 1. GENERATE RVS WITH DISTRIBUTION p°(z) = rsv < I, 5.

U(lé) zaTl
REPEAT
Generate RVs W and V: independent and uniformly distributed on [0, 1]
Set X = }syg);{a N
Set T = =i X000
UNTIL VT <1
RETURN X.

Appendix B. Algorithm for CP processes [11]. Here we describe how to

simulate the trajectories of a CP process with intensity U(d) and jump size distribution
S

VUT(;C))’ on a simulation time domain [0, 7] at time ¢. The algorithm to generate sample

paths for CP processes is given in Algorithm 2.

ALGORITHM 2. ALGORITHM FOR CP PROCESSES WITHOUT A DRIFT.
e Simulate an RV N from Poisson distribution with parameter U ()7, as the
total number of jumps on the interval [0, 7).
e Simulate N independent RVs, T;, uniformly distributed on the interval [0, T,
as jump times.

Vo (z)
U(o)

e Then the trajectory at time ¢ is given by Zf\;l Ir,<.Y;.

e Simulate NV jump sizes, Y; with distribution

Appendix C. PDF of [(224)~1/e /\njé;/a] in series representation (2.3).

2cT
Let us denote A; = (924)~1/* and B; = njfj/o‘ for a fixed j € {1,2,3,...}.
The distribution of A; is calculated by the following:

2cT
€1 Fad=p[ (%) <a) op(r, s 2L _/**Md
' A= 2¢T - B 7T adx ) 2 I(j) v

A

Therefore, the distribution of A is

dF4 2cT et ( 2cT ) B

(€2 ) = = e (O
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The distribution of B; is derived by product distribution:

1 oo
(C.3) IB; (B) = Oz/\/ 202~ AB/z g (a/\)(/\B)a—l / t= e~ tdt:
0 AB

when « # 1, it can be written as incomplete Gamma functions.
Therefore, the distribution of [A; A B;] is given by

O S @)= fa @) (1= Fi, @) + foy (01 Fa ().
When 0 < a < 1,

(C.5)

« , oo
fang;(x) = (a:F(j)e_tﬁ't_gg‘) [af‘(l - a)/\"‘/ (1 = ~ine(Az,1 — a))zo‘_ldz]

+ [aI‘(l —a)\” (1 — Yine(Az, 1 — a)xo‘*l) }'ymc (g,j) .
ax

When 1 < a < 2,

(©6) @) = (e Plogan )| [ o] + oy 0 (5.

Here the incomplete Gamma function v;,.(a, b) is defined as

1 b t 1
e "t dt.
I'(a) /

Appendix D. Generation of orthogonal polynomials for arbitrary dis-
crete measure with finite moments [42, 56]. Here we introduce how to generate
orthogonal polynomials for a given measure out of its moments. Let p be a positive
measure with infinite support S(p) C R and finite moments at all orders, i.e.,

(C.7) Yine(a,b) =

(D.1) my = /Sénp(df) < oo Vn € Ny,

as the nth-order moment, where Ny = {0,1,2,...}, and it is defined as a Riemann—
Stieltjes integral. There exists one unique set of orthogonal monic polynomials {P; }$2,
with respect to the measure p such that

(D2) /S PA€)P;(E)p(d€) = b7 % i=0,1,2,. .,

where v; # 0 are constants. The coefficients of the dth-order polynomial Py(§) =
ZLO a;&" are determined by the following linear system

mg = mi ... my ap 0
mi mo ... mq+1 al 0
(D.3) = e
Mg—1 Mg ... Mag—1 ad—1 0
0 0 1 Qaq 1

where the (d 4+ 1) by (d + 1) Vandermonde matrix needs to be inverted.
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