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Abstract

We present numerical solutions of the stochastic Korteweg-de Vries equation for three cases corresponding to additive
time-dependent noise, multiplicative space-dependent noise and a combination of the two. We employ polynomial chaos
for discretization in random space, and discontinuous Galerkin and finite difference for discretization in physical space.
The accuracy of the stochastic solutions is investigated by comparing the first two moments against analytical and Monte
Carlo simulation results. Of particular interest is the interplay of spatial discretization error with the stochastic approxi-
mation error, which is examined for different orders of spatial and stochastic approximation.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that the often-studied Korteweg-de Vries (KdV) equation is a good model for describing
wave phenomena in plasma dynamics. In 1966, Washimi and Taniuti [1] established rigorously that the KdV
equation governs the propagation of small-amplitude ion-accoustic waves. The stochastic KdV equation de-
scribes noisy plasmas, and it has been studied mostly theoretically in the last two decades, see [2-6]. Zabusky
and Kruskal [7] first discovered the stability properties of the solitons exhibited by certain nonlinear differen-
tial equations in their classical study, and the findings were confirmed later by the theory developed by Gard-
ner and co-workers [8]. Wadati [2] obtained an exact solution for additive time-dependent white Gaussian
noise, predicting that the mean single-soliton should behave as a Gaussian packet with width increasing as
£ and amplitude decreasing as 3 at long-time. Later, Wadati and Akutsu [9] extended this work and ob-
tained exact multisoliton solutions, discovering that the mean soliton width increases only as 7'/2. Also, lizuka
[10] obtained the theoretical results for the diffusion of solitons under the effect of multiplicative noise with
long range correlation, and Scalerandi and Romano’s numerical study [11] confirmed lizuka’s work. An
important contribution to the studies of nonlinear random fields was made by the inverse scattering technique
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(IST). It allows the construction of the exact solvable nonlinear stochastic equations. Different perturbation
approaches have been developed on the basis of the IST. Historically, the first nonlinear evolution equation
integrated by means of the inverse scattering scheme for KdV equation was presented in [8]. Different foun-
dations of IST are described in [12-17], while how IST is applied to the KdV equation is studied in detail in the
books of Konotop and Vazquez [18] and Novikov et al. [19]. Unlike the plethora of the theoretical and per-
turbation-based works, direct numerical simulation studies of the KdV equation are much fewer, e.g. [4]; this
is the main objective of the current work.

In this paper, we investigate the one-dimensional stochastic Korteweg-de Vries (KdV) equation, with
homogeneous Dirichlet boundary conditions, in the form:

u, + (—6u + v{(&,x))uy + U = en(&, 1),

1
u(é =0,x,t =0) = —2i’sech’(kx), M
where { and 5 are the space- and time-dependent random noise with amplitude v and e, respectively, and ¢ is a
random variable.
Specifically, we will present numerical solutions for three cases corresponding to:

e Time-dependent additive noise only, corresponding to setting v =0 in Eq. (1), and
e Space-dependent multiplicative noise only, corresponding to setting e = 0 in Eq. (1).
e A combination of the above two cases, for v # 0 and € # 0.

In the first case, analytical solutions are available and thus it can be used for benchmarking and compar-
isons of convergence rates and efficiency of numerical solvers. In the second case, we assume that the stochas-
tic term is active only in a small region located approximately in the middle of the domain. No analytical
solutions are available but we perform Monte Carlo simulations to verify the new numerical solvers. Similarly,
we will use Monte Carlo simulations to verify our results in the combined case. Typical mean solutions for the
first two cases are plotted in Fig. 1. In the additive noise case, the mean solution decays quite fast while in the
multiplicative noise case, small ripples — due to dispersion — are present behind the travelling soliton. In both
cases, the effect of stochasticity is rather pronounced, and the solitons look quite different from their determin-
istic counterparts. Specific details on the results and the values of the correlation parameters will be presented
in the next section.

The numerical solvers we develop are based on the polynomial chaos (PC) decompositions pioneered by
Wiener [20]; stochasticity is represented by a spectral expansion based on Hermite orthogonal polynomials
in terms of Gaussian random variables £. Ghanem and Spanos [21] were the first to couple PC representations
with constraints in solving stochastic PDEs and laid the foundation for the numerical resolution of stochastic
PDEs. This approach was extended in [22] for handling non-Gaussian stochastic inputs. The polynomial chaos
representation combined with Galerkin projection leads to a deterministic system of “KdV-like” equations. To
solve the new equations we employ two different discretization approaches. The first one is based on a spec-
tral/hp element discontinuous Galerkin (DG) method [23,24], and the second one on the second-order finite
difference method [25].

The primary objective of the current work is to investigate how discretization errors and stochastic approx-
imation errors affect the overall accuracy of the stochastic solution. We will also study the influence of time-
and space-dependent noise on the propagation of solitons on the mean and variance of the solution u(¢, x, t).
As we have seen in Fig. 1 stochasticity introduces dissipation and dispersion, and thus we are interested in
measuring the mean values of the soliton height and width as a function of the amplitude and correlation
length of the noise.

The paper is organized as follows: We provide details of the stochastic approximation and spatial discret-
ization in Appendices A and B so that we focus on the most important results in the main text. In Section 2, we
first treat the time-dependent additive noise case; in Section 3, we present results for the space-dependent mul-
tiplicative noise case, and in Section 4, we study the combined case. In each section, we separate the fully-
correlated cases from the partially-correlated cases since the representation of the stochastic inputs as well
as the corresponding results is different.
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Fig. 1. Spatial distributions of the mean value of —u(&,x,7) at different times obtained using the discontinuous Galerkin/Polynomial
Chaos (DG/PC) method. (a) Time-dependent random process characterized by correlation length 4 = 1 and additive-noise amplitude
€ = 0.5. (b) Space-dependent random process characterized by correlation parameters L = 2, A/L = 1 and multiplicative-noise amplitude

v==6.

2. Time-dependent additive noise

The specific stochastic KdV equation we consider in the first case with time-dependent noise and homoge-
neous Dirichlet boundary conditions is obtained by setting v =0 in Eq. (1),

U, — Ouy + e = en(é, 1), x € (—00,00), )
u(é =0,x,t = 0) = —2«’sech’(kx),
where x is the wave number. In our simulations, we assume x = 1. The initial height of the soliton is
h=2Kk*>=2, and the one-dimensional computational domain is defined by x € [—30,30]. The inhomoge-

neous term #(&, ) represents the external time-dependent noise. The one-soliton exact solution for Eq.
(2) was first derived in [2]. Let us assume that the time-dependent additive noise (&, ) is integrable in time,

ie.,
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W(E ) = /%@mda 3

and we define

U(x,t, &) = ulx,t) — W(E, ).
Eq. (2) is then transformed into

U —6W()U, — 6UU, + U,, =0. 4)
We also define

Mé056llﬂémdn

and apply the Galilean transformation

X =x+m(€1).
Eq. (4) can then be rewritten as

U,(X,t) — 6UX, ) Ux (X, 1) + Uxyy (X, 1) = 0. (5)
Eq. (5) is a standard KdV equation and the analytical solution is

U(X,t) = —2K’sech’{Kk(X — 1)},

where ¢ = 4« is the wave speed of the soliton. Thus, the original analytical solution is

ulx,t,) =W+ UX,t)=W(& 1) — 2K25ech2{x(x —ct) + 6K /Ot W(E ) dtl}. (6)

The only assumption in the above procedure is that the time-dependent additive noise 5(¢, ) is integrable in
time and no other assumptions or approximations have been made. Thus, the analytical solution (Eq. (6)) can
be defined for either white noise, random variable or random process.

From the one-soliton solution Eq. (6), we observe that

Max, : {u(é,x,t)} — Min, ¢ {u(&,x,1)} = 2xk. (7)

Thus, there is no decay of the one-soliton solution for Eq. (2). The shape of the soliton is the same as the
solution of the corresponding deterministic KdV equation. However, there is a phase shift ¢(&,¢) =
—Kct + 6K fo (&,¢) df for each ¢ and ¢. By taking the average over all one-soliton solutions with different
phase shift depending on ¢ and ¢, an effective decay of the one-soliton mean solution is realized.

2.1. Fully-correlated Gaussian noise

A fully-correlated time-dependent noise, #, can be described as a random variable &, (i.e., (&) = &), which is
a Gaussian random variable with zero mean and unit variance. Thus, we have that W(r) = e¢t. The exact one-
soliton solution in this case is:

u(é,x,t) = eét — 2’sech®{K(x — ct) + 3exét’}. (8)
The corresponding exact mean solution is:
1 o &2
u(x,t) = — u(é,x,t)e”z dé, 9
(0 == [ uexne )

and the variance is:

Var(u \/_/ éxte’df—u (10)
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Fig. 2. Fully-correlated case: mean soliton height (MSH) (a) and mean soliton width (MSW) (b) as a function of time for noise amplitudes
€=0.1,0.2 and 0.3.

We define the mean soliton height (MSH) to be Max,|u(x, ¢)|. We also define the mean soliton width (MSW) to
be |x; — x5, where x; and x; satisfy u(x, ) = u(xy, ) = W and x; # x,. Figs. 2(a) and (b) present the var-
iation of MSH and MSW in time, respectively, for increasing values of the amplitude of the noise. The exact
mean solution is computed using Eq. (9) while the polynomial chaos simulations are obtained using eighth-
order Hermite polynomials. For spatial discretization, a discontinuous Galerkin (DG) method with 336 de-
grees-of-freedom (DOF) corresponding to 42 spectral elements with Legendre polynomials of seventh order,
and a second-order FD method with 1200 DOF were employed. Good agreement between polynomial chaos
simulations and exact mean solutions is observed. Fast decay of MSH as a function of time is observed for
increasing values of the amplitude of the noise. Fig. 3 summarizes many simulations indicating the strong cor-
relation between MSH and MSW for different values of e. The results from both the FD/PC and the DG/PC
are in good agreement with the exact MSH-MSW correlation.

-
[}
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MSW

Fig. 3. Correlation between MSH and MSW, obtained by the FD/PC and the DG/PC methods, as time increases from ¢t =0 to 1.
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2.1.1. Convergence

We now turn our attention to the convergence of the numerical solution and to the stochastic approxima-
tion and spatial discretization errors. We use very small time step in these simulations (Az < 10~°), thus we can
neglect the temporal discretization error in the following comparisons.

Let us denote by u(¢&, x, ¢) the stochastic solution. By employing Legendre expansions in space and Hermite
polynomial chaos expansions in random space, see Appendix A, we have that

K P
w(&,x,0) =Y i () Pi(x)h;(€) + R + R, (11)
=0 =0
where ¥{(x) are the Legendre polynomials of order i=0,1,...,P, ¢(&) are the Hermite polynomials of
order j=0,1,...,K, and #,;(t) are the deterministic coefficients. The numerical error consists of two main
components:

(1) The truncation error due to spatial discretization, R;.
(2) The truncation error due to approximation in random space, R,.

In Fig. 4, we plot the L, error in the mean solution and the variance at # = 1 for e = 0.1. Specifically, the L,
error for the mean and the variance are defined as follows:

s (L_lnumi - aexacti)z
Ly-error(u) = Z N—’
i=1 T

- Var(”)exact,i)z

Nt

Ly-error(Var(u)) = Z

Here Nt is the total number of grid/quadrature points. The number of degrees-of-freedom (DOF) is based on
30 spectral elements and p-refinement is followed in space, i.e., the number of Legendre polynomials is
increased from 6, 8, 10 and 12. With regards to the total error in the mean solution (plot (a)), it is clear that
the spatial discretization error dominates for K > 3. For sufficiently high spatio-temporal discretization, expo-
nential convergence with respect to the PC order, K, is obtained. The convergence rate in the variance (plot
(b)) does not seem to be affected as strongly by the spatial discretization error. We have included the “exact”
solution error in this plot as well; this is the error of the exact stochastic solution represented by (K + 1) PC

——DOF =210 ——DOF =210
—e—DOF =270 £ —e—DOF =270
€ -©-DOF = 330 -©-DOF =330
- - - DOF =390 - - - DOF =390

—A—EXACT

L2-error
S

L2-error
S

1 1.5 2 2.5 3 3.5 4 4.5 5 1 1.5 2 2.5 3 3.5 4 4.5 5
a K b K

Fig. 4. DG method: convergence rate of L,-error of the mean (a), and variance (b) in solving Eq. (1) with (v =0,e =0.1), at t = 1, with
respect to PC order, K for different discretizations (DOF).
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Fig. 5. Pointwise error distribution in the mean (a) and variance (b) for the same conditions as in the previous Fig. 4. The resolution is 30
spectral elements of (Legendre) eighth-order (270 DOF) and PC expansions (Hermite) of third-order.

modes. Therefore, it is not subject to spatio-temporal errors but only to PC approximation error. As we see,
the numerical solution of the variance is a constant away from the exact solution. In Fig. 5, we plot the point-
wise errors in the mean and variance for the resolution indicated in the caption. The solid line denotes the
error while the dotted line denotes the position of the scaled soliton. We see that there are no appreciable
errors away from the soliton.

2.2. Partially-correlated Gaussian noise

In this section, we assume that 5 represents partially-correlated time-dependent noise, and it is described by
a random process #(&, t) with zero mean. We also assume that its covariance is given by the exponential kernel,
thus:
(n(t,¢)) =0,
o) (13)
(W(ﬁ»f)»ﬂ(lbf» =¢ 4,

where A is the correlation length. This covariance kernel describes a first-order Markov process in time.
We approximate the stochastic input via the Karhunen-Loeve decomposition (see [21,22]), i.e., n(&,¢) is
approximated by the series:

’1(6: t) = Z \/Tk.ﬁf(t)élﬂ (14)

k=1

where N is the number of random dimensions, &, is the Gaussian random variable, 4, and f; are the eigen-
values and eigenfunctions of the correlation function, respectively. From Egs. (3) and (14), we have:

N t
WE) =3 eV, / £ll) de (15)
k=1 0
The exact one-soliton solution in this case is:

u(éx,t) =W t) — 2xzseCh2{K(x —ct) + 6K /t W&t d[/}
0

N t N t 1
= ez \//”kak/ fe() di — 2xzsech2{x(x — ct) + 6ke Z \/Zék/ / Si(d) df’ dry } (16)
=1 0 k=1 0-Jo
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Therefore, the exact mean solution is readily computed from:

ulx,t) = — u(&y, ..., Ey,x,)e 2 déy---déy. 17
(%) (@)N./_x JRCRuE & dey (17)
Correspondingly, the exact variance is computed from:
1 b b it
Var(u) = — (&, .. Eyx, e T dEy - dEy — it 18
0=z | g e dey (18)

Fig. 1(a) (see Section 1) depicts the mean values of —u(¢&, x,¢) for time up to ¢ =1, with correlation length
A =1 and amplitude ¢ = 0.5. In Fig. 6, we plot the mean and variance of u(¢, x,¢) at t = 1.0 for correlation
length 4 = 1 and amplitude ¢ = 0.1. The dots represent the simulation results obtained by a DG/PC method.
A four-dimensional (N =4) Karhunen-Loeve expansion was used to represent the stochastic input while
third-order PC expansions were employed to represent the solution. For the DG discretization we employed
42 spectral elements with Legendre expansions of sixth-order (378 DOF). We also include in the plots the
exact solution, denoted by solid line, obtained from Egs. (17) and (18). Good agreement is observed between
the DG/PC results and the exact solutions.

Next, we study the effects of noise amplitude and correlation length on the stochastic soliton. Fig. 7(a)
shows how the mean soliton height (MSH) decays with time for different values of the noise amplitude, e.
Fig. 7(b) shows the corresponding plot for the mean soliton width (MSW). The discretization employed con-
sists of 42 spectral elements of eighth-order for the DG, and 1200 grid points for the FD method. In random
space we used N =4 Karhunen-Loeve modes and the Hermite polynomial was of third-order in the PC
expansion. The results are in good agreement (both the FD/PC and the DG/PC) with the exact solutions ex-
cept at the large amplitude e = 0.5. We performed a similar parametric study but with respect to the correla-
tion length A for fixed value of the amplitude at e = 0.3. Fig. 8(a) shows the decrease of MSH as a function of
time, while Fig. 8(b) shows the increase of MSW as a function of time. Here we maintained the same spatial
resolution for the DG as before but we increased the number of Karhunen-Loeve modes from N =3 for
A=10,to N=4for A=1and N =9 for 4 =0.1. Increasing the correlation length A of the external random
noise leads to a faster decay of the soliton, see Fig. 8(a). We summarize several simulation results in Fig. 9
from the two different methods, the DG/PC and the FD/PC, in the height-versus-width plot. The numerical
results are in good agreement with the exact solution. We have also investigated the convergence rate for time-
dependent additive noise, described as a random process with amplitude ¢ = 0.3. We use DG discretization in

(o -
02F 0175
0.4F L
r 0.15
06 E
r 0.125 -
08F Exact 8 - Exact
c F . PolyChaos c L . PolyChaos
3 .E S 01f
= o & E
E > C
“12F 0.075
14 0.05
3 0.025
-1.8’_\\\\|\\\\|\\\\|\\\l\\\\l\\\\l :\\\\lwwwwlwwwwm\\\l\\\\l\\\\l
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
a X b X

Fig. 6. Mean (a) and variance (b) of u(¢, x, ) obtained by the DG/PC method at 7 = 1.0 for correlation length 4 = 1, amplitude ¢ = 0.1.
The solid line represents the exact solution and the dots denote results from the DG/PC simulation.
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Fig. 7. Mean soliton height (MSH) (a) and mean soliton width (MSW) (b) as a function of time. Time-dependent random noise, described
as a random process with correlation length 4 = 1 and amplitude values ¢ = 0.1, 0.3 and 0.5.
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Fig. 8. MSH (a) and MSW (b) as a function of time. Time-dependent random noise, described as a random process with amplitude e = 0.3
and correlation length 4 =0.1, 1 and 10.

space (with variable Jacobi polynomial orders in each element) and first-order predictor—corrector scheme in
time with A7 = 10>, Specifically, the L., error of the mean and the variance for this case is defined as follows:

L (1) = Max(tnym; — Hexact;) fori=0,... N,

L, (Var(u)) = Max(Var(u) — Var(u) fori=0,...,Nt. (19)

num,i exact,[)

Here Nt is the total number of quadrature points in the DG discretization. The exact mean and variance solu-
tions are computed from Egs. (17) and (18). In Fig. 10 we plot these L., errors versus the PC order K. We
observe that in this semi-log plot, exponential convergence is observed, even with this large amplitude of
e=0.3.
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order, K.

2.3. Discussion

2.3.1. Color noise versus white noise
Consider the time-dependent random noise described in Eq. (13). The second moment of W(¢&, 1) (Eq. (3)) is

(W2 (€, —e// &), 5t2)>dt|dt2—e//

We consider two limiting cases:

dn,. (20)

(1) If 4 — oo, n(&,t) approaches a random variable with zero mean and unit variance. Thus, W(¢, 1) = ent,
and

(W2 0)) = P = € < 1. (21)

(2) If 4 — 0, 5n(&, t) describes white noise, with (5(&, 1)) = 0 and {en(&, t,), en(&, t,)) = 2€'0(¢; — t»). The corre-
sponding relations for W(¢,¢) are
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ey = [ eln(&,0) dr =0,
’ (22)

(W2(E,1) / / en(& n), en(& rr)) dey dey = 2t o t.

From these two limiting cases, we see that any time-dependent random process, n(&, t), with finite correlation
length, 4, (A # 0) has the following behavior:

(1) At early time (§ < 1), (W?(&,1)) is proportional to 2. After a transition region, it switches to linear
growth at later time (> 1).

(2) As the correlation length, A4, increases, the transition from quadratic to linear time dependence is
delayed. Therefore, overall (IW*(&, 1)) grows faster with time.

In order to ‘fairly’ compare the effect of time-dependent additive white noise and color noise, we impose the
following condition: the integral of white noise’s covariance kernel,

/ <€11(l]), 61’[(12)) d(tl — 12) = 26,/ 5(11 — lz) d(tl — lz) = 26,, (23)
be equal to the integral of the random process’s exponential kernel,
o0 o° It
/ <€1’](t1), 611([2)> d(ll — 12) = / 62377 d(ll — 12) = 262A. (24)

Therefore, to compare the effect of time-dependent additive white noise and color noise, we need to maintain
the following relation:
6/

e=\7 (25)
From Eq. (25), we can see that as the correlation length 4 — 0, and correspondingly amplitude ¢ — oo, the
color noise approaches the white noise. Fig. 11 shows the MSH as a function of time for different types of
time-dependent additive noise, described as: random variable, random process (i.e., color noise with fixed cor-
relation length, 4 =10,1,0.1,0.01), and white noise (¢' = 1). For a consistent comparison, we vary 4 and e of
the color noise so that €24 = ¢/ = 1. We observe a very strong dependence between the decay of MSH and the
correlation length. For 4 = 0.01, the results are very close to the white noise results. In Fig. 12, we plot MSH
as a function of time for different time-dependent random noise, described as random processes with correla-
tion length, 4 = 0.1, 1 and 10, amplitude value ¢ = 0.3, and white noise with ¢ = 0.009, 0.09 and 0.9 (obtained

—>— Random Variable — 0)
—&— Color Noise (A=10, £=0.316)
—v— Color Noise (A=1, e=1)

—*— Color Noise (A=0.1, £=3.162)
—— Color Noise (A=0.01, e=10) B
—e— White Noise (e— )

MSH

0.8

0.6

0.4

0.2F

Fig. 11. MSH as a function of time. Time-dependent random noise, described as random variable, random process with correlation
length, 4 =10, 1, 0.1, 0.01 and white noise with ¢’ = 1.
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Fig. 12. MSH as a function of time. Time-dependent random noise, described as random process with correlation length 4 = 0.1, 1, 10,
amplitude values ¢ = 0.3, and white noise with ¢/ = 0.009, 0.09 and 0.9.
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Fig. 13. MSH as a function of time. Time-dependent random noise, described as random process with correlation length 4 = 1, amplitude
values € = 0.1, 0.3, 0.5, and white noise with ¢’ = 0.01, 0.09 and 0.25.

from Eq. (25)). Fig. 12 shows that the color noise solutions approach the corresponding white noise solutions,
as we decrease the correlation length 4 for the same amplitude of the color noise € (e = ;—;: 0.3). When
A — 0, MSH in color noise case will overlap with the MSH in corresponding white noise case. Fig. 13 shows
MSH as a function of time for different time-dependent random noise, described as a random process with
correlation length 4 = 1, amplitude values ¢ = 0.1,0.3,0.5, and white noise with ¢/ = 0.01,0.09 and 0.25 (ob-
tained from Eq. (25)). As we change the amplitude values of color noise and white noise € and ¢’, respectively,
and keep the same correlation length A(4 = § = 1), an almost equal difference in MSH between color noise
and corresponding white noise is observed.

2.3.2. Invariants for deterministic and stochastic KdV equation

Next, we investigate the effect of different space discretization methods on conservation properties. We
computed the first, second, third and fourth invariants (1;,/, I5,1;) of solution for the deterministic KdV
equation.

1 z/u(x,t) dx, Izz/uz(x,t) dx,
Q Q
2

w(x,1) Ou ut 9 (D ou\ >
e S @) e e [[55E) E) e

(26)
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In Fig. 14, we present the error of the four invariants obtained by the DG and the FD methods. Higher accu-
racy is observed using the DG method, compared to the FD method.

For the stochastic KdV equation with time-dependent noise (Eq. (2)), the mean of the first invariant,
(I1(&,1)), can be obtained using the exact one-soliton solution, (Eq. (6)), as follows:

U1 (E,0)) = </ u(Ex, 1) > </W§, 2Ksech{(x—ct+6K/W§, dt} >
</W§t > </2Ksech2{ (x—ct+6K/W€t dt}dx> (27)

Since [, sech®{k(x — ct) + 6K [y W(&,¢') df'} dx = [, sech*{x(x — ct)} dx = —4«k, we have,

_< /Q 2K2sech2{ic(x — ct) + 6k /0 [ W(E 1) dﬂ} dx> = —4x. (28)

For any time-dependent random perturbation with zero mean, we always have

</QW(5, > // ) dtdx =0 (29)

Therefore, for the stochastic KdV equation perturbed by time-dependent noise with zero mean (Eq. (2)), the
mean of the first invariant, ([;(&, 1)), is constant and equal to the deterministic case, i.e.,

-3

x 10
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€ 5|l — pe DOF=420 Vo
5 A AN AN
| AN ARV
o e
. . . .
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Fig. 14. Error of the first, second, third and fourth invariants, Eq. (26), for the deterministic KdV equation, where the relative error is
defined as [Zexact— lmlm"

[exaet|
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(I1(&1) = -4k =1,. (30)
Similarly, {I5(¢, 7)) can be obtained from:

(h(E,0)) = < /Q (8%, 1) dx> - < /Q {W(g, ) — 2sech? <K(x — ct) + 6 /0 W) dt’) }2dx>
= </Q W2(&,1) dx> — 4</Q w(E, t);czsechz{;c(x — ct) + 6K /ot W(E ) dt’} dx>
+ 4</Q x4sech4{x(x —cf) + 6K /Ot W(E ) dt’} dx> (31)

Since [ sech®{k(x — ct) + 6K [ W(&,¢') df'} dx = [ sech’{k(x — ct)} dx = —4«, we have

—4</Q W (€, t);czsechz{;c(x — ct) + 6K /Ot W(Et) dt’} dx>
— —4<W(§, ) /Q Kzsechz{x(x —ct) + 6K /0 t W(E ) dt’} dx>

= —4<W(§7 t) /Q Kk*sech®({x(x — ct)}) dx> = —4/9 k>sech”{r(x — ct)} dx(W (&, 1)) = 0. (32)

Similarly,

4</Q K4sech4{x(x — ct) + 6K /Ot W(E L) dt’} dx> = 4/9 K*sech® (1c(x — ct)) dx = I,. (33)

Thus, for the stochastic KdV equation with time-dependent noise (Eq. (2)), (I5(&, 1)) is growing with time, as
follows:

(&, 0) = I + (W(E.1) / dx, (34)

where I, is the deterministic second invariant. For example, for the stochastic KdV equation perturbed by ran-
dom noise, described as a random variable, {I»(&,t)) can be expressed as

(L& 1)) =1, + €7 /Q dx. (35)

For the stochastic KdV equation perturbed by time-dependent noise, described as a random process, {I,(&,t))
can be expressed as

I t .
(IL,(&0) =1+ 62/ / eJlAz‘ de dtz/dx. (36)
o Jo o

For the stochastic KAV equation perturbed by time-dependent noise, described as a white noise, (I,(&,t)) can
be expressed as

(L(E0)) =1, +2e't/ dx. (37)

Fig. 15 shows (I5(¢&, 1)), for the stochastic KAV equation with time-dependent noise (Eq. (2)), described as a
random variable and as a random process with correlation length, 4 =10, 1 and 0.1. For the stochastic
KdV equation with time-dependent noise (Eq. (2)), described as a random process, 1(¢&, t), with finite correla-
tion length, 4 (4 # 0), (Ix(&, 1)) has the following behavior:

(1) Atearly time (§ < 1), (I5(¢, 1)) is proportional to 1%, After a transition period, it switches to linear growth
at later time (4> 1).

(2) As the correlation length, A, increases, the transition from quadratic to linear time dependence is
delayed. Therefore, overall {I5(&,)) grows faster with time.
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Fig. 15. The mean of the second invariant, {/5(&,)), for the stochastic KdV equation with time-dependent noise (Eq. (2)), described as a
random variable, random process with correlation length 4 = 10, 1 and 0.1.
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Fig. 16. Exact and numerical mean solution of the second invariant, (I5(¢, t)), for the stochastic KAV equation with time-dependent noise
(Eq. (2)), described as a random variable. The polynomial chaos solution breaks down after time ¢ > 3.

Fig. 16 shows the exact and numerical mean of the second invariant, (I5(¢, 7)), for the stochastic KdV equa-
tion with time-dependent noise (Eq. (2)), described as a random variable. The numerical solution is obtained
by the DG/PC method with eighth-order PC expansions. The deviation of the numerical solution from the
exact one at later time shows a breakdown of the polynomial chaos approach for long-time integration. This
has been observed before, e.g. [26], and can be fixed by discretizing the random variable using a multi-element
approach, e.g., see [27].

2.3.3. Gaussian packet

The one-soliton solution of the deterministic KdV equation can be described as a soliton moving with a
constant speed, and maintaining its initial shape. In contrast, in the stochastic case, the one-soliton mean solu-
tion can be described as a soliton moving with a constant speed, but changing shape from sech?(x) to a Gauss-
ian packet, g(x, 1) ~ exp(—(x — cf)*/a). The area, enclosed under the mean soliton, is the first invariant, /,. Let
us define a function, g(x, ), as an approximating function to {u(&, x, ¢)) in the following manner:

glx,1) = Co(t)e 0/, (38)

where Cy(¢) is an instantaneous soliton height, ¢ is wave speed and a is computed from

/jc glx, 1) dx = [:<u(f,x, 1)) dx.
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Fig. 17. Variation of (7). The numerical solution obtained using one-dimensional eighth-order DG/PC method.
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Fig. 18. One-soliton mean solution, {u(&, x, t)), at t = 1.8, as a function of x for Gaussian random variable, uniform random variable, and
the Gaussian packet approximation for Gaussian random input.

The deviation from the Gaussian shape is described by «(7) which can be estimated from

1
(1) Co(?)
In Fig. 17, we present the variation of a(z). Using proper scaling, we show that {u(¢&, x, t)) approaches the
Gaussian packet as te'’? increases.

Thus, we have shown that under the Gaussian random perturbation, the shape of the mean soliton solution
changes from sech’(x) to a Gaussian packet. However, for the KdV equation subject to uniform random per-
turbation, the mean soliton solution changes its basic shape from sech?(x) to a uniform-like packet. Fig. 18
shows the one-soliton mean solutions, (u(¢, x, 1)), at t = 1.8 for Gaussian random variable and uniform ran-
dom variable as inputs. The one-soliton mean solution with Gaussian random perturbation becomes a Gauss-
ian packet eventually. However, the one-soliton mean solution with uniform random perturbation has not
converged to a Gaussian packet for the same time integration.

MAX,([(u(&,x, 1)) — g(x, 1)]).

3. Space-dependent multiplicative noise

We now consider the second study case, where we include the stochastic input in the KdV as space-
dependent multiplicative noise. Specifically, by setting ¢ = 0 in Eq. (1), we obtain
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Fig. 19. Sketch of a soliton wave passing through the random medium.

u, + (—6u + v{(&,x))ux + thye =0, x € (—00,00),

39
u( =0,x,t = 0) = —2i’sech’(kx). (39)

We consider the case where the soliton passes through a small random subregion of the domain. As we will
show in the following, after the soliton passes through this random strip it leaves behind small ripples due to
dispersion and its overall shape changes, see Fig. 1(b).

Fig. 19 is a sketch of a soliton wave passing through the random medium, located in the strip x € [1.5,3.5].
We set the computational domain to be x € [—10,20] and we integrate the KdV equation up to time r = 1.5. In
the following, we will first consider the stochastic input as a random variable and subsequently as a random
process.

3.1. Fully-correlated Gaussian noise

The fully-correlated random noise { can be described as a random variable &, and Eq. (1) is simplified to
u+ (—6u +v&u, + uy, =0, x € (—00,00),

4
u( = 0,x,t =0) = —2x’sech’(xx). (40)

In Fig. 20, we plot the mean and variance of the solution u(¢, x,¢) for Eq. (40). Increasing the amplitude, v,
leads to a faster decay of the soliton. Moreover, the soliton moves slower and larger dispersive waves are ob-
served behind the soliton. For this simulation we employed eighth-order Hermite polynomials for the PC
expansion while for the DG discretization we used 30 spectral elements of seventh-order. Figs. 21(a) and
(b) show numerical results for the height MSH and the width MSW, respectively, as a function of time.
We have also included results obtained with Monte Carlo simulations (2000 runs) based on the FD discreti-
zation with 1200 grid points as well as results from a FD/PC simulation. In this case we do not have an exact
solution, but the agreement with the Monte Carlo simulation is very good except at the large amplitude
v = 0.5 at later times. Increasing the amplitude v of the random noise leads to lower values of MSH and higher
values of MSW as time increases.

3.2. Partially-correlated Gaussian noise

Here we treat {(&, x) as a space-dependent random process, described as a second-order autoregressive pro-
cess; see details in [28]:

b .
Cizz(éi—l+Ci+l)+aéi’ i=1,2,...,N, (41)

_a 3 o_al
b=e¢22, a=—0.5(Ax)%e 22,
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Fig. 20. Random variable case: (a) mean and (b) variance of u(¢, x, f) obtained by the DG/PC method at ¢ = 1.5, after the soliton passes
through the random medium x € [1.5,3.5]. Three simulations are shown at amplitude v = 0.1, 0.3 and 0.5.
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Fig. 21. Random variable case: (a) mean soliton height (MSH) and (b) mean soliton width (MSW) versus time for amplitude values
v=20.1,0.2, 0.3, 0.4 and 0.5.

where A is the correlation length in space. The non-stationary covariance of the above process is given by:!

(68 £0) = gz (sinh(k(ly 1) — sinh(k(x + ) sinb(k(y-+.» — 21)
— sinh(k(|y — x| — 2L)) + k(x +y — 2L) cosh(k(x + y)) — k(x + y) cosh(k(x + y — 2L))
+ k(2L — |y — x|) cosh(k(y — x)) + k|y — x| cosh(k(|y — x| — 2L))), (42)

! This formula was obtained by Prof. C.-H. Su at Brown University.



ARTICLE IN PRESS

G. Lin et al. | Journal of Computational Physics xxx (2005) xxx—xxx 19

or
b
ot
3l
4t
> -5}
6}
7k
gl
ol

%7 2 3 4 5 s 7 8 8 10

Fig. 22. Space-dependent covariance kernel for the the random medium. Left: correlation length 4/L = 0.01; Right: correlation length
A/L = 100.

where k =1 and L is the length of the space-dependent random medium. Fig. 22 shows the numerically gen-
erated space-dependent covariance kernel for 4/L = 0.01 and 100. We can see, for 4/L = 0.01, the covariance
kernel is centered along the cross-diagonal while for 4/L = 100, the covariance kernel is quite uniform.

Fig. 23 shows the mean and variance of the solution at a fixed time 7 = 1.5 for different values of the noise
amplitude. The mean solution exhibits large oscillations trailing the solition, which are characteristic of
dispersion waves. The wave speed of these small dispersive waves is small compared to the wave speed of
the soliton. There is no phase shift on the right side of the soliton. We note that by increasing the amplitude
of the random noise, a faster decay of the soliton is observed as a function of time. Fig. 1(b) (see Section 1)
shows a three-dimensional view of the mean stochastic solitons at different times for L =2, A/L =1 and
amplitude v =6. We can see in this view small ripples formed behind the soliton while the MSH drops as
the soliton passes through the random medium. However, after the soliton leaves the random medium the va-
lue of MSH stays constant. These solutions were obtained with the DG/PC method, with 30 spectral elements
of variable p-order; for the stochastic approximation N =3 Karhunen-Loeve expansions and sixth-order
Hermite polynomials were employed. Fig. 24 shows the mean and variance of u(&, x, ¢) after passing through

O -
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o v =10 0.3 v =10
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- 0.25
-0.75 8
g r % 0.2
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Fig. 23. Mean (a) and variance (b) of u(¢, x,¢) at = 1.5 obtained by the DG/PC method, after the soliton has passed through the random
medium; L =2, A/L =1, amplitude v=2, 6 and 10.
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Fig. 24. Mean (a) and variance (b) of u(¢, x, t) obtained by the DG/PC method, after the soliton has passed through the random medium;
L=2, A/L=0.4 and 10, amplitude v = 6, time = 1.5.

the random medium for a covariance kernel corresponding to L = 2, 4/L = 0.4 and 10, and amplitude values
v =0, at t = 1.5. By increasing the correlation length of the random process a faster drop of the soliton and
larger dispersive waves for increasing time are observed. Figs. 25(a) and (b) show numerical results obtained
by the DG/PC and FD/PC methods and by Monte Carlo simulations; the latter is based on 2000 runs using
FD discretization on 1200 grid points. The polynomial chaos simulations are computed by a three-dimen-
sional, third-order polynomial chaos method. In spatial discretization, a DG method with 30 spectral elements
of sixth-order and a second-order FD method with 1200 grid points are used. MSH and MSW are plotted as a
function of time for relatively large values of the noise amplitude. We see that for the largest value (v = 10) we
have a deviation of the PC-based results from the Monte Carlo results. In Figs. 26(a) and (b), we plot MSH
and MSW as a function of time for different correlation lengths along with Monte Carlo results. Surpisingly,

oy
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Fig. 25. MSH (a) and MSW (b) as a function of time while the soliton is passing through the random medium; L =2, A/L = 1, amplitude
values v =2, 6 and 10.
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Fig. 26. MSH (a) and MSW (b) as a function of time while the soliton passing through the random medium; L =2, amplitude v =6,
correlation length values 4/L =0.4, 1 and 10.

here we see deviations of the PC based results from the Monte Carlo simulations at larger values of the cor-
relation length. The FD/PC results are closer with the Monte Carlo simulations since we employed FD dis-
cretization in both approaches. Increasing the A/L ratio leads to fast decay of MSH, which is a trend
consistent with the results obtained with the fully-correlated noise case.

We have also investigated the convergence rate for this case. In Fig. 27, we plot the L., error in the mean
solution and the variance at ¢ = 1 for space-dependent noise with correlation length 4/L = 1 and amplitude
v = 6. The number of Karhunen-Loeve modes is N =2 and high-order spatial and temporal discretization
is employed to guarantee the stochastic error dominates. (We use DG discretization with 180 DOF in space
and Ar = 107" in time). The L., error for the mean and the variance are defined in Eq. (19). Since there is no
analytical solution for space-dependent noise, we treat the numerical mean and variance solutions obtained
for K=9 as the exact mean and variance solutions. Similar exponential convergence rates are observed for
both mean and variance in the semi-log plot.

T
—©—<u>
A <?s — <us?

4

Fig. 27. DG method: convergence rate of L..-error of the mean, and variance in solving Eq. (39) with (v =6, ¢ =0, 4/L = 1), at t = 1, with
respect to PC order, K.
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Fig. 28. MSH (a) and MSW (b) as a function of time while the soliton under additive noise, described as a random variable (e = 0.1)
passing through a random medium corresponding to L = 2, amplitude v = 0.3.

4. Additive noise and space-dependent multiplicative noise

We now consider the third case, where we include the stochastic input in the KdV as space-dependent mul-
tiplicative noise and also additive noise, see Eq. (1). In Fig. 28, we plot the MSH and MSW for this combined
case. We compare the solution with corresponding solutions obtained for an additive noise and a space-depen-
dent multiplicative noise with the same values of parameters. We observed that the combined noise case leads
to a faster decay in MSH and a faster increase in MSW.

5. Summary

We have obtained numerical solutions of the stochastic Korteweg-de Vries equation, an idealized model for
noisy plasmas. First, we considered time-dependent additive noise for which exact solutions are available in
the literature. Subsequently, we considered multiplicative space-dependent noise corresponding to a new
non-stationary covariance kernel. Finally, we studied the combined case. The first two classes of solutions
are very different as shown in Fig. 1 (see Section 1) in terms of their mean values. The dominant feature of
the mean stochastic solution in the first class is the fast decay of the soliton height whereas in the second class
is the presence of ripples trailing the soliton as it passes through a “noisy” medium. We have also obtained
several other useful and general results for the time-dependent case. For example, if the additive noise is of
Gaussian type then the solution converges to a Gaussian packet whereas if the input noise follows a uniform
distribution then the solution follows a “uniform-like” distribution with short tails — at least for early to mod-
est travelling times. We have also found that the mean first invariant is constant and its value is identical to the
deterministic value whereas the second invariant increases quadratically with time at early times but switches
to linear growth eventually.

From the numerical standpoint, this problem is a good testbed for measuring the accuracy of new stochas-
tic numerical solvers. Here we focused on polynomial chaos (PC), using Hermite and Legendre basis function-
als. We also employed two different discretizations in physical space, a spectral/hp element combined with a
discontinuous Galerkin (DG) method and a second-order finite difference (FD) method. Overall, the accuracy
of PC with either discretization is very good at early times or well correlated input, and only a few modes were
required to achieve very high accuracy (e.g., see Figs. 4, 10 and 27). However, in long-time integration, the PC-
based solutions obtained by either DG or FD discretization diverge (see Fig. 16), a behavior not entirely unex-
pected, e.g. see [26]. To this end, a multi-element discretization of random space with adaptive control of the
error can overcome this problem. First results for time-dependent problems were reported in [27], and we will
report more details in future publications.
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Appendix A. Numerical methods

We perform two types of stochastic simulations. One is based on the Monte Carlo method and the other
one is based on the polynomial chaos method. In Monte Carlo and polynomial chaos simulations, the repre-
sentation of stochastic inputs is expressed by a Karhunen-Loeve decomposition.

In polynomial chaos representation, we employ Wiener—Hermite expansions for the solution in the form

M
u(évx’ t) = ui(x7 t)¢i(€)7 (43)

=0
where {¢;} is the expansion basis. We choose {¢;} to be the normalized Hermite polynomials of degree K.
Here ¢ is a N-dimensional Gaussian random vector. The total number of expansion terms is (M + 1), and
is determined by the dimensions N of the random vector ¢ and the highest order K of the polynomials {¢;},

(N +K)!

M+1= .
=ik

(44)
The most important aspect of the above chaos expansion is that the random processes have been decomposed
into a set of deterministic functions (in spatial-temporal variables) multiplied by the random basis polynomi-
als which are independent of spatial-temporal variables. Substituting Eq. (43) into polynomial chaos represen-
tation (Eq. (1)) and letting v = 0, we obtain the stochastic KdV equation with time-dependent random noise

%* ( ZZ”!”/¢¢>+263 5;’71'(171* (45)

i=0 i=0 ;=0

By multiplying Eq. (45) by a test function, ¢, k =0,..., M and employing the orthogonality relation, We ob-
tain a system of (M + 1) deterministic ‘KdV-like’ equations,

Ouy, Oy
— uue; — =€ 46
or Ox <€0kk 120: Jz; / jk) ox3 e (46)
where eq . = <q§f,> and e; ; x = (Pipjpi), i,j,k =0,...,M. Both ey, and e, ; ; are evaluated during the pre-pro-
cessing stage.

In space and time discretization, we employ two numerical techniques:

(1) A high-order discontinuous Galerkin (DG) method [24] with first-order predictor—corrector time step-
ping scheme.
(2) A second-order (in space) finite difference (FD) method [25] with first-order time stepping scheme.

According to the DG method, the computational domain, €, is decomposed into N, non-overlapping sub-
domains, Q = Uj\’;‘l Q;, Q= {x|x;_1 S XS X 12} The differential equations are solved independently in each
sub-domain, while the boundary conditions are specified on the interfaces between Q; and Q;

Eq. (46) is decomposed into three first order differential equations by introducing the auxiliary terms, ¢, p
and r as following

(47a)

du, 0 3 LK B 47b
T ey 2 gk | 7= e (470)
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By multiplying Egs. (47a) and (47b) by a test function, v,,(x), where m =0, 1,..., P and x € ©; and integrating
by parts over the sub-domain ;, we transform Eqs. (47a) and (47b) into a weak form:

ov,,
/Q/ Unq dx = ”kﬁlvm J+h ”k/flvrnﬁ- gu" dx, (48a)
R va
Ump dX = qj+%vm,j+l q]—— m, /—— - aiq dxv (48b)
Q; o X
R vy,
Ul dx = pj+%vm,j+, p_] mJ*— - a—p dx (480)
Q; Q;
@uk -+ P-4+ aUm
o Umg dx = — o [ dx +f(uk ) Uy )j+%vm,j+% _f(uk ) Uy )A/’—%Um,jf% - o _f(uk) dx + €Ny o Um dx?

(48d)
Here a1, q .1 and p p, ! are the so-called “interface fluxes” between domains Q; and Q;,,. We choose the
fluxes bazsed on upwmd principles [24],

Upel = U1 Pjat = P el

g (49)
. 941 + 924
9= 5 -

The “+’ or ‘-’ superscript defines whether the function is computed from the right side of the interface or from
the left side. Taking values of the evaluated functions from the outer side of the interface is equivalent to
imposing boundary condition for element ;. The values of the test functions are always computed from
the inner sides of the interfaces of the sub- domam Q;. Choosing upwind fluxes guarantees stability and
convergence, see proofs in [24]. In Eq. (48d), f (u; 7uk) is a monotone flux for f{u;). We use the simple
Lax—Friedrichs flux,

P ) = 3 () + £ ) =l — ), = maxy 1 ) (50)

where f(u;) = =2 ZA OZ —oUsties 1 and the maximum is taken over €;. By integrating by parts again, the
weak form Eqs (483) (48d) can be represented as

auk

_ - Ol

Lj Umq dx = Um‘j*%(uk‘j—% ukJ*%) + /Q/ Ox Um dx’ (513)

(@7 —4a7,) (G1—4q. ) 3
_ Lan T as i i %9
Lj UmpP dx = Um‘j‘#% 2 Um,jfl 2 + /Q/ Ox Um dx? (Slb)
/Q_, Ot dx = Umj+2(-p/+1 o J+ / ox 3, Um dx, (3Te)
Ouy, - P vy,
N Umg dx = — o Uy dx Jrf(”k y Ug )j«%vm,j-%—% *f(”k ) Uy )j—%vm,j—% - L, ox S () dx + 5’71(. . Uy dx.

(51d)

In each spectral element €;, we employ Legendre expansions for all variables of the form:

X t) ~ 2 Ukyl(t)‘l’;(x), (52)

where ¥/x) are the Legendre polynomials of order / and Uy (t) are their coefficients. P; is the highest
order of the Legendre polynomials on element j. To improve the efficiency, we can adaptively choose
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appropriate P; for each element j. Integrals in Eqs. (51a)<(51d) generate the mass matrix, M, and the
advection operator, L,

T
M:/V~‘I’de, L:/V-(G—‘P> dx, (53)
Q; Q; Ox

where V= {v,,}, ¥ ={¥;} (m,[=0,...,P). The orthogonal properties of the Legendre polynomials lead
to the diagonal mass matrix, M, which dramatically lowers the computational cost. The advection oper-
ator, L, is a sparse upper triangular matrix and all its nonzero entries are equal to 2, which contributes
to an additional computational cost reduction. By transforming Eqs. (51a)-(51d) into a matrix form, we
get,

0=M" Vsl = )+ LU, (54a)
(@i, —4a.1) (@ 1—4q )

2 -1 Jt3 Jt3 J=3 J=3 -

P=MT\V, ——o =V, o+ L0, (54b)

R=M"[V,, P+ LP], (54c)

(54d)

o
Sl

2

R A o oV
Wi _pem {ﬂuk )V = Pl V= [ G dsren [ Vasl,

where U = {U,,},0={0,},P = {P;},R = {R;},(1 =0,...,P;). Similarly, by setting e = 0, we derive the sto-
chastic DG method for one-dimensional space-dependent stochastic KdV for Eq. (1):

O=M" Vsl =) + LU, (55a)
(G —4:1) (@ 1—4q )

P=M"! V+2%_V/’f%%+LQ (55b)

=MV Pl =)+ LP], (55¢)

7 (55)

2

. _ . ov
6_":—R+M 1[f(uk,uk)+1V/+1—f(uk,uk)].sV]_l /Qa—xf(uk)dx—Fr

where

N

M \V4 N M
O IPILICAERETEY frd DD IS S

s=0 [=0 s=0 [=

NI'—‘

J

;,\

Based on the the finite difference scheme in [25], the second-order stochastic FD method for the one-dimen-
sional time-dependent stochastic KdV equation gives:

A

31 M M
1
”ZJ; = ”k, 2041 Z lze?lk u+1 ”11+1) (u:‘jfl)(u;l‘jfl)] - 2(Ax)2 (“Z,j+2 - 2“2‘_/41 + 2“21/71 - ”Z‘jfz)

3)2 M M
eopy 2 2 Cottl ey ) a0 =) = () = )]
1=

M M
n n n n
2 E E esxlu N ”1/+2 duj o+ 6up —Auy + ”1,1;2)]
eOkk =0 =0

12
A

+ —Z(Ax)4 (g — OUf oy + 150y — 200+ 15up = 6up ;o +uy, 5) + enAt, (56)
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where A = £ Similarly, we can employ the stochastic second-order FD method for the one-dimensional space-

dependent stochastic KdV equation as follows:

M M
n+l __ n _ n
Upj = Up; — 2e E : E :eélk Usjr1 vy — 3”l/+1) s\j—l(vC/J' 3”1,1'—1)]
0kk “s=0 =0
A« N M
n n n n
——— (U], —2u 4 2u | — Ul E Ee v () = 2u) )
2( kj+2 kj+1 kj—1 k, 2 Lk u 1j+1 ! 1j—1
2(Ax) J J J J— 290“ bt & J J J-
3&2 M M
n n n n n n n n
E €s, l,k[(uw-ﬂ + us,j)(ulj+1 - “1,/) - (”s,j + u&j—l)(ul,j - “1.1;1)]
e =0 1=0
M M
n n n n n n
t— 2 Z Z esil( 6“5,_,-) (”14j+2 - 4”1,j+1 + 6“1,_,' - 4”14,,'—1 + “1,.,-—2)]
eOkk s=0 =0
/'LZ
n n n n
+—0 (ukj+3 ou; it 15u} i ZOuk_J. + 1514,{'_/.71 6uk/ ,+ ”k, 3)- (57)
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Fig. 29. Convergence rates of the deterministic solvers at =1 (upper figure) and ¢ =5 (lower figure).
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Table 1
L errors at ¢ = 1, obtained by the DG methods for a stochastic solver for Eq. (1) (v =0,e = 0.1,  is a Gaussian random variable) and a
deterministic solver for Eq. (1) (v =0, =0)

Degree of freedom 210 252 294 336

L., errors (stochastic DG) 1.786e — 2 1.1375¢ — 2 1.8513e — 3 6.6864e — 4
L, errors (deterministic DG) 2.154e — 2 1.3828e — 2 2.37e -3 7.7313e — 4
Table 2

L., errors at t = 1 obtained by the second-order FD methods as a stochastic solver for Eq. (1) (v =0,e =0.1,  is a Gaussian random
variable) and a deterministic solver for Eq. (1) (v=0,e=0) at t=1

Degree of freedom 400 500 600 700
L, errors (stochastic FD) 0.0566388 0.0274777 0.0146638 0.00902784
L, errors (deterministic FD) 0.0613785 0.0291867 0.0156231 0.00905615

Appendix B. Accuracy of the deterministic and stochastic solvers

The stochastic and deterministic KdV equations have been solved numerically using the DG method and
the second-order FD method. In the following simulations, the time step, At, is chosen such that the temporal
numerical error is negligible (A7 ~ 10~°%), compared to spatial numerical error. In order to study the accuracy
of the DG solver, the size of the sub-domain, Q;, and the maximum polynomial order, P;, are kept constant for
all j elements. Next, we will compare the spatial accuracy of the two methods in the deterministic (v = ¢ = 0)
and stochastic cases (v =0,e¢ = 0.1, n ~ Gaussian random variable) and investigate how the stochastic error
and the spatial discretization error will affect the overall accuracy of the corresponding solution. As an esti-
mate for the numerical error, we use L., = MaX|texact — Unum| and we define the degrees of freedom (DOF) as
DOF = Zj.vjl (P; + 1) for the DG method and DOF is equal to the number of grid points for FD method. In
Fig. 29, we compare the convergence rates of the two deterministic solvers: the DG method and the second-
order FD scheme at t =1 and 5. It is obvious that the DG method has better convergence rate than the sec-
ond-order FD method. By comparing the numerical error of the two methods at 1 =1 and 5, we can see that
the second-order FD method accumulates error much faster than the DG method.

In Tables 1 and 2, we present the L., errors of stochastic mean and deterministic solutions at ¢ = 1 obtained
by the DG method and the second-order FD method. The same magnitude is observed between the L, errors
of the two stochastic solvers and the L, errors of the two deterministic solvers. This verifies the accuracy of
our stochastic solvers and proves that we can reach the same high accuracy as solving deterministic equations,
by choosing high order stochastic expansions.
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