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Abstract

In this paper, we consider a Lie time-splitting scheme for a nonlinear
partial differential equation driven by a random time-dependent dispersion
coefficient. Our main result is a uniform estimate of the error of the scheme
when the time step goes to 0. Moreover, we prove that the scheme satisfies
an asymptotic-preserving property. As an application, we study the order
of convergence of the scheme when the dispersion coefficient approximates
a (multi)fractional process.

1 Introduction

The study of partial differential equations (PDE) driven by random processes is
a subject of much interest because of their numerous applications, for instance
in nonlinear optics [1] or wave propagation in random media [16]. The driving
random processes can model random perturbations or physical quantities whose
we know only a statistical description. Besides applications, the asymptotic
analysis and numerical simulations of such equations are crucial questions. This
paper presents an analysis of a Lie time-splitting scheme for a class of random
nonlinear partial differential equations including Schrédinger equations.

The time-splitting schemes are often used for the simulation of nonlinear
evolution PDE because they are quite simple to implement. They consist of
splitting the problem into two partial problems which can be solved explic-
itly and constructing a numerical solution by combining the solutions of the
two partial problems. These methods are consistent for deterministic nonlin-
ear Schrédinger equations [6] and can take different forms (mainly the Lie and
Strang schemes). Indeed, in [6] the authors prove that the Lie scheme is of order
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1 and the Strang scheme is of order 2 (in dimension 1 or 2). The Lie scheme has
also been studied for nonlinear Schrédinger equations with random white-noise
dispersion [25]. In this case, it is proven that the Lie scheme is consistent and
of order bounded below by 1/2.

The asymptotic-preserving property for a given numerical scheme is of great
importance for the asymptotic analysis and can be described as follows. Let
{u*}c>0 be the solutions of a family of problems such that lim._,ou® = u?,
and {u"}.>¢ the family of numerical solutions approximating {u}.>o for a
time-step h > 0 and obtained from a numerical scheme. We say that the
given numerical scheme is asymptotic-preserving if 5" approximates u°
independently of € and lim._,qu®" = u%". There exist a lot of works dealing
with Asymptotic-Preserving (AP) property in various problems (for instance
[4, 10, 11, 17, 21, 23]). In particular for time-splitting schemes for Schrédinger
and/or random equations, we mention for instance [2, 3, 7, 19, 25].

In this paper we consider a nonlinear PDE driven by a general random pro-
cess with continuous sample paths. We analyze a Lie time-splitting scheme for
this equation. We prove that the scheme converges and the uniform order of
convergence is bounded below in terms of the sample paths of the driving pro-
cess. The form of this lower bound and a continuity theorem are then used to
establish a general asymptotic-preserving property for the time-splitting scheme.
These results are then applied to nonlinear PDE driven by processes approxi-
mating fractional and multifractional processes. This generalizes results of [25]
dealing with processes approximating a Brownian motion.

In section 2, we introduce the setting and study the order of convergence of
the Lie time splitting scheme. Section 3 is dedicated to the proofs of the results
of Section 2. In section 4, we establish the AP property and study equations
driven by processes approximating (multi)fractional processes.

Notation

For a measurable space E and a normed space F, we denote by L?(E, F) the
space of the square integrable functions from E to F'. For the sake of clearness,
we denote by L? the space L?(R,C). For every p € N*, we introduce HP as
the Sobolev space of the square integrable functions from R to C such that the
first p derivatives are square integrable. We consider || - ||z, || - g1, || - |22,
..., as their associated norms. For every function v € L?, we denote the Fourier
transform of v by F(v) or F(v(z)): for every £ € R,

F0)(€) = Falv(x))(€) = \/% / ¢ () da.

For every function w € L2, we denote the inverse Fourier transform of w by
Fl(w) or Fy H(w(€)).

Throughout the paper, all the random variables are defined on a probability
space (2, T,P), the corresponding expectation being E.

Finally, when considering a Lipschitz function g, we designate by ||g||L:p its
Lipschitz constant.



2 Main results

2.1 Nonlinear PDE with random dispersion

Let tg and T such that 0 < g < T < co. We consider the following nonlinear
random PDE with random dispersion written in differential form:

ult,z) = g (z) —I—i/t P (Z(‘fx) u(f,x) o dW(0)
—|—/ g(u(f,x))dl, (t,x) € [to,T] x R. (1)

to

The function w;, is the initial condition at to. The function g is the nonlinear
function whose we precise the assumptions later. The notation W designates
a stochastic process, which can be eventually a deterministic function; P is a
polynomial with real coefficients and its degree is denoted by dp or & when there
is no ambiguity. The symbol o is explained below (Remark 1).

In order to deal with existence and uniqueness of the solution of (1) we
consider the corresponding linear problem

v(t, ) = gy (x) —|—z’/ P <286x> v(0,x) o dW(0), (t,z) € [to, T] xR, (2)

to

whose we construct the unique solution as v : (¢,z) — X (to, t)us, (x) where
X(to, gy (v) = F1 (& POV OWUN F () (6) ) (a). (3)
Remark that for every k € N, if u;, € H¥, then

X (b, tyuto L = Nt [l 125 (4)

Hence, Equation (1) is understood as the integral equation
t
U(t, ’I) = X(to, t)uto (I) + / X(gﬂ t)g(u(@, ’I)) do, (tv x) € [th T] x R. (5)
to

We have the following preliminary result.

Theorem 1. Ifu;, € L? and g is Lipschitz, then there exists a unique solution
u with sample paths in C([ty, T), L?) to Equation (5). Moreover, if there exists
k € N such that uy, € H*, g is k times differentiable and its derivatives up to
the order k are bounded, then there exists a (deterministic) constant Coo, > 0,
independent of W, such that

max_|u(t, )|gr < Coop <00 and max_|g(u(t, )||lgr < Coo e < 00
t€(to, T t€[to, T

The constant Cuo ;. depends only on |Jug|| g .



The proof is postponed to Section 3. We define the family of operators
{S(to,t) }+efto,m) such that (¢, 2) — S(to,t)us, () is the unique solution to Equa-
tion (5).

Remark 1. If W is a Brownian motion, the solution obtained in Theorem 1 is
the Stratonovich solution. This is why we use the notation o in (1).

2.2 Time-splitting scheme

From now on we assume that 7' = 1 and we fix an initial condition uy € L2.
Throughout this section, u denotes the solution w : (¢,2) — S(0,t)ug(z) to
Equation (5) when ¢y = 0 and with the initial condition ug. This section is
devoted to introduce a time-splitting scheme to approximate u.

For to € [0,1] and u;, € L?, we introduce the problem

w(t, z) = ug, (x) —|—/ g(w(0,x))do, (t,z) € [to,1] x R. (6)

to

If ¢ is a Lipschitz function, the unique solution w of (6) is given by Theorem 1
(with W = 0). We then define the family of operators Y = {Y (¢) };>¢ such that
for every (¢,z) € [to, 1] xR, w(t,z) = Y (¢t — to)u,. We define the (Lie) splitting
operator by

Z(to,t) ==Y (t — t9) X (to, ). (7

For every k € N and h € (0,1], we set S¥" := S((k — 1)h, kh) ZF" .= Z((k —
1)h, kh). For every n € N, we set

uh =gl gy,

We aim to prove that {u"’h}ne{l’,___’N} approximates {u(nh, -)}neq1
sense for h — 0.
For every 0 <ty <t <1 we define

N} in some

.....

t 6
T (to, 1) ::/t <|W(t)—W(9)|+/t |W(0)—W(o)|da> do. (8)

Our main result is the following.

Theorem 2. We assume that ug € H®, W admits finite first-order moments, g
18 0 times differentiable, its derivatives up to the order 6 +2 are bounded. There
exists a constant C' which depends only on g and ||ug||gs, such that for every
h e (0,1],

N
E| max [[u" —u(nh, .)||L2} < C S E[Tw((n—1)h,nh)]. 9)

n=1

Remark 2 (Fundamental remark). Notice that the constant C appearing in
Theorem 2 is independent of the process W. This is a key point of the result.



We can easily deduce the following corollary about processes with stationary
increments.

Corollary 1. Under the assumptions of Theorem 2, if W has stationary incre-
ments, then (9) can be written as

h
E max ||u”h — u(nh, )||L2:| < CN/ E[|[W(6)]] db. (10)
ne{l,...,N} 0

We refer the reader to Section 4 for applications of Corollary 1 to equations
driven by Brownian motions and (multi-)fractional processes.

3 Proofs
3.1 Proof of Theorem 1

Throughout this section, we consider a continuous sample path W of a given
stochastic process. Notice that all the constants appearing in this proof
are independent of W, even though the other quantities do depend on W.
For the sake of simplicity, we assume that t) =0 and T = 1.

Let ' be the application from C([0,1], L?) to itself such that for every U €
e(lo, 1], L2),

NU)(t,z) = X(0,t)up(x) —l—/o X(s,t)g(U(s,-))(x)ds.

We define the sequence {U,},en € (C([0, 1],L2))N by Up := ug and Uj;1 =
I'(U;) for all j > 0. Using a classical fixed-point procedure, we get the following
result.

Lemma 1. There exists a unique solution u € C([0,1], L?) to (5).
Proof. Obviously, for every U and V in C([0, 1], L?) and every t € [0, 1],
t
sup [[T(U () = T(V(t))]z2 < HgHLip/ sup [U(t') =V (')|[g2df (11)
t'€[0,t] 0 t'€[0,0]
Moreover, we have
t
sup [Pz < Juoles + lgllosy | sup [U(E)]z20
t’€[0,t] 0 t'€0,0]

and thus

sup [[T(U))llr2 < lluollzz exp(l|gllLip)- (12)
te[0,1]

We deduce from (11) and (12) that the sequence {U;};en is a Cauchy sequence
in C([0, 1], L?). Then there exists a solution u to (5). The uniqueness is a direct
consequence of (11). O



We now prove the estimates on the H*-norm of the solution u. Let us first
give the following useful lemma.

Lemma 2. Let n > 1, ¢ € C*(R,R?) and ¢ € C*(R%,R). There exists a
constant C' > 0 such that for every x € R,

[6ow)™ ]<cZ||Vk¢||oo > HHW 1 IGE)

1<li<..<l r=1
li+...+lg=n

Remark 3. In the previous result, remark that

va%um S HHW )| = 196l [ @)

1< <. <Ll 7
Li+...+lxg=n

n k
D1 LA D S | | TSI
k=2 1<l <..<lp<nr=1
li+...+lg=n
The proof of Lemma 2 is a direct consequence of Lemma 13 stated in the
appendix. We now establish the following lemma.

Lemma 3. Let up € H", n > 1. Then there exists a deterministic constant
Cn = C(g, ||uollzn) depending only on ||uo||znand g such that the solution u of
(5) satisfies
sup [Ju(®)||gn < Ch. (14)
tel0,1]
The proof of Lemma 3 is a direct consequence of Lemma 4 stated just below.

Lemma 4. Let up € H", n > 1. Then there exists a deterministic constant
Cpn = C(g, ||uol|zn) depending only on ||ug||g~and g such that for every j > 1,
U; satisfies
sup [|U;(#)][an < Ch. (15)
te[0,1]

Proof. We prove by induction that for all n € N and j € N,

t
U1 (Ol zm < [Juol +Cn/0 1U;(s)|| ermds (16)

where ¢, depends on g and ||ug| g~ so that the proof can be concluded by
Gronwall’s lemma. Inequality (16) is obvious for all j € N and n = 1. We
suppose that (16) is true up to the rank n > 2 and we consider ug € H"*!.
Because of Lemma 2 and Remark 3 there exists C' > 0 such that for all j € N,

n+1

k
Uy < O VRl D> TI10FUS
k=1

1<l <. <lp<n r=1

li4...+Hlg=n+1
n+1 k
< OIVglle 07U +C Y IVRIe > [T 107U
k=2 1< <..<lp<n r=1

li+...+lg=n+1



Using the Sobolev inequality ||¢||p~ < C||¢| g1, we get

[0 (U] 2

n+1 k
< C|Vglloo |07 T || 2 + C D IV Glloe Y [1o:v;
k=2 lgllgglkgn r=1 L2
li+...+l=n+1
n+1 k
< C|Vgllso |02 U1 o +C DIV 0lloe Y- 102U o TT O Ul
k=2 1< <.<lg<n r=2
li+...+lp=n+1
n+1 k
< CVgloo |02 T || 2 +C DIV 0lloe Y 1Tl [T 1T 0
k=2 1< <..<lg<n r=2
Ii+...+lp=n+1

In the last sum on the set {1 < I} < .. <l < n;ly + ...+ 1l = n+ 1}, at

most one index from {i1,l> + 1,...,l; + 1} can be equal to n + 1. Moreover, by

assumption, we have em[%x] NU; (0)]| g < Cj for every | € {0, ...,n}. We then get
€01

that for all ¢,
t
05 U O] 2 < (|05 ol o + K / 1U;(0) | 18,

where K depends on g and ||ugl|| gn+1. Using (16), this prove by induction that

t
101 Olges < Juiollnes + cnta / 1U;(6) | g2,

where ¢,4+1 depends on g and ||ug|| gn+1. This concludes the proof. O

3.2 Preliminary results

We now state some lemmas for the proof of Theorem 2. The first lemma deals
with the boundedness of the splitting operators {Z(to, ) }sefty,1) in H* for ty €
[0, 1] under some assumptions on g.

Lemma 5. Let vy € L2. If there exists k € N such that vg € H*, g is k times
differentiable and its derivatives up to the order k are bounded, then there exists
a (deterministic) constant Cs 1, > 0 such that for every (to,t) € [0,1)? satisfying
tg <t we have

max || Z(to,0)vollgr < Cook and max ||g(Z(to, 0)vo) | g+ < Cook
6€to,t] 0€(to,t]

The constant C 1, depends only on |Jug|| .
Proof. We follow the same lines as the proof of Lemma 3 (and Lemma 4). O

The two following Lemmas provide useful estimates on the operators X and
Z. Lemma 6 essentially states the continuity of {X (o, ?)},cp, 1) for to € [0, 1[.



Lemma 6. Let vg € H°. There exists a constant Cp only depending on P such
that for every (to,t) € [0,1]? satisfying to < t we have

|1 X (t0, t)vo — vol[r2 < Cp|W () — W (to)lllvol| s
Proof. Using the estimate |exp(iz) — 1|> < 2% , we get

|| X (to, t)vo — vol|7»

+oo 2
— [ [Feo@ e (- v ) - W) PO) - F) @) @
+o0 5
< W) - We)? [ IPOFw)6O)
< CRW(E) = W (t0))?[vol 75
where, for instance, C3 = § Zj’:o p?. O

Finally, the Lemma stated below proves the Lipschitz property of the oper-
ators Z(tg,t) (for tg < t) from L? to itself.

Lemma 7. Let vg,v, € L. If there exists k € N such that vy and v, € H*, g
is k times differentiable and its derivatives up to the order k are bounded, then
there exists a (deterministic) constant Cy > 0 such that for every (to,t) € [0,1]
satisfying to < t we have

||Z(t0, t)’Uo — Z(t()7 t)’U1||L2 S ||’U() — U1||L2 exp(Cg(t — to)).
The constant Cy depends only on g.

Proof. Because of (4), it is enough to prove that there exists a (deterministic)
constant C,; > 0 such that for every (to,t) € [0,1]? satisfying ¢y < t we have

HY(t — to)’UO - Y(t - tO)UlHL2 S HUO — U1 HL2 eXp(Cg(t — to)).
Since (6) and because g is Lipschitz, we have
HY(t — to)’Uo — Y(t - to)U1||L2

t
< llvo — vl 1 +/ lg(Y (6 — to)vo) — g(Y (0 — to)v1)||L2db
t
’ t
< flvo — v1llr2 + ||9||Lz‘p/ [Y(6 —to)vo — Y(0 — to)v1|r2db.
to
We conclude by Gronwall’s lemma. O

3.3 Proof of Theorem 2

To prove Theorem 2 we deal with the local error of the scheme (Lemma 8) and
then we prove the estimate of the global error.



Lemma 8. Letvy € H®. There exists a (deterministic) constant C = C(g, ||vo||gs) >
0 depending only on g and ||vo|| s such that for every (to,t) € [0,1]? satisfying
to <t we have

||S(f0, t)vo - Y(t — t())X(t(), t)’l)()HLz S CY:Z-VV(t()7 t). (17)

Proof. Throughout the proof, the letter C' stands for a deterministic constant,
can vary from line to line and depends only on P, g and |lvg||gs. First, we
remark that

Z(to,t)vo = Y(t—to)X(to,t)Uo = X(to,t)l}o—‘r/ g(Y(e—to)X(to,t)Uo)de. (18)

to

Thus, we have, using (5) and (18),

S(to, t)vo — Z(to, t)vo = Rl(to,t) + Rg(to,t) + R3(to, t) (19)
where
L (fort) / X(0,6){g(S(to, 8)vo) — g(Z(to, 0)v) 1o
Ra(to,t) = X(H,t) (Z(to,0)vo) — g(Z(to,0)vo)do,

to

Ry(to, 1) = / (9(Z(t0,0)00) — g(Y (6 — 1) X (to, t)uo)) dO

to

- / (9(Y (8 — t0) X (to, 6)v0) — g(¥ (8 — t0) X (to, £)uo)) d

to

Because of (4), we have

t
[Ri(to,t)|l2 < H9||Lip/ 1S (to, )vo — Z(to, 0)vol|L2 db. (20)
to

Since Lemmas 6 and 5 we have

|Ralto, Dllp2 < C / W () — WO lg(Z(z0. 2 Yv0)]| 28
< o[ e - W) ms e @1

From Lemmas 6 and 7 we obtain that

1Rs(to, )l < / 19(Z (o, 8)v) — g(¥ (8 — t0) X (to, o) |2 dB
< c/ 11X (to, B)vo — X (o, £)uo]| 2 dB
< ¢ / W) - Wo)as). (22)



Then, by (19), (20), (21) and (22), for every (to,t) € [0, 1]? satisfying ty < t we
get

t
1S(to, E)ve — Z(to, upllrz < 0/ W () — W (6)|do
to

t
+Mhm/ﬂﬂm®mfﬂmﬂwhw&
to

We complete the proof by using the modified Gronwall lemma recalled below
(Lemma 9). O

Lemma 9 (Modified Gronwall lemma). Let ¢ and f be two nonnegative func-
tions defined on an interval [a,b]. We assume that there exists a constant ¢ > 0
such that for every t € [a,b],

mwam+c/¢wm& (23)

Then, for every t € [a,b],
t
B(t) < f(t)—i—ceCt/ e=?f(0)do. (24)

Remark 4. Remark that we do not assume f to be increasing.
Now we prove Theorem 2.

Proof. (Theorem 2) We write

n
ul —u(nh,-) = Z (Zn,h L Zhhgi=Lh L glhy gk zi+Lhgih -~S{Lu0) .
j=1
From Lemma 7, there exists a (deterministic) constant C; > 0 depending only
on g such that

n
[lu™* —u(nh, )lge <y e“o@=D||(Z2" — 531) IR 5l | .
Jj=1

By Lemmas 8 and 1, there exists a (deterministic) constant C(g, ||uo||gs) > 0
depending only on g and ||ugl||gs such that

N
e max lu™" = u(nh, )12 < Clg, [uollms) Y Tw ((j = D, jh).
=
This concludes the proof. O

10



4 An application: asymptotic-preserving prop-
erty

4.1 General setting and notation

This section is devoted to establish the so-called asymptotic-preserving property
of the Lie scheme. From now on, the process W driving Equation (1) may
vary. We then introduce new notations to take account of the dependence
of all quantities with respect to the process. For a given stochastic process
W whose sample paths are continuous on [0,1] and (to,t) € [0,1]* satisfying
to < t, we define the operators Sy (to,t), Xw(to,t) and Yy (to,t) such that
for all u;,, € L? the functions Sw (to, )us,, Xw (to, )us, and Yy (to, )uy, are
respectively solutions of (1), (2) and (6). We let Zw (to,t) = Y (to, t) Xw (to, ).
For all N € N* and k € {1,..., N}, denoting h := 1/N, we define Sl‘f[}h =
Sw((k — 1)h,kh) and Zyy" := Zw ((k — 1)h, kh). For every n € {1,..., N} and
an initial condition uy € H®, we set ug[’,h = Z{}V’h e ZII,{,huo. We denote by
uw the solution of Equation (1) with tg = 0 and driven by W and we set
W{? = {urvl[’/h}ne{l,...,N}'

We consider a family of continuous processes {W*¢}.5q and another contin-
uous process W0 such that the solution uy- converges to upo as e — 0. We
established and proved in the previous sections that the schemes u‘v"fs and u'V’;LO
converge respectively to W€ and W0 as the time step h goes to 0. Under suit-
able assumptions on the sequence of processes {W¢}.~ o we prove in this section
that

e the scheme u'v’;bs converges (in some sense) to uy- uniformly with respect
to e > 0 when h — 0,

e and the scheme u’V’[Z converges (in some sense) to u'V’élo as € — 0 for every
h > 0.

This implies that the limit € — 0 does not affect the convergence of the time-
splitting scheme. This is the so-called Asymptotic-Preserving (AP) prop-
erty, which is usually represented by the diagram

h e—0 h
Uyyre — UW()
1 h—0 1 h—0 (25)
e—0

Notice that AP property has been studied in various problems (for instance
[4,10, 11, 17, 21, 23]) and in particular for time-splitting schemes for Schrodinger
and/or random equations (for instance [2, 3, 7, 19, 25]).

4.2 Main results

We establish and prove the main results of this section. The first one concerns
the convergence of uye when € — 0.

11



Theorem 3. Let ug € H®. The mapping
c(0,1],R) — c([0,1],L?)
W > Uy,

is Lipschitz. As a consequence, when € — 0, if W< converges in distribution to
WO in C([0,1],R), then uw- converges in distribution to uyo in C([0,1], L?).

Proof. Let wy and wsy in C([0, 1], R). We have
Uy (6, ) — Uy (B, 2) = Xy, (0, ) ug(z) — X, (0, ) up ()

+ / (X (0,2) — X (0, )9 (11, (6, 2))
0

+ / Xy (0.1) (9 1ty (8, %)) — {11y (6, 2))) .
0

We then deduce that there exists a constant C' > 0 which only depends on g
and ||ug||gs such that

t
[ty (8) =, (D)2 < Cflwr — walfo + ||V9||oo/O [ty (0) = tuw, (0)|] 20
By Gronwall’s lemma,

sup [, (£) = v, (D)|| 22 < Cexp([[Vglloo) w1 — w2]oo,
tefo,1

which concludes the proof. O
The second main result of this section deals with the convergence of u'V’élE as
e— 0.
Theorem 4. Let ug € H°, N € N* and h = 1/N. The mapping
c(0,1],R) — (LHN*!
w {Uz[;h}j:(),...,N
is Lipschitz. As a consequence, when € — 0, if W& converges in distribution to

,,,,,,,,,,

in (L*)N*! as e — 0.
Proof. By induction, it is enough to show that there exists C' > 0 such for all
j=1,..,N and (w1, ws) in C([0,1],R)?,

s — il < Cllug ™" — ulin M| Le + Cllws — wa| . (26)

Throughout this proof, C stands for a positive constant which depends on
lluollzs, g and N and can vary from line to line. We have, using (18),

ih ih ih j—1,h ih j—1,h
uly =l = Xhrulo ot — Xl
in o
v (g(we (G = D)X g )
G—1)h

(0~ (= DRX L) )b

12



Taking the L?—norm and because g is Lipschitz, we get

J:h

jsh joh, =1, jh, j—1,h
w1 - u’jLUQ ||L2 S ||X’LJU1thU11 h - X’QJIJQ u‘zlJQl ||L2

ih
g
(G—1)h

Jihy i—1h Jihgy, d—1,h
< O X5t - X5 u

w1 w2

[

g(Y(0 — (j — Dh) X5l 1)

do.

L2

—g(Y (0 — (j — Dh)XI ul 1)

|L2.
Because of Lemmas 3 and 6, we obtain

sy —wiy e < CIXG (™ — iy ™)le + CIX ui ™" = Xigul " e

< Clludy B =l P e + Cllwy — wallso-

This concludes the proof. O

From now on, we consider that {W¢}.~o and W9 satisfy the following as-
sumptions.

e Assumption (A;). Ase — 0, W¢ converges in distribution to W9 in the
space C([0, 1], R).

e Assumption (A;). There exist three constants K >0,y >1and 8> 1
such that for all ¢; and t5 € [0,1] and € > 0,

E[(W*(t1) = WE(t2))"] < Kt — 2] (27)

We state the last main result of this section.

Theorem 5. We assume thatug € H®, g is 6 times differentiable, its derivatives
up to the order § are bounded. Then there exists a constant C which depends
only on g and ||uo||gs, such that for every h € (0,1] and every € > 0,

E ol e (nh, - < OB, 0
Ly, I o)1 < .
This implies (25) and then the AP property.

Proof. By Theorem 2 and Remark 2, there exists a constant C' which depends
only on g and ||ug||gs, such that for every h € (0, 1] and every & > 0,

N
n,h
E [ne?ﬁ?’fw} ufs? — uwe (nh, -)||L2} < o;n«: [Zw- ((n — 1)h, nh)] .(29)
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By Hoélder’s inequality and (27), we have

nh

Tw-((n — h,nh) < / E[|[W*®(nh) — We(0)|7]*/7do
(n—1)h
nh 6
+/ (/ E[[W* (6) — Ws(a)ml/ma> d
(n—1)h (n—1)h
< opITB/Y .
Combining the last inequality with (29) we conclude the proof. O

The remaining part of the section is devoted to apply Theorem 5 to differ-
ent frameworks. From now on, we assume that uy € H®, g is § times
differentiable, its derivatives up to the order § are bounded.

4.3 Diffusion approximation

In this subsection we improve results from [25]. For all ¢ > 0, consider the
solution u° : [0,1] x R — C of the equation

2 (1) = Lm (i) g (’;:v) vt gt (30)

us(t =0,z) = up(x), (t,x) € [0,1] x R,

where m is a continuous, centered and mixing process [16]. Let B be a Brownian
motion and ¢y be a positive constant defined by

2 =9 /O B (0)m(8)]de.

SE(t) = i/otm (;) do.

It well-known that {S®(t)};c[0,1] converges in distribution to coB in C([0,1]) as
€ — 0 (the functional Donsker theorem, see [16] for instance). As a consequence,
by Theorem 3, u° converges in distribution to u in the space C([0,1], L?) as
€ — 0, where u is the solution of

For every t > 0 we set

u(t,z) = wolx)+ ico/o P <Zaax> u(f,x) o dB(0)
+/tg(u(0,x))d9, (t,z) € [0,1] x R. (31)
0

For every N € N* (with h = 1/N), let {u™™}o<,<n be the Lie scheme as-
sociated to u® and {u”’h}ogngN be the Lie scheme associated to u. We now
establish the AP property in this framework.

14



Theorem 6. For all N € N*, {u"’h’E}OSHSN converges in distribution to
{u™"}ocnen in (L?2)NT1 as e — 0. Moreover, there exists a constant C' which
depends only on g and ||ug||gs, such that for every h € (0,1] and every e > 0,

. e —u(nh, )| 2| < CRY? 32
[negl.?)fjv} s u®(nh, )||L2] < (32)
and

. Lef?,’%%fm [ —u(nh, ->|Lz} < Cn, (33

A weaker form of this result has been proven in [25]. More precisely, it has
been shown that, for P(£) = &2, there exists a constant C' which depends only
on g and [|ug||g2 (because 6 = 2 in this case), such that for every h € (0,1] and
every € > 0,

E [[lu™"¢ — uf(nh, - < C(h'? +¢). 34

e mex |l uf(nh,-)|z2] < C(AY? +¢) (34)

The improvement comes from the general formulation of the error estimate in

Theorem 2 and in particular from a more subtle use of Gronwall’s lemmas in
its proof.

Proof. The convergence of {u™"¢}o<,<n to {u™"}o<n<n is a direct conse-
quence of Theorem 4 and the functional Donsker theorem. To prove (32) and
(33), we show Assumptions (Al) and (A2). For all s <t € [0,1],

af o[ arleln(Z)n(5)]
t=5) [ dolElm(@)m O]

Hence, Assumptions (A1) and (A2) are satisfied ending hence the proof. O

E[(5°(6) — 5°(s))°]

IN

IN

4.4 Approximation by a fractional Brownian motion

A fractional Brownian motion By = {Bg(t)}i>0 (see [29]) with Hurst index
H € (0,1) is a Gaussian process with mean 0 and satisfying for all ¢ and s > 0,

E[Bu(t)Bu(s)] = %(tzH +s2H | — 52H),

Notice that a fractional Brownian motion with H = 1/2 is a Brownian motion.
The class of fractional Brownian motions is important in applications of
stochastic processes because it satisfies the invariance principle stated below.
Let H € (0,1) and m be a stationary Gaussian process with mean 0. For
every ¢ € (0,1) we define 8¢ = {S°(¢) }+>0 such that for every t > 0,

SE(t) = e2H / Y (e)ds.

0
We assume that one of the three following properties holds

15



o If H € (1/2,1), there exists o > 0 such that E[m(0)m(t)] ~ out*? =2 as
t — oo.

e If H € (0,1/2), there exists oy < 0 such that E[m(0)m(t)] ~ oxt*7-2 as
t — oo and [ E[m(0)m(t)]dt = 0.

o If H=1/2, [[°[E[m(0)m(t)]|dt < co and [;° E[m(0)m(t)]dt > 0.
We have the following result (invariance principle, see [29]).

Lemma 10. As ¢ — 0, 8¢ converges in distribution in C([0,00)) to cyBy
where By is a fractional Brownian motion with Hurst index H and cy is a
positive constant defined by 3, = 2 [ E[m(0)m(t)]dt if H =1/2 and by c}; =
op/H(2H —1) if H#1/2.

For all € > 0, consider the solution u° : [0,1] x R — C of the equation

%f@m%:giHm<;)P<%i>f@Jﬁ+ﬂfU@», -

us(t =0,2) = up(z), (t,z) € [0,1] xR

where m is defined just above. Thanks to Lemma 10 and Lemma 3, u® converges
in distribution to u : [0,1] x R — C in the space C([0, 1], L?) as ¢ — 0, where u
is the solution of

u(t,z) = wo(x)+icy /Ot P (238:17> (0, ) o dBg(0)

+/Em@@ma (t,z) € [0,1] x R. (36)
0

In the equation above, cg is the constant defined in Lemma 10, By is a fractional
Brownian motion with Hurst index H. For every N € N (with h = 1/N), let
{u™"=}1 <<y be the Lie scheme associated to u® and {u™"}1<,<n be the Lie
scheme associated to u. We establish the AP property.

Theorem 7. For every N € N*, {u”’h*s}lgnSN converges in distribution to
{Un’h}lgngN as € = 0. Moreover, there exists a constant C' which depends only
on g and ||ug||gs, such that for every h € (0,1] and every e > 0,

E nhe € .. < ChH
Leglﬁjfzv} i u(nh, )|L2} < ,

and

E { max |lu™" — u(nh,~)||L2] < Ch'.
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Proof. By Lemma 10 and Theorem 4, we get the convergence of {u™"};<,<n
as ¢ — 0. By Lemma 10 again, S¢ satisfies Assumptions (Al). Moreover, there
exists C' > 0 such that for all ¢ and s,

E[(8°(t) = §%(5)*) < Clt — s*".

Then, S¢ satisfies assumptions (Al) and (A2), which concludes the proof by
Theorem 5. O

Notice that, if H = 1/2, then Theorem 7 is Theorem 6 in the Gaussian case.

4.5 Approximation in a long-range random medium

Recently, long-range random media have attracted a lot of attention in applica-
tions to wave propagation (|18, 27] for instance). A fractional Brownian motion
with Hurst index H > 1/2 is a basic model for long-range dependence. Nev-
ertheless, this model is Gaussian and we also need non-Gaussian models. A
natural generalization of fractional Brownian motions is the class of Hermite
processes. Let K € N* and H = (2 — vK)/2 € (1/2,1). We define the K-th
Hermite process of index H for every ¢ > 0 by

K

By k(t) = Gur(t,x,. ..,z B (dz)
RK k:l

() &

g tzy,...,TK) =
K (t, 1 K) C(H)Z] o H L [ [ 1)/K+3/2

with

where C(H) a normalizing constant, B(dz) is the Fourier transform of a Brow-
nian measure and the multiple stochastic integral is in the sense of [12].

Notice that for K =1, By g = Bp,1 is a fractional Brownian motion with
Hurst index H > 1/2. More generally, for every K, By f is centered and admits
the same covariance as a fractional Brownian motion, that is, for all ¢ and s > 0,

%(tQH yos2H g g2,
Moreover, By, i is Gaussian if and only if K = 1.

As the class of fractional Brownian motions, Hermite processes are important
in applications of stochastic processes because they satisfy the invariance prin-
ciple [13, 31, 32]. Let m be a continuous Gaussian process, centered, stationary,
satisfying E [m(0)?] =1 and such that

E[Bru,k (t)Bu,k(s)] =

E [m(0)m(t)] ~ cmt™”

as t — oo, where 1 < v < 1/K and ¢,, > 0. For every ¢ € (0,1) we define
S¢ = {8°(t) }+>0 for every t > 0 by

s = [a(m()) s
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where @ is a continuous function in Lz(e_lz/ 2dr) with Hermite index equal to
K € N*. This means that if we denote the k-th Hermite coefficient of ® by

o] —m2/2
e
[TRES P, P d
r /_OC k(@) (m)k!\/27r *

where Py is the k-th Hermite polynomial, then we have

d = i O Py,
k=K

with & # 0. The invariance principle for Hermite processes can be stated as
below.

Lemma 11. Ase — 0, 8¢ converges in distribution to cy x By in C([0,00)),
where 3y o = K@% /(K!)2.

For every € > 0, we consider the solution u® of the equation
out i t .0
) = e () P (15 ) v (ta) + gtu,2))

uE(t = va) = UO(x)a (t7l‘) € [07 1} X R,

(37)

where m is defined just above. Thanks to Lemma 11 and Lemma 3, u® converges
in distribution to u : [0,1] x R — C in the space C([0, 1], L?) as ¢ — 0, where u
is the solution of

u(t,z) = wo(x)+icax /Ot P (Zﬁax) w(f,z) o dBy i (0)

+/EW@mma (ta) € 0.1] x B, (39)
0

with the constant cy g defined as in Lemma 11, By g is a K-th Hermite process
of order K. For every N € N* (with h = 1/N), let {u™"*};<,,<n be the Lie
scheme associated to u® and {u™"};<,<x be the Lie scheme associated to u.
We now establish the AP property.

Theorem 8. For every N € N*, {u”’h’a}lgnSN converges in distribution to
{u”’h}lgnSN as € = 0. Moreover, there exists a constant C' which depends only
on g and ||uol||gs, such that for every h € (0,1] and every € > 0,

B M —u(nh, - < Chlt
|:”€?11,E~1~%N} i u(nh, )|L2} < ,

and

B "t —u(nh, )2 | < ORI,
LGFR).(,N} I u(nh, >||L2] <

Proof. The proof is similar to the proof of Theorem 7. It is a consequence of
Lemma 11 and Theorems 4 and 5. O

18



4.6 Generalization to multifractional media

Fractional Brownian motions with Hurst index H > 1/2 and Hermite processes
fit very well for modeling long-range media. Nevertheless, their range properties
are governed by the constant Hurst index, which implies a strong homogeneity.
To deal with less homogeneous media, multifractional processes have been in-
troduced [5, 28]. The main interest of multifractional processes lies in the fact
that they have a Hurst index varying along their trajectories. This implies more
flexibility in the choice of the models. Applications of multifractional models
to waves in random media have been studied recently [27]. In this subsection
we deal with the AP property of the Lie time-splitting scheme in the case of
convergence to multifractional processes. We restrict our study to a simple
Gaussian framework, but it can be easily generalized to non-Gaussian settings
as discussed at the end of this subsection.

Let a Gaussian field m = {m(t, H)} ¢ myerx(1/2,1)- We assume that m is
centered and satisfies for every compact set K C (1/2,1),

lim sup  |R(Hy, Hy)
[t1—t2]|—o0 (Hq,Hy)EK?

—|t1 —t2|2_H1_H2E[m(t17Hl)m(tg,Hg)H = O7 (39)

where R : (1/2,1)> — (0,00) is a continuous function. This is long-range
assumption in a multifractional setting. Let H : [0,00) — [a,b] C (1/2,1) be a
continuous function. We define §° = {S°(t) },>¢ such that for every ¢ > 0,

t/e2 , t
SE(t) :/0 P (s, H(e2s))ds :/0 M) =2m(s5/22 H(s))ds.

The following result establish an invariance principle for Gaussian multifrac-
tional processes ([9], see [27, 26] for generalizations and applications).

Lemma 12. Ase — 0, 8¢ converges in distribution to a process Sy in C([0, 00)),
where Sy is Gaussian, centered and satisfies for all t and s > 0,

E[Su(t)Sn(s)] = /0 " /O S doR(H(0), H(0))|0 — o[HOFTH@)=2,

A detailed study of Sy can be found in [9]. In particular, it is proven that
Sy satisfies the main properties of a multifractional process.
For every £ > 0, we consider the solution u° : [0,1] x R — C of the equation

ou® i s L0\ . .
(40)
u®(t =0,2) =uo(x), (t,z)€[0,1] xR.
where m is defined just above. Because of Lemma 12 and Lemma 3, u® converges
in distribution to u : [0,1] x R — C in the space C([0, 1], L?) as ¢ — 0, where u
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is the solution of

u(t,x) = wo(z)+1 /075 r (Z('fx) (0, ) o dS« (6)

+/tg(u(0,a:))d9, (t,z) € [0,1] x R. (41)
0

In the equation above, Sy is the multifractional process defined in Lemma
12. For every N € N* (with h = 1/N), let {u™"};<,<x be the Lie scheme
associated to u® and {u"’h}lgnSN be the Lie scheme associated to u. We have
the following result.

Theorem 9. For every N € N*, {u”’h’e}lgnSN converges in distribution to
{u"’h}lgnSN as € = 0. Moreover, there exists a constant C' which depends only
on g and ||uol||gs, such that for every h € (0,1] and every € > 0,

E mhe _yf h, - < Chmin?—[
Le%?f‘ffm u?® = (b, >||L2} <
and
E n,h _ h . < ChminH_
Le{mlﬁ).(,fv} I u(nh, )||L2:| <

Proof. From the covariance of S3;, we can easily deduce that there exists C > 0
such that for all ¢ and s,

E[(S(t) — §°(s))%] < Ot — s[> 7.
The remaining part of the proof is similar to the proof of Theorem 7. O

To conclude this section, notice that we can also pursue the same study for
non-Gaussian multifractional models by using Hermite processes and replacing
Lemma 12 for suitable limit theorems (see [27, 26] for invariance principle for
non-Gaussian multifractional processes).

A Technical lemma

In this section we establish a technical lemma we use in the proof of Lemma 3.
It can be proven by induction.

Lemma 13. Letn > 1, ¢ = (11,1) € C*(R,R?) and ¢ € C*(R?,R). Then

(¢O¢)(n) _ Z Z Wiy ( k.3) O’l/i) <H w(l )> (1:[1 wémr)>

7,k>0 1<l <. <lg
1<m<...<my;
1<j+k<nl Foodmit...=n

(42)

where all the coefficients wy, ... m,,... are integer.

20



Acknowledgments

This work was partially supported by the French ANR grants MicroWave NT09 460489

(http://microwave.math.cnrs.fr/) and ANR-12-MONU-0007-02 BECASIM
(http://becasim.math.cnrs.fr/).

References

1

2]

13

[4]

5]

[6]

7]

18]

19]

[10]

[11]

[12]

[13]

G. P. Agrawal, Nonlinear fiber optics, 3rd ed.. Academic Press, San Diego,
2001.

G. Bal and L. Ryzhik, Time splitting for wave equations in random media,
M2AN Math. Model. Numer. Anal. , 38(6), pp. 961-988, 2004

G. Bal and L. Ryzhik, Time splitting for the Liouville equation in a random
medium, Comm. Math. Sci. , 2(3), pp. 515-534, 2004

W. Bao, S. Jin, and P. A. Markowich, On time-splitting spectral approxi-
mations for the Schriodinger equation in the semiclassical regime, Journal
of Comp. Phys., 175 (2002), pp. 487-524.

A. Benassi, S. Jaffard, and D. Roux. Gaussian processes and Pseudod-
ifferential Elliptic operators. Revista Mathematica Iberoamericana, 13(1)
(1997) , 19-89

C. Besse, B. Bidégaray and S. Descombes, Order estimates in time of
splitting methods for the nonlinear Schrodinger equation, SIAM J. Numer.
Anal., 40(1), pp. 26-40, 2002.

C. Besse, R. Carles, F. Mehats, An Asymptotic Preserving Scheme for
Nonlinear Schrédinger equation in the semiclassical limit, submitted.

P. Billingsley, Convergence of Probability Measures, Wiley, 1968.

S. Cohen and R. Marty. Invariance principle, multifractional Gaussian pro-
cesses and long-range dependence. Ann. Inst. H. Poincaré Probab. Stat. Vol.
44, No. 3 (2008), 475-489

F. Coron and B. Perthame. Numerical passage from kinetic to fluid equa-
tions, STAM J. Numer. Anal., 28 (1991), pp. 26-42.

P. Degond, Asymptotic-Preserving Schemes for Fluid Models of Plasmas,
to appear in the collection 'Panoramas et Syntheses’ of the SMF

R. L. Dobrushin. Gaussian and their Subordinated Self-Similar Random
Generalized Fields. Ann. Prob. 7 N1 (1979) , 1-28

R. L. Dobrushin and P. Major. Non-central limit theorems for nonlinear
functionals of Gaussian fields. Z. Wahrsch. Verw. Gebiete 50 (1979), 27-52

21



[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

P. Donnat, Quelques contributions mathématiques a I’optique non-linéaire,
PhD Thesis, école Polytechnique, 1993.

S. N. Ethier and T. G. Kurtz, Markov processes, characterization and con-
vergence. Wiley, New York, 1986.

J.-P. Fouque, J. Garnier, G. Papanicolaou, and K. Solna. Wave Propagation
and Time Reversal in Randomly Layered Media. Springer, 2007.

E. Gabetta, L. Pareschi, and G. Toscani, Relazation schemes for nonlinear
kinetic equations, STAM J. Numer. Anal., 34 (1997), pp. 2168-2194.

J. Garnier and K. Solna, Pulse propagation in random media with long
range correlation, Multiscale Model. Simul., 7, 1302-1324, (2009).

C. Gomez and O. Pinaud. Asymptotics of a time-splitting scheme for the
random Schrédinger equation with long-range correlations, submitted.

K. Ito. Multiple Wiener integral. J. Math. Soc. Japan 3 (1951), 157-169

S. Jin, Efficient Asymptotic-Preserving (AP) Schemes For Some Multiscale
Kinetic Equations , STAM J. Sci. Comput. 21 (1999), pp. 441-454.

S. Jin, P. Markowich, and C. Sparber, Mathematical and computational
methods for semiclassical Schrodinger equations, Acta Numer., 20 (2011),
pp- 121-209

A. Klar, An asymptotic-induced scheme for monstationary transport equa-

tions in the diffusive limit, SIAM J. Numer. Anal., 35 (1998), pp. 1073-1094

R. Marty Asymptotic behavior of differential equations driven by periodic
and random processes with slowly decaying correlations, ESAIM Probab.
Stat. 9 (2005), 165-184

R. Marty, On a splitting scheme for the nonlinear Schridinger equation
in a random medium, Commun. Math. Sci. Volume 4, Number 4 (2006),
679-705.

R. Marty, From Hermite polynomials to multifractional processes, To ap-
pear in Journal of Applied Probability (2013)

R. Marty and K. Solna, A general framework for waves in random me-
dia with long-range correlations, Annals of Applied Probability Volume 21,
Number 1, pp. 115-139 (2011)

R. F. Peltier and J. Lévy Véhel. Multifractional Brownian mo-
tion: definition and preliminary results. preprint available on
http://hal.inria.fr/inria-00074045/ (1995)

G. Samorodnitsky and M. S. Taqqu. Stable non-Gaussian random processes,
Chapman and Hall (1994)

22



[30] G. Strang, On the construction and comparison of difference schemes,
SIAM J. Numer. Anal., 5, pp. 506-517, 1968.

[31] M. S. Taqqu. Weak convergence to fractional Brownian motion and to the
Rosenblatt process. Z. Wahrsch. Verw. Gebiete. 31 (1975), 287-302

[32] M. S. Taqqu. Convergence of integrated processes of arbitrary Hermite rank.
Z. Wahrsch. Verw. Gebiete 50 (1979), 53-83

23



