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A CONVERGENT INTERACTING PARTICLE METHOD FOR
COMPUTING KPP FRONT SPEEDS IN RANDOM FLOWS*

TAN ZHANGT, ZHONGJIAN WANGH, JACK XIN$, AND ZHIWEN ZHANGT

Abstract. We aim to efficiently compute spreading speeds of reaction-diffusion-advection (RDA)
fronts in divergence free random flows under the Kolmogorov-Petrovsky-Piskunov (KPP) nonlinear-
ity. We study a stochastic interacting particle method (IPM) for the reduced principal eigenvalue
(Lyapunov exponent) problem of an associated linear advection-diffusion operator with spatially ran-
dom coefficients. The Fourier representation of the random advection field and the Feynman-Kac
(FK) formula of the principal eigenvalue (Lyapunov exponent) form the foundation of our method
implemented as a genetic evolution algorithm. The particles undergo advection-diffusion, and mu-
tation/selection through a fitness function originated in the FK semigroup. We analyze convergence
of the algorithm based on operator splitting, present numerical results on representative flows such
as 2D cellular flow and 3D Arnold-Beltrami-Childress (ABC) flow under random perturbations.
The 2D examples serve as a consistency check with semi-Lagrangian computation. The 3D results
demonstrate that IPM, being mesh free and self-adaptive, is simple to implement and efficient for
computing front spreading speeds in the advection-dominated regime for high-dimensional random
flows on unbounded domains where no truncation is needed.

Key words. KPP front speeds; random flows; Feynman-Kac semigroups; interacting particle
method; convergence analysis.

MSC codes. 35K57, 47D08, 65C35, 65L20, 65N25.

1. Introduction. Front propagation in complex fluid flows is a nonlinear phe-
nomenon commonly found in many scientific and technological areas such as chemical
reaction fronts in liquid, transport in porous media, and turbulence combustion [36].
If the fluid velocity field is simulated by stochastic processes with known statistics, a
fundamental problem is to analyze and compute front speeds in such complex fluid
flows. An extensively studied model is the reaction-diffusion-advection (RDA) equa-
tion with Kolmogorov-Petrovsky-Piskunov (KPP) nonlinearity [12]:

(1.1) uy = kAzu+ (v-Va)u+ f(u), teRT, x=(z1,..,29)7 € R%

Here in equation (1.1), u is the concentration of reactant or population, x is the
diffusion constant, and v is a prescribed incompressible velocity field. We focus on
the case with KPP reaction term f(u) = u(1l — u) satisfying f(u) < uf’(0). In the
following analysis and numerical examples, we will fix kK = 1 , while changing the
magnitude of the velocity field v, or equivalently varying Péclet number Pe which
measures the relative strength of advection and diffusion.

The propagation of reaction-diffusion fronts in fluid flows has been an actively
researched field for decades [6, 34, 17, 35, 1, 23, 24, 36, 22]. The linear corrector
equation and the variational formula aided the computation of KPP front speeds.
For spatially periodic velocity field v = v(x), the minimal front speed formula was
known [5, 6] around 1980s: c¢*(z) = inf(; re)>0 u(Ae)/(2z,Ae). Here z € R? is the
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front propagation direction, p(Ae) is the principal eigenvalue of the linear advection-
reaction-diffusion operator A* parameterized by dual unit vector e € R? and \ € R:

(1.2) AN =K AL  H(—26Ne+v) Vg -+(kA2 = Av-e+ f(0)).

on a d-dimensional torus T¢. When v is space-time ergodic, the ¢* variational for-
mula generalizes [24] with  being the principal Lyapunov exponent and R? in place
of T¢. Existing works include adaptive finite element method (FEM) for steady flows
[30, 29]; edge-averaged FEM with algebraic multigrid acceleration [38] for two dimen-
sional (2D) time periodic flows; semi-Lagrangian (SL) method for 2D random flows
[23]. When flow is random with large amplitude and spatially 3D, the FEM and SL
calculations of p become incredibly expensive. An alternative is the (fully Lagrangian,
mesh-free and self-adaptive) interacting particle method (IPM, [15]) successfully stud-
ied for cellular and chaotic flows. This motivates us to develop IPM for computing
KPP front speeds in random flows in this paper.

We first combine operator splitting and random Fourier methods to approxi-
mate the underlying linear advection-diffusion operator (Eq.(2.1)), then leverage the
Feynman-Kac (FK) representation of the parabolic evolution and develop an IPM to
compute c¢*. Since directly approximating the FK formula is unstable, we study a nor-
malized version for u based on the corresponding FK semigroups. Using perturbation
theory, we guarantee the existence of p (Proposition 3.1) in randomly perturbed flows
on T¢. The random flows with specific energy spectrum are realizable by the random
Fourier method along with convergence of their expectations in L? ( Eq.(3.42)) and
u approximations (Theorem 3.6). Next, we estimate the approximation generated by
the random Fourier method associated with the solution operator of non-autonomous
evolution equations (Theorem 3.7). We provide an error estimate of IPM on ¢* in
randomly perturbed flows on T¢ (Theorem 3.8). Numerically, we observe convergence
of ¢* in the large volume limit of T? to the values from a direct IPM computation on
R?, encouraging a future study along the line of periodization of stochastic homog-
enization (see [11, 7, 13] for elliptic problems). Flexible to both T¢ and R?, IPM is
advantageous for high-dimensional and stochastic flows where the issue of unbounded
domain arises in (1.2) and is expensive for traditional Eulerian methods. TPM is self-
adaptive and free from domain truncation. For particle methods on related effective
diffusivity problem in periodic and stochastic flows, see [26, 27, 28, 31, 32, 14, 33].

The rest of the paper is organized as follows. In Section 2, we review the back-
ground of random Fourier method and present an IPM for computing ¢* in random
flows. In Section 3, we provide the error estimate of the approximation to the solution
operator and convergence rate. In Section 4, we validate IPM with a semi-Lagrangian
method on 2D examples and carry out numerical experiments to show its accuracy in
spatially periodic flows (cellular and ABC flows) in agreement with known theoretical
results. Then we investigate the influence of random perturbations on ¢* and show the
distribution of particles with different magnitudes of perturbation. Most notably the
randomly perturbed ABC flows whose vortical structures are increasingly smeared as
the random perturbations are strengthened, and ¢* reduced accordingly. We discuss
a shift normalization of IPM on R? to realize its convergence to an invariant measure.
The concluding remarks are in section 5, with most of the proofs left in the Appendix.

2. Efficient IPM for KPP front speeds. We develop the interacting particle
(Lagrangian) methods (IPM) for computing ¢* in random flows.

2.1. Computing p by FK semigroup. Let us consider v = v(x,w), a mean
zero and divergence free flow field, to be constructed by a sum of deterministic space
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periodic term and a stochastic perturbation term. The stochastic perturbation term is
mean zero, stationary, ergodic, and has a specific energy spectral density. Here w is an
element of the probability space describing all possible environments and we assume
that the realizations of v(x,w) are almost surely divergence free. To compute the
KPP front speed ¢*(z) along direction z, we denote ¢ as the solution to the linearized
corrector equation with (z,e) > 0:

(2.1) ¢ = Aq = kAzq+ (—26Xe + V) - Vgq + (kX2 — \v - e+ f'(0))q,

with compactly supported non-negative initial condition ¢(x,0) # 0. Recall that the
minimal front speed in z is: ¢*(z) = inf(; xe)>0 p(Ae)/(z, Ae), where

t—+oo t

. 1
(2.2) u(re) = lim fln/Rd q(x, t)de,

also known as the principal Lyapunov exponent of (2.1). To design the interacting
particle (Lagrangian) methods, we split the operator A into A = £ 4 C, where £ and
C are defined by:

(2.3) L:=rAg + (—2de +v) - Vg,

(2.4) C:=c(z,w) = (K\* = M -e+ f(0)).

Then for each random realization, to approximate the operator £, we define the
following SDE system:

(2.5) dXh® = (XY ds +V2hdw(s), X =m, by >s> 1,

where b = —2kx\e + v is the drift term, w(¢) is a d-dimensional Brownian motion
independent of w. The FK formula is:

: 1 ! t,0,x
(2.6) u(re) = tilgloo n lnE(exp (/0 e(Xo™ )ds)).
Here the expectation is over the probability space induced by the d-dimensional
Brownian motion w(t). For a given e and its corresponding operator A in the follow-
ing analysis, we denote u(\) = p(Ae) for simplicity. Only during the computation of
front speed ¢*, we search e to minimize p(Ae)/(z, Ae), subject to (z,e) > 0.

Comparing the computation in formulas (2.2) and (2.6), we see that the FK
formula provides an alternative strategy to design (Lagrangian) particle methods to
compute p(A) and overcome the drawbacks in the traditional Eulerian methods, es-
pecially in the cases when the magnitude of v is large or the dimensional d is high
(e.g. d = 3). Directly applying the FK formula (2.6) to is unstable as the sample
paths visiting the maximal points of the potential ¢ make the main contribution to
the expectation E in (2.6). This may lead to inaccurate or even divergent results. A
more accurate strategy for the computation of p(A) is to study the convergence of
the FK group associated with the above SDEs (2.5) and the potential ¢. Specifically,
let D denote the space where the system lies in, P(D) denote the set of probabil-
ity measures over D and S = C*>°(D). Then let Q.. denote the evolution operator
which is associated with the process X!2'!1® in the SDE system i.e. for any measure
m € P(D), function ¢ € S, we have

(27) m(Qt2,t1¢) = Em~m<¢(X:§’t17w))'
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Similarly, we define the associated weighted counterpart as

ta
(2.8) m(Q5, 1, 0) = Egrm (#(X27) exp(/ (X2 ®)ds)).

ty

The L(t;) and A(t1) are the infinitesimal generators of two evolution operator
Qt,t, and Qf, ;. By the definition of Qf, ;, and as in [4, 2], we define the FK
operator ®g, , by:

_m(Q5,00) _ Eanm (0(XE ") exp(f, (X217 ds))
m(Qf, 1) IEmNm(exp(fttl2 c(X2H®)ds)) .

(2.9) @, (m)(9)

Due to steady velocity fields here, we denote ()f y = Qf and ®f, = ®7. One can
easily verify the following property of the FK semigroup ®¢ [15].

PROPOSITION 2.1. For any m € P(D) and ¢ € S, there exists C, > 0 such that

(210) Bi(m)(0) [ odm| < Cullgexp(-b.0).
where 6. = inf{pu(A) —R(z) : z € a(A)\{p(N)}} > 0 is the spectral gap of the operator
A, m. is the invariant measure of ®f.

The exponential decay property of the FK operator ®{ in the above proposition
allows us to establish the existence of invariant measure m. of ®¢ from a simple
initial measure m (uniform or Gaussian) after long enough evolution.

2.2. Random fields realization. We use random Fourier methods [16] for pro-
ducing a random velocity field vp(x) to approximate random velocity field v, (z,w)
in some stochastic sense. And we also require vp(z) can be described by combina-
tions between a finite number of random variables to allow it to be easily realized
during the calculation. This approximation method can be verified by computing the
average of mean-square displacement among N, independent realizations {v7, }jvzl of
the approximate velocity fields which are generated by successive calls to the random
number generator (different random seeds). For a random velocity field with spectral
density F(k), its stochastic Fourier integral representation is

(2.11) V() = / T ke U2 (o)) AV (K),

— 00

where dW (k) is a complex Gaussian white noise. By Riemann sum approximation
over a finite partition of 2Nr + 1 equal width intervals of width Ak, we define k4, =
(Np + %)Ak This partition extends over a finite interval [—knaz, kmaz]. Using the
midpoint of each sub-interval to evaluate the integrand, we get the following Riemann-
Stieltjes sum for the approximating velocity field:

Ng
(2.12) vp(z) = Y e PTIAREIR(|j|AR) AW
j=—Nr

Here the complex random variables AWj (k) are defined in terms of the complex white
noise process:

~ J+AK/2
(2.13) AW; (k) = / dW (k),
j—Ak/2
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where {AT; }jvjl are statistically independent complex Gaussian variables and AW,
is a real Gaussian variable with mean zero and variance Ak independent from all
other variables. Therefore we can transform the equation (2.12) into:

Np
(2.14) vp(z) = EY2(0)AW, + 2Re Y | e 2™ IRKT B2 (|5| AR) AW,

j=1
which shares the same distribution. Here Re denotes the real part of the following
expression. By expanding the complex random variable AW into real and imaginary

parts, we obtain a concise expression of the approximate velocity field as a discrete
sum of real Fourier modes. The approximate velocity field is:

Np
(2.15) vp(z) =Y \/2BE(k;) Ak;[( cos(2mk;x) + n; sin(2rk;z)).
j=0

Here k; = jAk denote the locations of equally spaced grid points and Ak; = Ak for
j=1,2,..., Nr and Akg = 1Ak The {Cj} o and {77] o are independent Gaussian
variables with mean zero and variance one.

The exact correlation function of random velocity field v(x) with given E(k) is

(2.16) R(z) = (v(xo)v(zo + ) =2 /000 cos(2rkz) E(k)dk.

The correlation function of the Fourier generated random field vp(x) is

Np
Rp(z) = Z( 2F(k;)Akj)?[cos(2mk;jx0) cos(2mk; (z + x0)) +
7=0
(2.17) sin(2mk;xo) sin(27k; (x + x0)) Z 2E(k;)Akj cos(2mkjx).

By comparing these two correlation functions (2.16) and (2.17), we find that
Rp(x) is just the finite discrete expression of R(x) by discretization the Riemann
integral. As the number of Fourier modes Np gets larger and the step Ak gets
smaller, this approximation will become more accurate. In our numerical experiments,
we select these two parameters according to the correlation length of energy spectral
density.

2.3. Numerical discretization and resampling techniques. For the time
interval [0, 77, let H denote the number of time discretization intervals and let At =
T/H. At the time t; = iAt, we can define the transform of random variables by the
following formula:

Here {w;} are i.i.d d-dimensional standard Gaussian random variables which are inde-
pendent of X;. This transform just represents one step Euler-Maruyama discretization
scheme for process X1:0% at time s = T'— iAt which follows the SDE system (2.5).
Then the one-step evolution operator @2t will be defined as follows:

(2.19) QMé(2) = EG(Y)|X, =), é€S5.

This manuscript is for review purposes only.



6 T. ZHANG, Z. WANG, J. XIN AND Z. ZHANG

The evolution operator Q~* describes how the values of a given function evolve
in Ly sense over one time step At. One can easily verify that

(2.20) QR — 24|, < Co(At)?,

where the operator £ refers to (2.3) and Cg is a positive constant [20]. Specially,
when b = 0, Qﬁt = eAt£ for all i. In addition, we can define the approximation
operator for Q¢ in (2.8). For instance, if we choose the right-point rectangular rule,
we obtain that for any m € P(D) and ¢ € S

(221)  m(QAteAtCy) = E(qﬁ(Yi) exp (c(Y:)At)[X; ~ m), i=1,2,.. H.

The time discretization for the FK semigroup (2.9) reads:

m(QiAteAtC ¢)

(2.22) o7 (m)(¢) = QAT

It is not practical to compute the closed-form solution of the evolution of the
probability measure in (2.22). So we try to approximate the evolution of the proba-
bility measure in another way by an N-interacting particle system (N-IPS) [21]. Now
we denote CAH = QAteAC(H) and define KA = CALHCALH =T [CALL

m(KAbig)

KAt _ .
(2.23) ) (m)(¢) = W, 1=1,2,...,H,

is the FK semigroup associated with the operator X2%?. According to Lemma in [15],
for any operators A, B in L(L?(D)), ®*8 = ®BdA. Therefore, we have that

H-1
(2.24) PF = T @ " = o ek ok,
=0

Suppose a Markov process (O, (F.)n>0, (§)n>0, P) is defined in the product space
(D)N. By an N-IPS, we can approximate any initial probability measure my = m as:

(2.25) P(¢Y € dz) Hmo (d2h)

Then according to [21] and denote £"~! = &, we evolve the N-IPS according to
(2.26)

KA Z NoH-1 KCALH—j EN (sz
P(g" € dz|g" ) H«b S 1 =IIIl @ )(Z5)(d2),
=1 I=1 j=0
where N denotes the number of particles, vector & = (x!,...,2V)T, and n denotes the

iteration number of the probability measure’s evolution by the FK semigroup defined
n (2.22). Following equation (2.26), we compute each iteration of the evolution of N-
IPS step by step from £€°. And each iteration step will be divided into H small steps
and we denote £ = (€", ..., €M™ as €™ after ith small steps (i = 0,1, ..., H). During
each iteration stage, we evolve the particles from s = 0 to s = T in the SDE (2.5)
by the evolution operator {QiAt}szal and then re-sample these particles according
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to their weights which are determined by the potential function. Specifically, each
particle in the system is updated by:

(2.27) gt — b=l L g Y AL+ V2RAKW T 1=1,2,., N,

where {wé’”fl} are i.i.d standard n-dimensional Gaussian random variables. Then by

following the FK semigroup, we compute each particle’s weight wi’”q by (2.28) and

re-sample them according to the multinomial distribution of their weights and then
: n—1

obtain &' "

lin—1
At
(2.28) B J G ) I=1,2,..,N,

' Zz 1exp( (ﬁn 1)At)

The whole evolution process of N-IPS from (n — 1)T to nT can be seen from
Algorithm 2.1. The restriction step in this algorithm is the positional restriction
back for the particles that are about to escape from the range of the domain during
the evolution process. For example, under the periodic velocity field condition in
T? = [0, L]¢, we update the particle position in each dimension by = < mod(z, L).

After obtaining the particles’, £f, empirical distribution, we compute p’x,(A). At
the iteration step n, we first define the change of the mass as follows

(2.29) lzexp " Ad).

Then, we compute the p approximation:

(2.30) W, (\) = (HAE) ™ Zlog( 1Zexp At))

The following algorithm 2.1 shows the entire evolution process. We know that the
particles’, &f, empirical distribution will weakly converge to the distribution <I>’C (mp)
as N goes to infinity. Therefore, we can use pX,(A) as an approximation to u()\).

3. Convergence analysis. We show the convergence of the interactive particle
(Lagrangian) method in computing the KPP front speed of the random perturbation
velocity field. In [15], the authors have given the convergence analysis of the cases
with deterministic velocity field and bounded domain. Here we want to focus on the
cases with a randomly perturbed velocity field and a bounded domain D. Due to each
random realization, the realized velocity field will perform as a deterministic case, so
we divide the analysis into four parts. The first part studies the approximation of the
random field with specific energy spectral density by the random Fourier method. The
second part studies the error estimate of an operator splitting method to approximate
the evolution of parabolic operators. The third part studies the error estimate of the
interacting particle (Lagrangian) method in g computation The fourth part studies
the error estimate in computing u via the random Fourier method.

3.1. Approximating random field with a prescribed energy spectra by
random Fourier method. Here we first represent the linearized corrector KPP
equation (2.1) into a non-autonomous parabolic equation:

(31) qr = HAmq + b(mvw) ! va+ c(a},w)q, T = (1’1, “wxd)T € Da te [OvT]a

This manuscript is for review purposes only.



8 T. ZHANG, Z. WANG, J. XIN AND Z. ZHANG

Algorithm 2.1 Genetic algorithm for computing p'k ,(\)

Require: Input: velocity field v(x,w), potential ¢(x,w), initial probability measure
mg, Monte Carlo number N, generation number n, time step At, generation life
span T' = HAt and t; = iAt, 0 < i < H (mutation number).

1: Generate N i.i.d. mg-distributed random variables £ = (&,---,£"°) on D
2: for j=1:ndo
3: fori=0:H—-1do
4: Generate N i.i.d. standard Gaussian random variables.
Compute 51771 = (57:1,1‘717 e ,gfv’jfl) from 5{71 by (2.27).
Restrict {f LonD by imposing boundary condition (not needed on R9).

5: Compute point-wise fitness array S := (exp(ctAt) ,--- exp(cVAt)), where
ck = c({f’j_l,w), 1<k<N.
6: Define weight array w = (w7 ' - ;w7 ™!) := §/sum(S) via fitness, and

compute mutation-wise mean particle fitness growth rate (PFGR):
E;; :=log(mean(S))/At
7 Resample éf -t by w-parameterized multinomial distribution to get Ef;ll .
8: end for _ ' _
9:  Generation-wise mean PFGR: p/,(A) := H~! Zfi_ol(Ej,) and set &) = &1,
10: end for
Ensure: Output p},(A) and approximately time-invariantly distributed &f.

with the initial condition g(z,0) = qo, b(z,w) = —2kAe + v, c(z,w) = KA — \v - e+
f'(0) and T is the computational time. For each realization of the random field, our
strategy is to generate an approximation v’(x) to the random velocity field, v(x,w),
with long-range correlation using methods that can be used with confidence to predict
some important scaling laws and can simulate the spreading of particles accurately
and efficiently. And v'(z) is composed of two parts, the same deterministic part
in v(x,w) and the approximated velocity field vp. Here we use the simplest tracer
statistic of the sort to measure the spreading of the particles. In the SDE system (2.5)

(32) dXs = b(Xs,w)ds + V2rdw(s), Xo=2a,

here w(s) is d-dimensional standard Brownian motion and its variance at time s in
each dimensional is 2ks. The randomly perturbed term b(X,,w) is independent of
w(s), so their variances are additional. Also we know that b(X,,w) = bo(Xs) +
v, (X, w) and here bo(X) is the deterministic part. Due to v, is mean zero, so
(b(Xs,w)) = bo(X,). Here (-) denotes the average over probability space induced by
w. And the covariance function between two points X, X + @ can be computed by:

(b( X5, w) = bo (X)) - (b(Xs + @, w) — by(Xs + @) = (vr(Xs,w) - vr (X + 2,0))
(3.3) = R(x).

In our following analysis and experiments, the random perturbation is only a
one-dimensional perturbation. For example, in 2D cases, v,(x,w) = (0,v.(x,w)).
For a zero mean, Gaussian random velocity field v, (z,w), it is completely character-
ized by its two-point correlation function, R(z) = (v,(zg,w)v. (2o + z,w)). And the
correlation function admits the Fourier-type representation

“+o0
(3.4) R(z) = (vp(xo,w)vr (2o + z,Ww)) = / cos(kx)E(k)dk.

— 00
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where E(k) is the energy spectral density of the random velocity field v,.(z). Then
we know that the mean square displacement is also completely determined by the
correlation function R(z). So the important thing is that the generated velocity
field’s correlation function Rp(z) should be an approximation to the true random
velocity field’s correlation function R(xz). Now we move our focus on the random
Fourier method to generate an approximation to the random velocity field.

Following the generation method mentioned in Section 2.2, to make the random
Fourier method accurate at low frequency, we would require the energy spectral den-
sity E(k) to satisfy the following properties.

P1. E(k) is integrable. Since E(k) is non-negative, this also implies E(k) € L'(R).

P2. E(k) is finite at zero point, i.e. E(0) < +o0.

P3. E(k),E ( ), E"(k) are all bounded a.e.

P4. Let g(y) =2 [ E(k)dk. For ¥Cy > 0, Fyo > 0, ¥y > yo,9(y) < Cy/y?, i

g(y) is 0(y’2) as y goes to infinity.

From properties P1 to P4, we can also imply that the correlation function R(z)
is always finite. Then by comparing these two correlation functions (2.16) and (2.17),
the error between the two velocity fields’ correlation function consists of two parts:
truncation error and discretization error. In other words, the error is related to
frequency step Ak and the number of Fourier mode Ng. Then it is also related to
the length of truncated frequency interval ko, = (Np + %)Ak For a specific kp,qz
and Np, the truncation error ey, can be represented by:

00 kEmae
Ctry = |2/O cos(2nkx) E(k)dk — 2/0 cos(2mkx) E(k)dk|

(3.5) = 2|/ cos(2mkx) E(k)dk| < g(kmaz)-

kmaz

And the discretization error eg;s can be represented by:
kmaz
(3.6) Cdis = |2/ cos(2rkx)E(k)dk — ZZE i) Ak; cos(2mk; a:)|
0

So that we can see that the error ep can be bounded by
(37) ErR = ‘R(Jj) - RF(x)| S Ctru + €dis < €dis + g(kmax)

LEMMA 3.1. For random velocity field v, with the energy spectral density E(k)
which satisfies the properties P1 to P4, we can use the random Fourier method to get
its approximation vp. Then we can get

(38) €R S €dis T etru S O((A ) ) (km?za:)

Moreover, if the rates of decreasing Ak and increasing kya. are same, i.e. O(Ak)
= O(k;,L ) the dominant term of the error between their correlation functions er is

the discretization error term egis, i.€.
(3.9) er < O((AK)?) + o(AR)2) = O((Ak)?),

Proof. For the discretization error ey;s, here we can see it uses a central point
method to compute the numerical integrals. For a fixed interval length k4., the
discretization error eg;s is O((Ak)?). And for the truncation error, es,, will be related
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to the performance of energy spectral density E(k) at large frequency. From the
properties P1 to P4 we mentioned above, we can see that e, is bounded by ¢(kmaz)
and g(kmaz) is o(k;2,) when kpq. is large enough. if we synchronise the rates of

decreasing Ak and increasing k4. then we can get o(k;.2,) = o((Ak)?) and

(3.10)  epr < egis + etru < €dis + 9(kmaz) = O((Ak)?) + o((AK)?) = O((Ak)?). O

From the random Fourier method mentioned in Section 2.2, the approximated
random velocity field vp generated by (2.15) will follow a correlation function Rp
defined in (2.17). And the true random velocity field v, will follow the correlation
function R defined in (2.16). In the convergence analysis in [15], the author assumed
that the deterministic part bg(x) and co(x) satisfies ||bo(x)|| < M1, |co(x)] < Mo,
[|Vzco()|| < Ms and ||Azco(x)|| < My. Now we analyze these assumptions with the
addition of random perturbation v, and we use vpr to be an approximation to v, in
the practical experiments.

LEMMA 3.2. For a probability p close to 1, the term ||b(x,w)|| in the SDEs of the
randomly perturbed velocity field mentioned above has the corresponding upper bound
M, ., so that

(3.11) P(l|b(z,w)||r2 < Mi,;) >p
Similar upper bounds My ., M3 ., My, can also be found for other terms used in

the analysis in [15].

Proof. By the triangle inequality, we can get that
(3.12) bz, w)[[L2 < |[bo(@)[[L2 + [[vr (2, w)l|L2 < My + [[vr (2, w)|| >

Here we give the analysis for 2D cases as an example, a similar analysis can be done for
higher dimensions. Here = (z,y) and due to v, being a 1D random perturbation, we
have v, (z,w) = (0,v,(7,w)). We assume that v, (z,w) € L'(R)NL?(R) almost surely.
We also denote the period for the deterministic part as L and choose D = [0, L]?. Then
for the term ||v,.(z,w)||z2, we can analyze it on R x [0, L] and obtain

+oo
313 Eufllon(@ @il =Bl or(ew)Pdel < B[ for(ow)Pdal.
D —00o
We denote 0,(k,w) := Fluv,](k), the Fourier transform of v,(z,w). From the

definition of energy spectral density, we know that E(k) = E,[|0,(k,w)|?]. Then by
Plancherel theorem, we can get the following relationship.
(3.14)

+o00 +oo +o0
L. ]Ew[/ lop (2, ) [2dar] = L/ Bl w)2dk = L [ E(k)dk = R(O)L.

— 00 — 00 — 00

Then we can get E,[||b(z,w)|| 2] < My + +/R(0)L and the variance satisfies
Var(||b(z,w)|12) < Eu[||vy|[22] < R(0)L. Then for a probability p close to 1, we can
find the corresponding upper bound M ,, so that P(||b(x,w)||r2 < Mi,) > p. For
other assumptions, we can follow a similar idea to get their upper bounds My ., M3 ,
and My ,. The detailed explanation can be found in Appendix B. 0
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A CONVERGENT INTERACTING PARTICLE METHOD 11

3.2. Approximating parabolic evolution by operator splitting. We write
the linearized corrector KPP equation (2.1) as a non-autonomous parabolic equation:

(3.15)  q; = kAzq + b(x,w) - Vaq + c(x,w)q, = (21,...,204) €D, tc][0,T],

with the same notation as (3.1) and we use v’ to be an approximation to v. From
the notation defined in (2.3) and (2.4), we can define

(3.16) Az, w) = L(z,w) + C(x,w),

where L(x,w) = KAz + b(x,w) - Vg and C(x,w) = c(x,w). Similarly, we can de-
fine A’, L’ and C’ to be the corresponding operators for v’. We know that in each
realization, the velocity field v’ is realized as a time-independent and space-periodic
field. Then the operator A’'(x,w;) = A’(x) has a real isolated principle eigenvalue [8].
Here we treat A(x,w) as the deterministic part A’ with a small random perturbation
(caused by the remainder of the velocity field v — v") and following the perturbation
theory in [10], we can obtain

PROPOSITION 3.1. For the spectrum 3(A") of a deterministic infinite system A’
mentioned above, using the spectral gap condition, we can first separate it into ' (A’)
and X" (A") where X'(A’) is a finite system. The change in a finite system X'(A’)
of the eigenvalues of a closed operator A’ is small (in the sense of A.1) when A’ is
subjected to a small perturbation in the sense of generalized convergence.

Proposition 3.1 guarantees the existence of u(A) of A when it is treated as the
original deterministic operator A’ subject to a relatively small random perturbation
in each realization. Then we define a solution operator U(t,q) : U(t, s)q(-, s) = q(-, 1)
corresponding to the non-autonomous parabolic equation (3.1). This solution operator
U(t, s) maps the solution of equation (3.1) at time point s to the solution at time point
t. It is easy to verify:

1. U(s,8) =1d,¥V s >0
2. U(t,r)oU(r,s) =U(t,s),Vt>r >8>0
3. %L{(t, s)qo = A(x,w) U(t,s)qo, V t > 5 > 0,q0 € L*(D)

The solution operator provides us an approach to study the parabolic equation
(3.1). The principal eigenvalue of the parabolic operator .A can be given by the prin-
cipal eigenvalue of the solution operator U (T,0). Although the principal eigenvalue of
U(T,0) exists and is real [8], it is difficult to have it in closed form for this operator.
Therefore, we adopt an operator splitting method to approximate U(T’,0).

We divide the time interval into H equal sub-intervals and set At = %, t; = iAt,
and consider the following parabolic equation during a time sub-interval

(3.17) Gt = kAgq + b(x,w) - Veq+c(x,w)g, t;<t<ti1, ©>0.

Then we can represent the corresponding solution operator as:
i—1
(3.18) g(t) = el mIIEHC) H A EFC gyt <t <tiga.
h=0
Here At;, = At = %, just to emphasize that it corresponds to the h-th time sub-
interval. Furthermore, after applying the first-order Lie-Trotter operator splitting
method to get an approximation to the solution operator defined in (3.18), we obtain
i—1
(3.19) q(t) = el tEelmtC H eBEeACqy, b <t <ty
h=0
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12 T. ZHANG, Z. WANG, J. XIN AND Z. ZHANG

It has been proved that the solution operator [[1—, e2£e2C obtained by the
first-order Lie-Trotter splitting method converges to the corresponding solution op-
erator U(T,0) as At — 0 in certain operator norm [15]. If b(x,w) and c¢(x,w) are
uniformly Lipschitz in @, then the authors have also provided the error estimate,
which shows that the error of the principal eigenvalue obtained by the Lie-Trotter
operator splitting method is at least O((At)z).

3.3. Error estimate of particle method. For operator A defined in (3.16), we
consider its corresponding FK operator ®* with a probability measure m is defined
by:

(3.20) >4 (m)(¢) = Vo € L*(D).

Moreover, we denote ®:4 = (&4)". Tt is easy to verify that the FK semigroup &
satisfies the property: ®A8 = ®BdA, ¥V A B € L(L?(D)).

Recall that the operator <" defined in (2.24) is constructed from the FK semi-
group ®L"" defined in (2.23) which corresponding to the operator KX2%%. We show
several important results to ensure the existence of an invariant measure for the
discretized FK dynamics and give an error estimate for computing the principal ei-
genvalue of the parabolic operator A’(x) defined as (3.16).

PROPOSITION 3.2. There exists a probability measure m* so that the operator

KAt satisfies a uniform minorization and boundedness condition as follows

(3.21) om* () < K2 (¢)(z) <9m(¢), VaxeD, V¢el’D),

where 0 < 0 < ¢ are independent of At. Moreover, when At — 0, the limit operator
is the exact solution operator U(T,0), which also satisfies this uniform minorization
and boundedness condition.

PROPOSITION 3.3. Suppose the minorization and boundedness conditions (3.21)

hold. Then, @fm admits an invariant measure ma¢, whose density function is the
eigenfunction of the operator (KAY)*, the adjoint operator of the solution operator
KAt Moreover, for any initial distribution mo € P(D), we have

. 0
(3.22) |57 (mo) — mai| |, <201 - "

where || - ||rv is the total variation norm and 0 < § < & are the parameters defined in
the minorization and boundedness conditions in (3.21). The estimate (3.22) is also
true when changing K2t to the exact solution operator U(T,0).

Proposition 3.2 and Proposition 3.3 the operator K2! satisfies a uniform mi-
norization and boundedness condition and then can guarantee that @’SM admits an
invariant measure. The details of the proof can be found in [15] and [19]. Then the
principal eigenvalue of operator K2t satisfies the following relation:

(3.23) 2T = KL = @ (mo) KA+ p,

where ma; and mg are just the probability measure mentioned in Proposition 3.3,
— At,H—1
T is the period in time and p, is O(1 — 4)". Denote mk, = Hilzol O
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1 <h<H. Let e, = (mh,)(K24H="1) denotes the changing of mass. Then, we have

H-1
par(NT _
(3.24) ehat hl_[leh, and ,uAt()\) HAt Z log eh
Then we represent an important result that gives the error analysis of computing
the principal eigenvalue of A(t) using the particle method. The details of the proof
can be found in [15].

PROPOSITION 3.4. Suppose b'(x) and (x) in A'(x) are bounded, smooth and
periodic in each component of x, and uniformly Hélder continuous in t. Let

(3.25) pa(A) = (HAL)™ Z log (N~! Z exp(c At))

denote the approximate principal eigenvalue obtained by the N-IPS method, where
?,;”*1, h=0,---,H—1,1=1,--- /N, n is the iteration number and At = T/H is
the time step. Let pu(\) denote the principal eigenvalue of (2.1) defined in Eq.(2.6).
Then, we have the following convergence result

(3.26)

th (HAt)™ Z log (N 1Zexp ’” 1 At)) ()\)+O((1—%)")+O((At)%)a

where 0 < 6 < 9 are the parameters defined in the minorization and boundedness
conditions in (3.21).

3.4. Error estimate in computing p via random Fourier method. Here
we will give some statistical error analysis on the solution operator. By the approxi-
mation to random velocity field and the operator splitting method, it has the following
error in approximating the solution operator U(T,0) in L? operator norm

H
(3.27) €op 1= HZ,{(T7 0)q — H eAth,D(m,w)eAthC/(m,w)q’ }Lz'
h=1

Here £ and C’ denote the corresponding operators in (3.16) of v’. We can separate
this error into three parts and define them by

(328) 61 = Hu T 0 H Ath-A(w,w)qHLz’
H H
(3.29) ez = || H eAtnA@w) H eAthL(m,w)eAthc(w,w)q||L2,
h=1 h=1
H H
(330) ez 1= || H eAth,E(m,w) eAthC(:E,w)q _ H 6Ath,£'(z,w) eAthC'(w,w)q| |L2
h=1 h=1

Here e1,e5 and e3 are corresponding to the error caused by solution operator (3.18),
the Lie-Trotter operator splitting method, and using the random Fourier method.
Then by triangle inequality, we can get that

(3.31) eop < €1+ ex +es.
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14 T. ZHANG, Z. WANG, J. XIN AND Z. ZHANG

LEMMA 3.3. For any probability p close to 1, we can find the upper bounds for
[|b(x,w)||Lz, |c(x,w)|, |[Vec(x,w)||r2, ||Azc(x,w)||L2 and the corresponding terms
forb'(z,w), ' (x,w). These terms will be bounded by their corresponding upper bounds
My, My, Mj, and M with probability greater than p. To be specific, for ||b(x,w)]||L2
and ||b'(z,w)||rz, they will satisfy

(3.32) P(||b(z,w)||r: < My)>p and P(||b/(z,w)||r: < M7) > p.

Similar inequalities will hold for other terms. Moreover, we can construct v by
these upper bounds, and the operator A — ~, A" — ~ will both satisfy the assumptions
in [15] with probability greater than p.

Proof. From the analysis in Appendix B, we have obtained the upper bounds cor-
responding to the terms comprising b(x,w) and ¢(x,w) with a random perturbation.
So for any probability p close to 1, we can find the number M ,., M, s.t.

(3.33) P(||b(z,w)||z2 < M1,) >p and P(||b(z,w)|[zz < M7) > p.

Then we take M; = max(M; ., M{). Following the same idea, we can get the
upper bounds M, M; and M; which are corresponding to |c(x,w)|, ||Vzc(x,w)|| L2
and [|Agc(x,w)||p2. Following the idea in [15] Lemma 3.2 and Lemma 3.3, for
(b(z,w), c(z,w)) and (b'(x,w), d(z,w)) , we can respectively find (71,72) and
(71,7%). We take ¥ = max(y1, 72,71, 7%) and take v = 4 + My where |c¢(z,w)| < MJ
and |¢/(x,w)| < M5 are satisfied with probability greater than p. Let U,(t,s) =
e (=9l (t,s) be the solution operator which corresponds to the parabolic equa-
tion (3.17) with A, = A,(z,w) = A(z,w) — 7, Ly, = L,(z,w) = L(x,w) — 7 and
Cy = Cy(x,w) = C(x,w) — My. Similar for A'(x,w), L' (z,w) and C'(z,w), we can
obtain A’.L and C.. O

The error estimate of e; and ez has been proved in [15]. Now we would like to
give the error estimate of e3.

THEOREM 3.5. For the probability p defined in Lemma 3.3 and error es from the
random Fourier method and defined in (3.30), i.e.

H H
!’ ’
e3 = || H eAthC(z,w)eAthC(w,w)q _ H eAthC (w,w)eAth,C (m,w)q| |L2,

h=1 h=1

Define event By =
(3.34)

{es < T (llo=v'llz2- (I Vadllza+lallz2) +(A8) (l[o—vll 2+ Vol 2 +llallz2) ) .

then By holds with probability greater than p, i.e. prob(By) > p.

Detailed proof of Theorem 3.34 can be seen from Appendix C. Now we look
back at the total error estimate in a stochastic sense. From (B.1) to (B.12), we
can get these terms’ upper bounds distribution estimation. For any p close to 1,
we can always find their corresponding upper bounds’ so that they are bounded by
them with a probabili;cy greater than p. Following the selection method for v; in

[15], we take v = M + M> , and also require «; should be large enough so that

K

41—y gt > 25M;,C. Here C is defined by the fact that

(3.35) IVadllz> < CllAzql|7eldll7.-
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For 5, it should be selected large enough so that
(3.36) [(L(z,w) =22)a] 2 > Cr, b)([|Azll 2 + llal|L2),

~ - 22772 2

here C(k,b) should satisfy C(k,b) > max( 1o g2M3”’, 4(NM4""+C{\241""M3”') ) and Cpy
H H

is the uniformly Holder continuous coefficient. Similarly, we can select 7{ and ~}

according to b'(x,w) and ¢/(z,w). Then we take ¥ = max(y1,72,7],7%) and v =

A + M;. Then following the proof of e; in [15], it can be proved that

C .
3.37 e <Te'T . ——2_(At)P~3 2,
(3.37) 1 < i (At)"~=[qllL

N[ —=

here C; is the constant defined by the infinitesimal generator A and its corresponding
analytical semigroup e which satisfies

C,
(3.38) Al < ==

, t>0.

Then following the proof of ey in [15], it can be proved that

(339) 2 < T (S0} + (VA0 a2

Finally following the proof of e3 mentioned above, we can obtain that
(3.40)

es < Tel- (HU—U'Hm (IVaallz +lgllz2) + (A1) (lo =[] 2 - | Vaqll 2 +||Q||L2))-

Here we consider one realization of v’(x,w;) = vo(x) with an initial Fourier mode
number N and frequency step Akro. Then we can construct a sequence {v;(x)}32,
that each time we four times the Fourier mode number and half the frequency step,
i.e. for v;, it will have a Fourier mode number Np; = 49N r,o and frequency step
Akp; = (1) Akpp. During the construction process of each term in one realization,
we keep the values of the random variables at the previously existing truncation points
unchanged and add a subdivision based on them. Due to the exponential decay
performance of E(k), the amplitude of the high-frequency term will exponentially
decay to zero. Then we treat v(x) = lim;_,o, v;(x) as the corresponding realization
of real random velocity field v(x). Now we look back to the error estimate of the
correlation function of these series. Due to the analysis for (3.5) and (3.6) , we know
that the discretization error eg;s is O((Ak)?) and is the dominant term. Due to the
construction strategy mentioned, Akp; = (%)3 Akp,, then the convergence rate of
eqis will become O(2727). Then the total error of correlation function eg will be
dominated by the discretization error eg;s as j increases and will have a convergence
rate O(27%) = O((Ak)?). From this, among several different realizations, we can
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further give the following estimate for E,[||v(x,w) — v;(z,w)||L2].
L L
Bullo(@,e) — v@ )l =Bul [ [ [or00) = vr(o.)dudy
0 0

“+o0
<L B[ o) — o o]

— 00

r(f " B fon ()~ / " Bl (2, )P

— 00

+oo
— 2[ E,[(vr(z,w) —vp (x,w)) - vp,j(a:,w)}dx)

“+o0
(3.41) < L-|R(0) = Rp,;(0) — 2/ By [(vr(z,w) —vpj(,w)) - vz, w)]dzl,
— 00
here v ; is the perturbation part generated by random Fourier method and we define
Vres,j = Ur — UF,j and interpret v,.s ; as v, subtracting its component at the selected
Fourier modes and the component at other Fourier modes will still be a mean zero
random field and is independent of v ;. Then we can obtain that

(3.42) Eu[||v(x,w) — vj(z,w)[[72] < L-[R(0) = Rp;(0)] = L-ery,

here Rr; and eg ; are the corresponding correlation function and its error for vp ;.
Then we can further know that E,[||v(z,w)—v;(x,w)||2.] will have a convergence rate
O(27%9). It also means that E,[||v(z, w)—v,(x,w)|| 2] will at least have a convergence
rate O(277) = O(Ak) and its variance Var(||v(z,w) —v;(z,w)||r2) will also converge
to zero with a convergence rate at least O(27%) = O((Ak)?). In the above analysis,
we did not make further requirements on realization, thus this convergence rate is
available for arbitrary realizations. By following the perturbation theory in [10], we
can obtain that

THEOREM 3.6. In each realization, the corresponding velocity field {v; };";0 and v

J J
Atﬁ’Y(m)eAtCV(m)}?io Atﬁw(w)eAtCa,(a:))

will define their corresponding operator {e and e

then for sufficiently large j,

eAtEi(w)eAtCi () eAtl:,Y(z)eAtC,Y (x)

— in the generalized sense.

Also for sufficiently large j, the principal eigenvalues of AL (@) A () g

eAtLy (@) A () s close, their difference is small in the sense of A.1.

Proof. Here we define Z(j) = et (@) oA (@) _ o ALLy () (ALCy(2) - Then following
(C.7) we can obtain
(3.43)
IZ()allz2 < (AAtl[o —vj][L2 + O((AH)*))lgl]z2 + (At + (A1) - [l — v |2 | Vgl 2,

here the term O((At)?) actually should be infinitely termed’ sum which all consist
of the coefficient ||v — v;||z2. Due to we do not care so much about the term with
high At order, here we still write O((At)?), but we know this term converges to
zero as j goes to infinity. then ||Vgq||r2 is bounded by |[(A — ¥)g||r2, then we
can get it is also bounded by Cjy|leAt5r(@)eAC(®)g|| >, Then we can obtain that
Z(5),5 = 0,1,2, ... is eAt£ (@) A0 () _hounded and both the coefficient of ||g||z> term
and ||Vzq||r2 term converge to zero as j goes to infinity. Following A.4, we can get

that AL @) A (@) _y (ALL, () oAtCy(@) iy the generalized sense.
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Then following the spectral gap assumption, A.1 and A.5, we can obtain that
when adding a small perturbation Z(j) on the original operator eAtLy (@) ALC, ()
the change of the principal eigenvalue is also small in the sense that the principal
eigenvalue is continuous at the coefficient of the perturbation equal to zero. Then we
finish the proof and can extend this conclusion to the entire time evolution from 0 to
T. |

THEOREM 3.7. For sufficiently small At and large j, we denote the following
error estimate of the random Fourier method to approximate the operator obtained by
the Lie-Trotter operator splitting method (3.19) as event B,

(3.44)

H H
By = {H H eAt,CeAtC _ H eAtLjeAtchLz(D) < 03()\,]9)\/”,0 _vj”%z + (At)Q},
h=1 h=1

and By holds with a probability greater than p, i.e. prob(Bs) > p. Here p is a prob-
ability which approaches to 1 (see Lemma 3.3) and to be simplify, we use L,C,L;,C;
to denote L(x,w), C(x,w),L;(x,w), Cj(x,w).

Detailed proof of Theorem 3.7 can be seen from Appendix D. Together with the
lemma and theorem mentioned above, we can give an error estimate for the principal
eigenvalue.

THEOREM 3.8. Let e*MNT and eratMNT denote the principal eigenvalue of the
solution operator U(T,0) and the approzimated solution operator HhH:1 eAtnL (w.w)
eAtnC (®w) pegpectively. And the enerqgy spectral density of the random perturbation

velocity field is set as E(k) = |k|ze~¥l. Denote the following error estimate as event
B37

(3.45) By = {|e"OT — s T| < Cy(p) - (A1)E + C5(A,p) - [Jo — 12,

then Bs holds with a probability greater than p for sufficiently small At, small Ak,
and large kpar. Here p is a probability which approaches to 1 (see Lemma 3.3).
Eu[llv — v'||12] has a convergence rate O(Ak) and Var(||lv — v'||r2) has a conver-
gence rate O((Ak)?). Moreover, we can obtain that in this case, |pp(A) — par(N)| =
O(C4(p)(AD)2 + Cs(\, p)|lv — v'||12). To simplify, we denote Cy = Cy(p), C5 =
C5(A\,p) and

i ey (N expl(e (€AY
prr(A) = Him HAt '

Combining with the error estimate of the Lagrangian (particle) method in Section
3.3, we have the following convergence result: Define event By =

(346)  {rx(h) = u() +O((1 — )") + O(Cu(AN) + O(Csllo —v'll2)

then By holds with probability greater than p.

Proof. According to the standard spectral theorem in [10], the principal eigen-
value of these two operators U(T,0) and [r_, eAtL (@) Al (@w) will satisfy

H
(347) |;U’()‘) _ /‘At(A)l < Csp‘ |Z/{(T7 O) _ H eAthﬁ (w,w)eAthC (%w)HL?(D)'
h=1
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Here we first define Cy(p) = 2C,Te?” and Cs5(\,p) = 4(Cp(p) + N\)Te?T+1). Fol-
low the error estimate we analysed for e, eq,es,||v — v’||r2 and Theorem 3.7. By
the triangle inequality, we can get (3.45). And then we can accordingly obtain the
error estimate for |p(\) — par(A)]. Then due to the analysis in Section 3.3 and by
triangle inequality, we get the convergence result (3.46). For other types of energy
spectral density E(k) and 3D cases, we apply a similar idea to analyze them and give
corresponding results. O

4. Numerical experiments. We present several numerical examples computed
by the interacting particle method (IPM). We first show examples to verify the con-
vergence and accuracy of the IPM method in computing p. Then we compute front
speeds ¢* in 2D and 3D random fields. Meanwhile, we investigate and analyze the re-
lationship between ¢* and the magnitude of the velocity fields on torus T = [0, 27],
d = 2,3. We take domain size to infinity and study the finite domain effect to ¢* on
R? by a normalized/centered IPM. Such an unbounded domain problem is impossible
to compute by mesh-based methods without a proper domain truncation.

4.1. Convergence test in computing p. The convergence test of the operator
splitting method and using the IPM method in computing principal eigenvalues of
determined flows can be seen in [15]. Different from the test in the deterministic
velocity field, here we also need to verify the convergence between generated random
fields (using the random Fourier method [16]) and real random potential fields. Here
we choose a specific energy spectral density F(k) which satisfies the properties P1 to
P4 we mentioned in Section 3.1.

(4.1) E(k) = |k|ze ¥,

We plot the performance of the coefficient of the generated random velocity field

with this energy spectral density E(k) with the frequency step Ak = 5+

207"
0.12 25
~
[\
| \
0.1 I \ 4 20|
0.08 >
- \ 5 15
=] 3 /
Y 0.06 \ - /
§] \ | /
Zior
0.04 g
0.02 5T
0 ol
0 200 400 600 800 1000 0 200 400 600 800 1000
N Fourier mode N Fourier mode
(a) Coefficient value of Fourier mode (b) Cumsum of coefficient value

Fig. 4.1: Performance of the coefficient of the generated random velocity field

From Figure 4.1 we see that as frequency k goes to infinity, the coefficient of
the corresponding Fourier mode term in the generated random velocity field goes to
0. We also test convergence using the random Fourier method generated velocity in
computing the principal eigenvalues for a 2D random shear flow v(z,y) = - (0,&(x)).
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Here § = 5 and &(z) is set as follows:

Np
(4.2) E(x) =) \/2E(k;)Ak;j - [ cos(2mk;x) + n; sin(27k;x)].
J=0
2.1
2.08 - 1
2.06 - 1
204 F 1
" o
202 F —Ng=10 | |
Ng =20
2 N;Ao i
—— Ng=80
1.98 i/ Ne=200| |
196 Il Il Il Il Il Il Il Il Il Il
0 100 200 300 400 500 600 700 800 900 1000

T

Fig. 4.2: Front speed ¢* — t of random shear flow with different Fourier modes Npg

We can see from Figure 4.2 that in one random realization, as we increase the
Fourier modes number, the principal eigenvalues we get are very close when the Fourier
modes number Ny is near or larger than 200 in this case.

4.2. TPM vs. Semi-Lagrangian computation of KPP front speed.

4.2.1. 2D cellular flow. We compare interacting particle method, spectral and
semi-Lagrangian methods in computing KPP front speeds in 2D cellular flow:

(4.3) v(z,y) =6 - (—sin(z) cos(y), cos(z)sin(y)).

We take the spectral method as a benchmark and select § from 2° to 2%. Figure
4.3a shows that these three methods give similar results. The log-log fitted curve has
a slope of 0.257 so that ¢* = O(3%25") a~ O(6%2°), consistent with theory [25]. In
Figure 4.3a semi-Lagrangian and spectral methods are in agreement. Figure 4.3b is
an example for searching Ae to reach minimal front speed. Here z = (1,0). We do a
grid search for the optimal vector Ae and determine ¢*(z) by its variational formula.
We found that the optimal dual direction vector e is either equal to z or near z. The
former occurs for randomly perturbed flows and reduces the search to only the scalar
variable A thereby saving computation time. The latter occurs for flows with ordered
streamlines (e.g. cellular flows) for which a local search around z suffices instead of a
time-consuming global research.

4.2.2. 2D random shear flow. Now we adjust the velocity field with only
generated random shear field, i.e. v(z,y) = ¢ - (0,£{(x)). Here we would like to
simulate the case with an unbounded domain setting. And we can see that given
sufficient monte carlo number N and evolution time n in the IPM method, the Semi-
Lagrangian method needs increasingly fine grids to get similar results. And during
the process that we enlarge the domain to ’infinity’, for the IPM method, we just need
to change the initial distribution and similarly compute the particle traces. This does
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(a) Comparison of ¢* in 2D Cellular flow (b) Search for e, § = 22

Fig. 4.3: Computation of ¢* in 2D Cellular flow

not have any effect on the computation time. For the Semi-Lagrangian method, as we
enlarge the domain, we will need to increase the same number of times of the grids if
we want to maintain the same partition accuracy. We compute the KPP front speed c*
in different domain settings by these two methods with the same random realization.
As in [23], for the advection-reaction step, we use a semi-Lagrangian scheme; and for
the diffusion step, we use an implicit Crank-Nicholson scheme in time and spectral
method in space. We denote this method as SL+CN. In the SL+CN method, if we
would like to simulate the situation with an unbounded domain, we can only enlarge
the domain step by step. For example, we start with the domain T? = [0, 27]? and
enlarge it to [0, 47]?, [0,87]2, ... . In the Eulerian framework of the SL+CN method,
we need to divide the whole domain into IV, x N, grids. Here for simplicity, we just
assume N, = N, and if we want to maintain the mesh size during the process of
enlarging the domain, the time cost will get more and more expensive. If we would
like to maintain the time cost, then the accuracy of the SL4+CN method will get worse
and worse. The time complexity of the Semi-Lagrangian method is proportional to
the number of grid points, i.e. if we set domain length as L and maintain the mesh
size, then the advection-reaction step’s time complexity is O(N2) = O(L?) in 2D
cases. Benefiting from the FFT algorithm, the time complexity of the diffusion step
is O(Llog L). Time cost will become more expensive when we consider 3D cases by
SL+CN.

It is seen from Figure 4.4a and 4.4b that as the domain size L gets larger, more
grid points are needed to maintain the accuracy of SL+CN method.

4.3. IPM computation of KPP front speeds in random flows.

4.3.1. Randomly perturbed 2D cellular flow. Here we change the velocity
field into 2D cellular flow with random perturbation. The approximation to the
random perturbation is generated by the random Fourier method, i.e. the velocity
field is now changed into:

(4.4) v(z,y) = d - (—sin(x) cos(y), cos(z)sin(y) + € - £(x)).
Here &(z) is defined the same as (4.2) and follows the same energy spectral density

E(k) defined in (4.1). This is a 2D cellular flow with a random perturbation. In
this numerical experiment, we set the domain D = T? and the iteration number
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Fig. 4.4: Comparison of ¢* by IPM and SL+CN method

n = 256, At = 279 monte carlo number N = 100,000 (sufficient large). For the
random velocity field, we set Np = 400, Ak = 20%, ki = jAk, Aky = %Ak and
Ak; = Ak (j > 0). Then we compute the KPP front speeds with different coefficients

of the random perturbation.

—%—¢=0 ~
4 - |—*F—€e=001

e=0.1
—*—¢e=05
35 | —*—e=1

€e=2
— — reference curve 1
— — reference curve 2

o3l

25

10° s 10"

Fig. 4.5: Log-log plot of ¢*-¢ in 2D random cellular flow with different €, z = (1,0)

In Figure 4.5, the two reference curves are with slopes of 0.26 and 0.17. Here we
compute 30 realizations and take their averages. During the computation process, we
found that the variance of these different realization samples is very small. Then from
Figure 4.5, we can see that: (1) As the coefficient of the random term e is not equal to
zero and increases, the front speed with direction z = (1,0), This term demonstrate
the power-law scaling of ¢* concerning J, the fitted curves’ slope is getting smaller
and smaller. (2) As the coefficient of the random term e decreasing and converging
to zero, the front speed ¢* converges to the case with no random term (i.e. € = 0).

Then we changed the direction z = (0,1) and remain other parameters the same
and get Figure 4.6. In Figure 4.6, the reference curve’s slope is 0.64. We can see that
if we change the direction z into (0, 1), then as the random coefficient € increases, the
front speed ¢* will also increase.

Then we compare the invariant measure of 2D Cellular flow with and without the
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Fig. 4.6: Log-log plot of ¢*-§ in 2D random cellular flow with different € and z

addition of random perturbation term on domain T?. From Figure 4.7, by comparing
with the sub-figures without random term (Left: 4.7a and 4.7c¢) and the invariant
measure of the sub-figures with the random term (Right: 4.7b and 4.7d), we can
see that the addition of the random term creates a degree of disruption to original
invariant measure.

(¢) e=0, z=(0,1) (d) e= 0.5, z = (0,1)

Fig. 4.7: Comparison of invariant measure in 2D (random) Cellular flow
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4.3.2. 2D random shear flow. In this part, we changed the velocity field into
the generated random shear flow, i.e.

(4.5) v =u(z,y) =6-(0, {()).

With this random shear velocity field flow setting, we consider about the front
speed ¢* with direction z = (0, 1). After searching for the direction e, we found that
e = (1,0) can reach the front speeds. For e = (1,0), we can analyze this case from
the system

(4.6) @ = Aq = KAzq + (=26 e +v) - Vg + (kA2 — v - e + f/(0))g.
Decompose the operator A into A = £ + C where,
(4.7) L:=rAg + (—2k)e +v) - Vg and C := (kA* — \v - e + f(0)).

When e = (1,0), we can see that v - e = 0, the potential is always a constant.
Only has a shift effect on particles and reflects on the front speed c¢*. So no matter
how we change the amplitude of the velocity field §, the front speed ¢* will always
remain at a constant.

So here we only consider the front speed ¢* with z = (0,1) in this random shear
flow setting. Additionally, at this time we do not limit the domain D = T2, but
enlarging it into infinity (with an unbounded domain setting). In the following ex-
periments with unbounded domain setting, we initialize the particles with uniform
distribution on T2. Then the particles can spread among unbounded domains and
we give them sufficient time to move and spread out. By realizing the random shear
velocity field with different random seeds, we compute the KPP front speeds ¢*, and
the results are shown in Figure 4.8.

45F ]
F [ ——c IPMR1

4L | —%—c IPMR2 ]

[ c* IPM R3

35Ff

25]

2

107 5 10° 10"

Fig. 4.8: Log-log plot of ¢* - 6 , z = (0,1), 2D random shear flow, IPM

4.3.3. Randomly perturbed ABC flow. Here we change the velocity field
into 3D ABC flow with random perturbation, i.e. the velocity field is changed into

(4.8) wv(z,y,2) =6 (sin(z) + cos(y), sin(z) + cos(z) + € - &(z), sin(y) + cos(z)).

And here we set n = 512, At =27 N = 100,000 and € = 0 firstly. Then we
compute the front speed ¢* with three realizations and take their average.
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Fig. 4.9: Log-log plot of ¢* -4 , e =0,z = (0,1,0), 3D ABC flow

From Figure 4.9 we can see the result that the fitted curve’s slope in log scale at
relative large § is 0.9842, i.e. ¢* = O(§%-9842) ~ O(81). This means the fitted curve’s
slope is close to the reference curve with slope = 1 in log scale at relatively large 6.
This result is consistent with the result in [29].

Now if we change the random coefficient € to make it not equal to 0 and compute
the front speed ¢* corresponding to these cases. Then we will find in Figure 4.10 that,
with the addition of random term and increasing its amplitude, ¢* in 3D ABC flow
will get smaller and smaller. This is because the random term gradually destroys the
principal vortex structure [3] (ballistic orbits, [37, 9, 18]) in the ABC flow.

—*%—¢e=0
—%—e=01

102 =04 ~

—ve=1

10° 10! 5 102

Fig. 4.10: Log-log plot of ¢* - ¢ with different ¢, 3D randomly perturbed ABC flow

4.3.4. Randomly perturbed 3D cellular flow. Here we consider the 3D
cellular flow with random perturbation, the velocity field is changed into v(z,y, z) =

(4.9) 0-(—sin(x) cos(y) cos(z), —sin(y) cos(z) cos(z)+e-£(x), 2sin(z) cos(z) cos(y)).

Here we set n = 512, At =271 N = 100,000, ¢ = 0,0.1,0.4,1,2 and compute
their corresponding c*.
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Fig. 4.11: Log-log plot of ¢* - § with different €, 3D randomly perturbed cellular flow

In Figure 4.11, the reference curve has a slope of 0.13. We can see that when
€ = 0, the fitted curve has the slope 0.1351 and this result is consistent with the result
n [29]. As the random perturbation strengthens by tuning up e, the corresponding
slopes of the fitted curves and c* values are getting larger. The addition of the
random perturbation term destroys the closed streamline structures in 3D cellular
flow (reduces trapping) and enhances particle transport thereby ¢* increases.

4.4. TPM with dynamic shift for particles on unbounded domain. By
removing the boundary restriction step in Algorithm 2.1, IPM can be readily imple-
mented for computing ¢* on unbounded domains. In order to investigate whether
the ¢* computed by IPM with gradually increasing domain sizes will converge to
unbounded domain results, we conduct experiments on the randomly perturbed 2D
cellular flow(4.4). Fig. 4.12 shows that as the domain size becomes larger, the ¢* com-
puted with the same random realization converges to the direct result on unbounded
domain.

10"

—*—D =1[0,27]?
—%— D =[0,47]?

D =[0,87]? _—~
—%— Unbounded domain —

10°
10° 10"
5

Fig. 4.12: Log-log c¢*-§ with increasing domain sizes, ¢ = 0.5, 2D random cellular flow.

In the convergence analysis of section 3, we require a bounded domain (e.g. T%)
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to guarantee the existence of the principal eigenvalue and carry out the subsequent
c* error analysis. In a future theoretical analysis on unbounded domains, we will
work with the Lyapunov exponent as a limit of principal eigenvalue in the infinite
volume limit of T¢ (as vol (T) 1 co) similar to the periodization approach to stochastic
homogenization [11, 7] . Our IPM can be adapted (dropping domain restriction in step
4) to compute particle distribution on unbounded domains (R%) directly. Different
from the T¢ case, the convergence to an invariant measure requires a dynamic shift
to remove a mean flow induced drift.

The SDE system (2.5), due to b = —2x e+v and v being mean zero, has a nonzero
mean drift —2x\e. If we do not have particle motion limited on a bounded domain, the
particles spread due to nonzero mean drift and do not converge to an invariant measure
at large times. To make sense of convergence, we introduce a dynamic shift to center
the particle ensemble over j generations (each of duration T'). At each j, we shift
all particles in the ensemble by 2jkAT. Due to the stationarity of the random flows,
the statistics of the particle evolution are invariant. After the principal eigenvalue
approximations have converged, we post-process and map the particle ensemble back
to a bounded domain D for visualization. For example D = T¢, then map with
function mod(-), the multi-dimensional modulo operation. To summarize, the particle
distribution at the output of the dynamically shifted IPM without domain restriction
on R converges to an invariant measure subject to deterministic mapping.

4.4.1. 2D random shear flow.

(4.10) v=uv(z,y) =9-(0, {(x)).

We analyze IPM performance in the two cases: e = (1,0) and e = (0,1). When
e =(0,1), v-e = ¢-&(x), the eigen-function only depends on z. In operator L,
(—2kXe +v) = (0, 6 -&(x) —2kA) and V, = (-,0). The inner product of the two
terms is zero. This operator is then a 1D random Schrodinger operator in x with well-
known localization property. And when e = (1,0), v - e = 0, the potential is always a
constant, adding a translation on particle. To see what is the effect of adding space
random perturbation term on the 2D cellular flow, we investigate how the invariant
measure (particle distribution) changes after we dynamically shift them. Here we set
§ =22, N = 200,000, and other parameters remain the same.

Here we can see from Figure 4.13 that, at the early stage of the experiment,
the particles are continually spreading outwards from the initial area. A similar case
occurs with e = (0,1). For the performance of the particle distribution at long times,
we use the re-scaled center F(-) and the second-order momentum D(-) of the particles
to express them. We take their average value over ten realizations. In Figure 4.14a, the
order of the diffusion in direction # and in direction y are respectively D(z) = O(t%-850)
and D(y) = O(t*9%). In Figure 4.15a, the order of the diffusion in direction x and in
direction y are respectively D(z) = O(t7%%13) =~ O(t°) and D(y) = O(t*™?2). We also
perform common statistical tests of the particle distribution at ¢t = 1024 (e.g. QQplot
and KS test), and the results all show that the particle distribution is non-Gaussian.
In fact, according to the variation of the variance D(z), D(y) with time ¢, it can be
seen that the diffusion of the particles after the re-center process exhibits sub-diffusion
phenomena.

4.4.2. 3D randomly perturbed ABC flow.

(4.11) wv(z,y,2) =0 - (sin(z) + cos(y), sin(x) + cos(z) + € &(x), sin(y) + cos(x)).
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Fig. 4.13: Particles distribution under dynamic shift, ¢ = 8 to t = 64, e = (1,0)
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Fig. 4.14: Covariance matrix and mean value evolution, ¢ = 0 to t = 1024, e = (1,0)

Here we plot the distribution of the particles with different random coefficients in
T3. It can be shown from Figure 4.17, especially the xz-plane that as the coefficient
of the random term gradually increases, the radius of the exhibited tube structure
becomes larger and larger with the same total number of particles, which means that
the distribution of particles becomes more and more dispersed and the tube structure
is more and more severely damaged. A similar case also occurs if we change the
system with an unbounded domain setting and at the final plot step we restrict the
distribution of the particles on T3.

5. Conclusions. We developed an efficient interacting particle method (IPM)
to compute KPP front speeds ¢* in 2D and 3D stochastic flows, with convergence
analysis based on the random Fourier method. We first computed ¢* in periodic
flows, including 2D cellular flow and 3D Arnold-Beltrami-Childress (ABC) flow, to
reach agreement with semi-Lagrangian and spectral methods. Then we computed
and analyzed the effect of random perturbations on ¢*. As the perturbation strengths
increase, we observed that the vortical structures (ballistic orbits) [3, 37, 18, 9] in 3D
ABC flow are collapsing, resulting in smaller ¢*. Compared with mesh based methods,
IPM has several striking advantages: (1) it is scalable in spatial dimension and can
handle stochastic 3D problems at ease; (2) it is scalable in domain size and can handle
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4.15: Covariance matrix and mean value evolution, ¢ = 0 to ¢t = 1024, e = (0, 1)
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Fig. 4.16: QQ plot and histogram plot for random shear flow, e = (1,0),¢ = 1024

infinite domain as well as Lyapunov exponent approximation directly. In experiments
on R3, the empirical particle distributions from IPM show convergence under dynamic
normalization while the average particle fitness approximates the Lyapunov exponent.
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Appendix A. Convergence of perturbed p. We review perturbation theory
of linear operators with the following notation:
(A1) T(a)=T+a-T.
Here T is the original operator, T” is the perturbation operator and a is the coefficient
of the perturbation term. Then we have the following property

PROPOSITION A.1. Let T(a) be continuous at a = 0, then the eigenvalues of T (a)
are continuous at a = 0. If A is an eigenvalue of T(0) = T, then the \-group is
well-defined for sufficiently small |a| and the total projection P(a) for the \-group is
continuous at a = 0.
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xy-plane

Fig. 4.17: Three planar views of particle distributions for randomly perturbed ABC
flow at € = 0,0.2, 0.4, showing increased blurring/broadening effect of perturbations.

Next, we would like to introduce some notations we use to describe the conver-
gence between operators in the generalized sense.

DEFINITION A.2. Consider closed linear manifolds M and N of a Banach space
Z. We use Sy to denote the unit sphere of M (the set of all v € M which satisfy
[lv]| = 1). For any two closed linear manifolds M, N of Z, we define

(A.2) 0(M,N) = sup dist(u, M),
uES M
(A.3) 6(M,N) = max[6(M, N), (N, M)]*.
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_ DeriNiTION A.3. We denote that T, converge to T in the generalized sense if
(T, T) — 0.

There is a proposition that is a sufficient condition for the generalized convergence
and its proof can be found in [10].

PROPOSITION A4, Let T € C(X,Y). Let Ap,n = 0,1,2,---, be T-bounded so
that || Anv|| < anl|v|| + bn||Tv|| for v e D(T) C D(A,). If an, — 0 and b, — 0, then
T, =T+ A, € C(X,Y) for sufficiently large n and T,, — T in the generalized sense.

Next, we would like to review some results which can make the above propositions
applicable to an infinite system. Here we use X(7T') to denote the spectrum of the
operator T' € C(X) and we suppose that the spectrum 3(7") has an isolated point
A. Then obviously we can divide X(7T') into two parts ¥'(T") and X (7). Here ¥/(T)
consists of the single point A and any simple closed curve I" enclosing A but no other
point in X(7') may be chosen. Following this idea, we can divide the spectrum of
an infinity system and focus on the finite system X'(7T") which contains the principal
eigenvalue and we have the following proposition to analyze the continuity of a finite
system of eigenvalues.

PROPOSITION A.5. The change of a finite system X' (T') of eigenvalues of a closed
operator T is small (in the sense of A.1) when T is subjected to a small perturbation
in the sense of generalized convergence.

Appendix B. Computing upper bounds in the assumptions. From
the random Fourier method mentioned in Section 2.2, the approximated velocity
field v generated by (2.15) will follow a correlation function R defined in (2.17).
And the true random velocity field v, will follow the correlation function R defined
in (2.16). In the above convergence analysis in [15], the author assumed that the
deterministic by (x) and co(x) satisfy that ||bo(x)|| < My, |co(x)| < Ma, ||Vgeo(x)|| <
M; and ||[Agco(x)||] < My Now we analyze these assumptions with the addition of
random perturbation v, and we use vr to be an approximation to v, in the practical
experiments. By the triangle inequality, we can get that

(B.1) (2, w)[[L2 < |[bo(2)][ 12 + [[vr (2, W)||L2 < My + [[vr (2, w)||L2-

Here we give the analysis for 2D cases as an example, a similar analysis can be done
for higher dimensions. Here & = (x,y) and due to v, is a 1D random perturbation,
then we have v,.(z,w) = (0,v.(7,w)). We assume that v,(z,w) € L*(R) N L*(R)
almost surely. We also denote the period for the deterministic part is L and choose
D = [0, L]%. Then for the term ||v,(x,w)||z2, we can analyze it on R! x [0, L] and
obtain

(B.2)
L “+o0 400
E, [0 (2, )[[22] < Eu / / Jor (2, w) [Pdady] = L - B / oy (2, ) Pd].
0 —00 —00
We denote 0,(k,w) := Flv:](k), the Fourier transform of v.(z,w). From the

definition of energy spectral density, we know that E(k) = E,[|0,(k,w)|?]. Then by
Plancherel theorem, we can get the following relationship.
(B.3)

+o0 +oo oo
L- Ew[/ v, (z,w)[2dz] = L/ E,[|0y (k,w)|?|dk = L (k)dk = R(0)L.

— 00 — 00 — 00

Then we can get E,[||b(x,w)||r2] < My + +/R(0)L. And we know the variance
Var(||b(z,w)]|z2) < Eu[||v,|[2.] < R(0)L. Then for a probability p close to 1, we can
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find the corresponding upper bound M; ,, so that P(||b(x,w)||r2 < Mi,) > p. For
vp, it will have a period 1/Ak in dimension z, then we can give the analysis for vp
on [0,lem(L,1/Ak)] x [0,L]. Then similar analysis can be done for ||b/(z,w)||r2 =
[|bo(x) + vp||L2 and we can get an upper bound M]. Then we take M = max (M .,
M{). Then for the second assumption, we have

(B.4)

()] = leo(@) — Aoy (@) €] < [eo(®)|+ A [[on(, )2 < Ma -+ [[on(@,w)][12.

Then we can get E,[lc(z,w)|]] < My + +/v/7L. And we know the variance
Var(|e(z,w)|) < Ey[l|vr||3:] < v/TL. Then for a probability p close to 1, we can
find the corresponding upper bound My ,, so that P(|c(x,w)| < Ms,) > p. Similar
analysis can be done for |¢/(x,w)| and we can get an upper bound MJ. Then we take
M3 = max(Ms,,., M}). Then for the third and fourth assumptions, we have
(B.5)

IVec(@, W)Lz <[[Vaco(®)l|z + A+ [[Vavr(@,0)[[L2 < Mz + A - [[Vao, (@, w)][L2,

(B.6)
[[Agc(,w)||2 < [|Agco(@)|[L2 + A [[Azvr(®, w)||L2 < My + A [[Agvr (@, w)|[L2.

Then for the term ||Vzv,(x,w)||r2 and ||Azv,(z,w)||r2 , we have

L “+o0 [e%)

(B.7)  ||Vzvr(z,w)||32 S/o /700 |%U7.(x,w)\2dxdy=L-[m|%vr(x,w)|2dx,
L (e%e] d2 [e%e] d2

(BS) ||Amvr(w,w)||2L2 S/O /_Oo |@UT(x7w)‘2d(Edy = L /;OO |@’l}r($,w)|2dﬁﬁ

By the properties of the Fourier transform and the Plancherel theorem, we can
obtain that

B (Va0 @)l < LB [ [o(ow)Pdel =L [ B ke (6P
(B.9) = L/ K*E(k)dk < oo,
2 > d2 2 > 2~ 2
EulllAevr(@,w)llze] < LES[ [ |osvp(z,w)fda] =L [ Eu[[k"0r(k)["]dk
(B.10) = L/ E*E(k)dk < occ.
Then we can obtain that
(B.11) E,[||Vac(x,w)|| 2] < Ms + L/ k*E(k)dk
(B.12) E,[||Agc(x,w)||r2] < My + L/ E*E(k)dk.

And we also know the upper bound of their variance. Following the same idea,
we can get M3, and My,, the upper bound hold with probability greater than p.
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Following the same idea, we can get M3 and M. Then we take M35 = max(Ms ., M3)
and M} = max(My,., M}). We have already computed the assumptions’ upper bound
distributions after adding a random perturbation with specific energy spectral density.

Appendix C. Proof for Theorem 3.34.
Proof. By the operators defined in Lemma 3.3, we can get that

H H
(Cl) Z/[(T, O) _ H eAthﬁ/(w,w)eAt;LC'(w,w) — e’yT H thﬁ/ Ath )

h=1 h=1
By the telescopic sum argument, we obtain that for any ¢q € D,

H
e3 :H H 6Ath,£(w,w)6AthC(w,w)q _ H eAthL’(z,w)eAthC/(m,w)

h=1 h=1

:67T|| Z H eAthLy JAtRCy (eA1tj[:7€Atj(27 _ eAtj[:’weAtjc’v) H eAtiE' At Cwq| |L2

j=1h=j+1

QHL2

(C.2)

Se'yTH Z(eAtjﬁ,YeAtjC At Ll At cl )q”L2

To simplify, we denote £, = L, (x,w) = L(x,w)—7F and Cy = C,(x,w) = C(x,w)—
Mj. This step is to guarantee that [|e2157(®@)||15py < 1 and [[e2 @[ 125y < 1
are both satisfied with probability greater than p. Same for £ and C’. By expressing

the term 2%+ and 2% into exponential series, we can obtain
(C.3) AL Ay g = ALy g 4 (AN e C g + 71 (2, W) g,
(C.4) AL A g = AL g (AL)eREC Lq 4 (e, w)g.

Here the residual terms ||ri(x,w)||r2(p) < %(At)2||C7(az,w)||2L2(D), |7} (2, w)||L2(D)
3(At)? |CL (e, w)||L2 (py- Then we denote r1 = r1(@,w), r| = ri(x,w) and let the
two equations above subtract

LHS = (eA — A0 4 (At)ertEC g — (At)eAtL;C;q +rig—riq
(C.5) = (At — A5 (1 4+ ALC, ) g + (At)eAE(Cy — CL)g + (11 — 71)g.

Then we define G(z,w) = L (z,w) — L (z,w) and H(z,w) = Cy(z,w) —C.(z,w).
By the freezing coefficient formula, we obtain

At
eAt,CW(w,w) _ eAtﬁ;(a:,w) :eAtLi{(m,w) +/ esL;(w,w)g(aLw)e(At—s)L«,(w,w)dS
0

At
(06) _ 6At£;(m,w) — / 6s£;(m,w)g(m’w)e(Atfs)L.y(m,w)dS
0
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We denote G = G(x,w), H = H(x,w). Then we substitute the above equation
(C.6) into (C.5) and compute its L? norm.

(2157 — eA55) (14 ALC, ) q + (At)eA5 (Cy — C)g + (11— 11)gll 2
< [[(eAE — AN (1 4+ ALC, )|z + [|(AD) A H| |12 + [[(r1 — )l |2

< (€A — ALY (1 4+ ALC ) gl 2 + (AL)|[Hal| 2
1

+ §(At)2(||cv\|%2(p) +11C 22 p))lall 2
< (AD)||Gall2 + (A1)?[|GC,ql| L2 + (AL)|[Hal| L2
1
(C.7) + §(At)2(||cv\|2L2(D) +IC 72 (py) Nl 2

Then substitute this result back to (C.2), and we can get the error estimate

H H
e3 = || H eAth[,(m,w)eAthC(m,w)q _ H eAth[,/(az,w)eAthC’(m,w)q|‘L2
h=1 h=1
(C.8) < Ci(g,w)At + Ca([|Gql[ 2 + |[Hdl[L2)-

Here the coefficients C4(q,w) = TeT - (Hg(w,w)CA,(a:,w)q||Lz+%(||Cy(w,w)|\%2(p) +

||C’7(33,w)||2L2(D)) ||q||L2)7 Cy = TeT. Then due to ||C'7(33,w)\|2L2(D), ||Cv(w,w)\|2L2(D)
< 1 are both satisfied with probability greater than p, we can obtain that prob(By) >

p, where B; =
(C.9) a0

{es ST (Ilo=0'llsz+ (I Vadl 2+ llal|2) + (A8) (l[o—vll 2+ Vadl 2+l 22)) }.

Appendix D. Proof of Theorem 3.7.
Proof.

J J _ _ _ J J J J
oALY JALCT AL, JALC ALy AL, [ AMCy = AtLy (= ALC] (= ALL)] AL (ALC)

’Y:e

_ — _ J J
AL AC [ AL (= ALLy o= AMC) (= ALY ALy AL |

— — _ Jo_ J J J
(D.l) eAtEL,Y eAtC,Y [6 AtC,Ye AtLy, e Atcve Atﬁv][eAt’cweAth _ eAt‘CweAtC'Y )

AL ALC] (AL, JALC

Now applying e 7 on ¢, we can get

|eAtE] At AtL, ALC —AICy ,~ AL, _ —ALC) —ALL]

"qg—e "qllr2 <|le —e 2Dy
||eAt[,~,eAtCn, | |%2(D) . ||q| |L2 + HeAt[m,eAtC,Y ‘ |L2(D)'
(D2) ||€7AtCﬂ,efAt£.Y _ efAtcgefAtﬁi | |L2(D) . ||6AM)?Y BAtC’iq _ eAtE'v 6AtC.],q| ‘L2'

Then for the term [|e” 22ty — e_Atcjw.e_AtUw.Hp(D), we can define C, =
28 Cy = C+ M3, Ly = L+ 7 and similarly get C2 and £2. Here M3 and 7 are
the upper bound defined in Lemma 3.3. Then following the idea above, we can get

(D.3)

—AMCy = ALLy efmci efAth

| 2(py = Cy||le” 2T AT — e AL —AtLl

Ile ”HL2(D)-
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Then we can estimate ||e™21C7e= 55y — e‘AtC%e_AtU%HLz(D) following the idea
mentioned from (C.3) to (C.7). Here we need to emphasize that for higher order terms
of At in the expansion, we still end up with the factor ||v —wv,||z2. So we can get that

J J
AtCy o= AtLy _ o —AICH ,—ALLS I |L2(D)

lim; o0 €™ = 0. Then we can assume for j > Ny,

(D4) HeAt.C,Y eAtC.y | ‘LQ(D) . ||67A1£C.y67At£.Y _ e*AtCZ,e*Atﬁi, | |L2(D) < 5
Then substitute back into (D.2), we can get for V5 > Ny
HeAtCZI eAtcgq _ AtL, eAtC.Yq| g2 <2 Hefmcvefmc7 _ e AtC] —ALL |2 (D)
AtL., AC
(D.5) e e [Ty - [lal | 2

Then we can get for Vj > Ny
(D.6)

J J
AtLd AtC ALy ALC

- —AMCy AL, _ —AC] AL

le "qllL2 < 2[e 22 - llall L2 (p)-

So that for ||e21£% eA1C% g — ALy AWy || 1, it will have a convergence rate O(l[v—
v;]| - (At + (At)?)). Then for 2[|e=2Cre=AEq — A= ALY | 4 ||g]| p2(p), We have
LHS = 2627At||6—AtC‘/e—Atﬁ"v _ e—AtC%e—AtLZ;{ | |L2(D) . Hq| ‘LQ
< 2272 [AH[G][ 12 (p) + (A)?(C5G | L2(p) + At|[H][ 2 (p)+
1 ,
(D.7) 5 (QO(IC5l 2oy + 1G5 1| 20)] - llall 2

Here G and H are defined in 3.34. Then for the entire evolution process, we can obtain
that

es < 20" T 2801 (G| 12 (py + (A)]|C5G || L2(py + || H| 20y +

At .
7(||Ci|\L2(D) +1C2 | L2(p))] - llal| 2
< 27" TR0 [DMF AL + ||v — ;|12 (Cp(p) + N+
(D.8) 2M;Cp(p)Atllv — vj[ 2] - [lgl|2-

Here Cp(p) is a constant depend on the selection of 4 which means it will depend on
p. Then we can get

e3 < 2T TH2AN (M) (At)? + 2M5 At+(Cp(p) + N)||v — v 2+
(D.9) Cp(p)?[lv = wjl[72] - llal| e
As At getting smaller and j increasing, the dominated term will be (2M2*At +
(Cp(p)+A)|[v—v;|[r2)|lg||r2 in (D.9). So for the entire evolution process, e3 will have
a convergence rate O(2M3 At + (Cp(p) + A)||v — vj|[z2). Then by Cauchy-Schwarz

inequality, we can get
(D.10)

2MF AL+ (Cp(p) + Vo — | < /AL + (Cnlp) + 22/ (A2 + [l — v 2.

By denoting C3(\,p) = 4Te"T+V) . /4(M3)2 + (Cp(p) + M2, we can obtain

(3.44). Then due to the error estimate of e;, ez and 0(4% (At)z + 2M3AL) =
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0(4?“ (At)2), the total error estimate €op In approximating the solution operator
U(T’,0) will be

405 1
(D.11) eop:O(T(At)Z)+O((CD(p)+)\)||v—vj||Lz). O

(1]

2]
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13]
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