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Abstract

Perfectly Matched Layers (PML) are proposed for time-dependent space fractional PDEs.
Within this approach, widely used powerful Fourier solvers based on FFTs can be adapted
without much effort to compute Initial Boundary Value Problems (IBVP) for well-posed
fractional equations with absorbing boundary layers. We analyze mathematically the method
and propose some illustrating numerical experiments.

Keywords: fractional partial differential equations; unbounded domain; perfectly matched
layer; Fourier pseudospectral approximation; time splitting scheme
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1. Introduction

Over the last decade, the study of Fractional Partial Differential Equations (FPDEs)
became a huge domain of investigation in many areas of science and engineering [24] 28],
30, 136]. Therefore, simulating accurately and efficiently a FPDE is a major challenge in
computational science. In this paper, we are interested in suitably truncating the infinite

spatial computational domain for one-dimensional (and higher-dimensional) space fractional
Initial Value Problems (IVPs) of the form

Ouult,x) + Y vl (@)du(t, x) = f(ult,z)), (1)

acR

or

dult,x) + 3 vl(@)Au(t,x) = Flult, ), (2)
ack

where z € R and ¢ > 0, {vl} g are smooth real- or purely complex-valued functions, &
being a finite set of strictly positive real numbers, and f is square integrable. To this system
is added an initial data u(t = 0,z) = ug(x).

Spatially bounding the above IVPs naturally leads to Initial Boundary Value Problems
(IBVPs) set on the truncated domain. Simple boundary conditions like homogeneous Dirich-
let, Neumann or Robin boundary conditions as well as periodic boundary conditions can
be used in some situations to get a finite computational domain. However, this choice of
boundary condition does not always provide an admissible approximate solution. For inte-
ger order Partial Differential Equations (PDEs) (o € N), many approaches can be used to
build [T}, [5, 19, 43] absorbing, transparent or non-reflecting boundary conditions (ABC, TBC,
NRBC), according e.g. to the structure and physical/mathematical properties of the PDEs,
the kind of expected scheme to be used... Usually, constructing such boundary conditions
requires nontrivial mathematical analysis and can often be recast as the fundamental prob-
lem of building the exact Dirichlet-to-Neumann operator or some of its approximations for
the associated PDE. In addition, several complex mathematical (definition, well-posedness)
and computational issues (stability, accuracy, computational complexity) are usually related
to such boundary conditions. For the space FPDESs, to the best of authors knowledge, only
a few derivations of ABCs/TBCs/NRBCs have been recently obtained [6, 20, 27, 29]. Fur-
thermore, closely related are newly designed truncation techniques for nonlocal models (see
e.g. [22, 23]), generalizing in some sense the notion of FPDEs. Let us remark that such
boundary conditions were also nontrivially derived for time-fractional PDEs [32] 147, 49].



Finally, let us note that these boundary conditions cannot be a priori implemented into a
Fourier pseudospectral approximation scheme [2] [3] [7, 14, 33, 40] based on FFTs since the
enforced boundary conditions are not periodic.

An alternative method to avoid spurious unphysical reflection at the domain boundary
consists in using the method of Perfectly Matched Layers (PMLs) which has been extensively
studied for many integer order PDE models (see e.g. [8, 9] 10, 1T, 12] T3], 16l 17 18], 19|
25, 26, 43, [44], 146]). PMLs usually enjoy some good mathematical and numerical properties:
easiness of implementation, flexibility, accuracy, stability,... which made them extremely
popular since their introduction in the seminal paper by Bérenger [9] in 1994 for simulating
electromagnetic waves. Even if PMLs are very attractive, to the best of our knowledge, the
extension to the space FPDEs has never been studied. The aim of this paper is to contribute
to deriving PMLs for some classes of FPDEs, resulting in Fractional PMLs (FPMLs). As for
the integer case, these FPMLs are easy to integrate into the FPDE mathematical formula-
tion. Of course, they also need to be fixed for each FPDE, as for the standard case, and in
particular concerning the absorption profiles and their tuning parameters. Therefore, in the
present paper, instead of focusing on one specific FPDE, we explain the general idea and
illustrate the accuracy of FPMLs through explicit examples. For a better understanding of
the full approach, more focused future investigations are required to develop optimal FPMLs
for a given FPDE. In addition, we also introduce a specific Fourier based pseudospectral dis-
cretization scheme for approximating the FPMLs model which appears to be very flexible
and accurate for the resulting modified problem. However, it is also clear that many other
discretization approaches could be investigated, which should be again further studied. In
particular, one can freely choose the boundary condition imposed at the outer domain bound-
ary. Therefore, this allows for adapting many already existing discretization schemes. Even
if we start with Riemann-Liouville operators [24, [35] 36], the extension to other definitions
of fractional derivative operators should be possible, as we notice for Caputo-type deriva-
tive operators. Moreover, we also prospect the extension to higher-dimensional problems
and FPDEs involving fractional laplacians |31} 34]. The method can be adapted but some
nontrivial questions remain open for further improvements. Finally, well-posedness of the
truncated problem is partially addressed here as well as a stability analysis of the scheme.
Finally, extending the method to time-fractional PDE seems possible.

The paper is organized as follows. In Section 2] we present the derivation and possible
approximations of PMLs for one-dimensional space FPDEs. The case of fractional laplacians
is also considered. Section |3|is dedicated to the numerical approximation of the FPDE with
FPML by a well-designed pseudospectral method combined with time-splitting schemes.
Several numerical experiments illustrate the ideas and methods presented in this paper.
Extension to higher dimensional problems is discussed in Section[d] In Section 5] we analyze
the well-posedness of the FPDE with FPML, as well as the stability of an implicit scheme
derived in this paper. We finally conclude in Section [6]



2. Fractional Perfectly Matched Layers (FPMLs) and their approximations

Some general definitions and basic properties about fractional derivatives are recalled
below [21], 24] 28 35, 36]. All along the paper, in particular in Section , some key results
about fractional Sobolev spaces will be needed and recalled. Here, we simply provide the
minimal requirement about fractional derivatives for a good understanding of the material
presented in the paper.

2.1. Fractional Perfectly Matched Layers (FPMLs)

For « € R% and p = |a] + 1 (|« being the integer part of «), we define the special
Gamma function I', for Re(z) > 0, as

I(z) = / ¥ et de,
0

with I'(p) = (p — 1)!, for p € N*. The fractional derivative that we consider in this paper
is the so-called Riemann-Liouville (RL) fractional derivative of order « over the interval
(—o0; x], which is defined by

D) = ot [ )

T(p—a)der | . (z— y)erti?

while the right RL fractional derivative is given by

(=P & [t u(y)
/x (y

RL no
Douz) = —— | DV g4
D) I'(p — «a)dar — g)artl Y

Similarly, we introduce the left fractional Riemann-Liouville integral operator of order « as

Rija, oy L [T uly)
Itu(z) = F(a)/ dy. (4)

Through these notations, we have the relation

dr

RL no _ _ RLjyp—a 5)

Diu(x) = e P~ %u(x). (5)

Let us remark that many other fractional derivatives/integrals can also be defined [24] [35] 36],
like e.g. the well-known Caputo (C) derivative of order «

CDou() = — / [ i (6)

Tp—a) ) o (@—gy)yr™?

In the sequel of the paper, we restrict our study to the Riemann-Liouville fractional partial
derivatives with respect to z, but it may be possible that some of the ideas can be extended
to other definitions of the fractional operators as suggested below. From now on, the RL
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fractional derivative will be denoted by 9% or ,0%, respectively corresponding to ®D® and
RI;DC“. We again refer to [24], 35, 36] for the mathematical properties of fractional operators.

Let us now consider the basic approach related to PMLs. The equations under consid-
eration are defined on an open one-dimensional bounded physical domain denoted by Dpyy,
but the extension to higher-dimensional problems can be derived (see also Section []). As
usual, we add a layer which is called Dpyr,, surrounding Dpyys, stretching the z-coordinate.
The overall computational domain is then defined by: D = Dppy U Dpyr,. For the one-
dimensional case, D = [—L, L] and Dpnys = [—L*, L*], with L* < L, the layer thickness
being ¢§,. Usual PMLs require a complex stretching of the real spatial coordinate x such as

T

T(r) =x+ eia/ a(s)ds, (7)

*

where the absorbing function ¢ : D — R is defined [4] as (o € N*)

=y = { ozl = L), L*<la| < L,
7(@) = { 0, x| < L*. (8)

The rotation angle # is usually fixed by the problem under study. For example, § = 7/2 is
often considered for (integer order) time harmonic Helmholtz-type problems [8 12} T3] 17,
43, [44] while 8 = /4 is more adapted to Schrédinger problems [I], 5] [46), [4§].

Here, we derive the PML equation only for the right layer, the extension to the left side
being straightforward by a symmetry argument. In addition, the boundary condition at point
{L} can be fixed for example as a homogeneous Dirichlet or Neumann boundary condition or
a periodic boundary condition, since the solution is supposed to be small enough after being
damped. This provides a great flexibility for the choice of the discretization method. We
will later choose a periodic boundary condition so that Fourier pseudospectral approximation
methods based on FFTs can be used.

The starting point of PMLs for PDEs with integer order partial derivatives considers the
following damped operator

1

s (9)
modifying hence the initial PDE. Following this idea, if e.g. 0 < a < 1, we can introduce
the new complex-valued fractional derivative operators as

1 1 d

o — } U(y) eie& -«
O2ule) = R a) (14 e (a)) da /_OO @yt T W)

1 )
_ (1 if ~\1—« )
—(1 n 6105)8:6 (14 ea) " %u)

(10)



For 1 < o < 2 (p = 2), then one gets from and by a similar argument

1 1 d 1 d

a _ ’ u(y) i0~( \\2—a
) = [ s T e ) e )

1 d 1 d ‘
( RL]Q—a 1 i ~\2—o
0T e5)dn (7 ev5)de = (LFe70) 7 u)),

(11)
which degenerates, by evaluating from the inner to the outer parentheses, into the standard
formula

1 & [ 1 du
ok = dy = ———=—, 12
) = Ty gz /_Oo U = T g g (12)
that could be also obtained from taking the lower limit on «. Similarly, one gets
1 d? 1 d 1 du
O3 = u ( (13)

I'2)d7> (14 e)dz (1+ eif)&)d:c)'

A generalization of the absorbing RL fractional derivative operators of order a € R* could
be derived following the formula

dr .
fe% _ RL rp—a if ~\p—« 14
u(x) = prE IP=((1 + e¥6)P "), (14)
setting
dr 1 d/ 1 d

— = — — times).
dir (1 +ei%)dx (1 + elea)dx( ) (p times)

In the case of the Caputo derivative @, then a natural extension of a PML Caputo
fractional derivative operator of order a € R* is

Cna 1 ¢ u(p)(y) i0 ~\—a RL rp—a i ~\—a, (p)
D:Eu(l’):m W(l‘l—e 0') dy: Ia: ((1+€ O') u ) (15)

Choosing an absorption function is not trivial and is based on the underlying PDE
model. The first profiles proposed in the literature are based on polynomial functions. Here,
we consider the quadratic and cubic functions

Type I: oo(z + 0,)%, Type II: ao(z + 6,)3, (16)
where o0y is a real-valued positive parameter to adjust. Other possibilities derived for example

for the Helmholtz equation [12] [I3] and later used for the Schrédinger equation [4] include
unbounded functions o such that

/LL o(z)dz = +oo. (17)



Among these, we use the following discontinuous and continuous functions

0o 00
Type III: — —, Type IV: =
T T
T V- 0o Oop T VI- 0o Op (18)
A YPeVE T 5T

Let us remark that other choices of absorbing functions may be more suited to fractional
equations, but this point is not analyzed in the current paper. It is well-known that tuning the
parameter oy in PMLs is relatively problem dependent. As noticed e.g. in [4, 12| [13], Types
ITI-VI usually exhibit a larger stability region for a numerical discretization for Helmholtz
and Schrodinger problems.

2.2. Approzimate FPMLs for RL operators

Even if the above Fractional PML (FPML) operators could be used, we propose here
an approximate and modified version of a PML fractional derivative operator which can be
related to the previous RL operators. Let us first recall that, for the RL operators, we have
the following Fourier symbols

F(07u)(§) = (18)"F(u)($), F(Iu)(€) = (18) " F(u)(6), (19)

where F is the Fourier transform according to x and £ is the corresponding dual co-variable.
Therefore, if one considers the principal symbol o, in the sense of pseudodifferential operators
[42] of the operator 9% defined by ([L4]), one gets, for a € R,

0,(0) = (1+¢5) 7 (1€)". (20)

Consequently, another fractional PML operator that could be used to bound the computa-

tional domain is
1

69 = —.Nﬁa, 21

z (1 + cif O‘)a T ( )

then generalizing the well-know formula @ for integer order derivatives to fractional or-

ders of differentiation. Different strategies can be developed for constructing the absorbing

operators. Even if is a reasonable approximation for a < 1, this is not the unique

choice.
For @ > 1, we would like to mimic this for the FPML corresponding to a = p,

whenever p — 1 < o < p. Within this aim, we set, for any o € R,

Q= Ng + o €R+7 Bo = N + 1 ERJr? (22>
with
a—1, ifaeN,
"a'_{ lof, ifaeR-N, (23)
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where |a] is the integer part of o, and g, := o — no € R is strictly less than 1. The main
idea consists in decomposing the derivatives 95, with o € R, as

o(0g) = (1§ = ((i%)r=*' = (&)™ (i)™,
92 = (QPa)metl = Guagna

We then consider the following various FPML operators (which are approximations up to
some lower order operators of the original FPML operators), for a > 1, where 5, € (0, 1),
for 03

e Approach 0. For n, defined by , the first approach corresponds to (|11))

1 d 1 d
o — ( .. _RLIna—oe 1 i = \na+l—a .
Oz (1+ei5)de (1+69%) dx °° ((1+¢%0) w)

e Approach 1. This approach directly mimics , then leading to
e} i0 ~\—Ba (= o na+1
0(95) ~ ((1+ea)P(ig)™)™ .
For u smooth enough, this leads to the corresponding approximation

1

(1 + et05)™

QP ynatly, (24)

e Approach 2a. A closely related approach consists in approximating the symbol o(9%)

as follows
a(03) =~ ((1+€Y5)71(1)™ (1 + ) (i€))"™,
yielding
1 1 n
O%u =~ Ode 0;) “u. 25
U (1—!—6196)%‘ z <1—|—6195 ) u ( )
e Approach 2b. Symmetrically, one can consider
03 L e ( 0e) (26)
2t (1+etfq)na ™ *(1 4 eifG)™ -

e Approach 3. As previously explained, the last approach proposes to select the prin-
cipal symbol to 0%, i.e.

gu ~ —.(9°‘u. (27)
(2



In Approaches 1 and 2, if « = p € N—{0,1}, the RHS of and becomes ((14).

Example 1. As an illustration and to compare the various strategies, we report |u| (in

logscale) at T'= 10 on Fig. (1| for the different FPML approaches, when solving the FPDE

Owu(t, x) — v(x)(?iﬂu(t,x) =0, t>0,2¢€eR, (28)
( ) = Ug (:E ) S R?

where wug(z) = N~le 2" +ikor (A heing a L?(D)-normalization constant), for kg = 1, the
multiplicative function being v(z) = e *197°**, The physical domain of computation is
Dphys := (—L*; L*) while the extended domain with FPMLs is D := (—L; L), setting L = 8
and L* = 0.95L. The approximate FPMLs is chosen using the Type I absorbing function
(16]), with o0q = 10, 8 = /8, and periodic boundary conditions at the endpoints of the layers.
More specifically, we are solving the IBVP

Owu(t,z) — U(a:)ﬁgmu(t,x) =0, t>0,xeD,
u(t,—L) =wu(t,L), t>0, (29)
u(t,0) = uo(x), = €D,

where 82/2 is one of the FPML operators. Since o = 3/2, then we have: n, = 1, ¢, = 1/2 and
Bo = 3/4. The reference solution is computed on a larger domain so that no reflection arises
at the right boundary. In addition, we also report the solution computed on D but with
periodic boundary conditions and no FPML. The discretization parameters are: N, = 1001
and At = 1072 (N; = 2500). The numerical method is described later in the paper (Section
. Let us remark that any other discretization could be used for the FPML method, the
scheme depending on the boundary conditions set at the endpoints. This first example shows
that the different FPML approaches have relatively similar absorption features, which are
all very effective. In particular, and to fix the ideas in the paper, we consider now the
FPML based on the operator proposed in Approach 1, except if specified otherwise, which
is well-suited in the numerical simulation while being simple. Since numerous parameters
need to be tuned for optimizing the FPML (e.g. Type of PML, oy, 6, d,.) and because this
is problem dependent, we will address in details the question of selecting the best absorbing
operator approximation for specific FPDE in a future work.

2.3. Focus on FPMLs for the fractional laplacian

Let us now specifically look at the problem of building FPMLs related to FPDEs involving
the 1D fractional laplacian A%, 0 < a < 1, which appears in many fractional models
[0, 22, 23, 24] 28] B34]. Let us remark here that we do not use the operator (—A;)® and
rather include the normalization constant ™ in the multiplicative function v if necessary.
First, we notice that

O.<Ag¢) _ eiowr‘é-|2a — (eiﬂaw’£|2,3a)na+l — eiqaﬂ|£|2qa><eina7r|§’2na,
Az = (A o ABAm

x



—<s— Approach 0
—s— Approach 1
—— Approach 2a

10 —&— Approach 2b
Approach 3

Reference

—e— Periodic BC (no PML)

-8 -6 -4 2 0 2 4 é 8
Space

Figure 1: Example 1. Comparison of the amplitude |u| (logscale) for the Approaches 0, 1, 2a, 2b, 3,
with the FPML of Type I, pure Periodic Boundary Conditions (i.e. without any PML), and a reference
solution computed on a large domain.

For u smooth enough, this leads to the following possible choices of operators to define the
FPMLs

a 1 1/2 1 1/2 Na—Q i ~\n —a
Approach 0. AT mAx/ ...mﬁx/ RL [ra=a((] 4 eifg)nati—ay),
1 2(na+1)
Approach 1. Afu =~ ( 3 Ag“ﬂ) u,
(14 et%5)™
1 1 2natl)
Approach 2a. VA2 TS 7&1;«/2 <—1/2A;/2> u,
(1+ eifs)ta (1+ ei@&)
1 2(na+1) 1
Approach 2b. Afu =~ (—1 2A316/2> YRR IY Ag:am%
(1 + ei95) / (14 et05)t
1
Approach 3. Ny = —— A,

(1+ 6195)2a

Notice that, for the Approach 1 and for 92, one considers
7 (02%) = ((1 4 ¥5) Poa (1g)02a )"

For a in R — N*, we have 5, = 2a/(1 + |2«]) and ny, = |2a]. Then, one gets the
approximation

(02%) ~ ((1 4 €¥5) Tl (1) TieaT ) BT

leading to the approximate FPML operator

1 _2a \ |2a)+1 1 naa+1
20 ~ ( . a;ﬂ’m) = (—gwafw) . (31)
(1 + i05) (o1 (14 eif9g)Pe

10



As an example, from (30) and and taking o = 3/4, n, = 0, Bo = 3/4, noyy = 1,
Poo = 3/4, one gets

1 2 1 2
NGRS ((1+6w5)3/4Ax ) 32 <(1+ew&)3/4ax ) u.

Example 2. To compare the different FPMLs, we plot |u| (in logscale) at T = 10 on Fig.
for several choices of FPMLs when solving the FPDE (linear fractional Schrodinger-type
equation)

{ iQu(t, z) + v(x)AY*u(t,2) =0, >0,z €R, (32)
u(t,0) = up(x), x€R,

with ug(z) = N ~le 2"tk (where N is the L?(D)-normalization constant), the function v is
v(x) = e d¥107%2%4317/4 31\ the wave number is kg = 5. The physical domain of computation
is Dppys := [—L*; L*] while the entire domain with FPMLs is D := (—L; L), choosing L = 8
and L* = 0.95L. Regarding the FPMLs, we fix the Type I absorbing function , for
oo = 10, # = 7/8, and we consider periodic boundary conditions, i.e., we solve for example
the IBVP

. 1 3/8) 2
idyu(t, ) + v(x)((l e ) u(t,r) =0, t>0,z¢€D,

u(t,—L) =wu(t,L), t>0,
u(t,0) = up(x), x€0D.

(33)

The discretization parameters are again N, = 1001 and At = 1072 (N, = 1000). We
conclude that all the FPMLs are highly absorbing and relatively similar in terms of quality
(up to the optimization of the tuning parameters). From now on, we fix the FPML based
on Approach 1.

3. FPMLs pseudospectral approximation schemes: implementation and numer-
ical examples

In this section, we propose a general methodology for solving IBVPs using Fourier-based
pseudospectral methods [2, B [7, 14, B3, 40] with FPML. Naturally, other approximation
schemes could also be used. We start with fractional equations involving spatial orders of
derivation ¢ < 1 in Subsection , and next consider the more general case vt € RY in Sub-
section Initially, the problem of interest is an IVP set in R. For obvious computational
reasons, the problem must be solved as an IBVP on a truncated domain, as it is commonly
the case. Considering the well-posedness, suitable boundary conditions need to be imposed
at the boundary of the truncated domain. When Fourier-based methods are used, peri-
odic boundary conditions are naturally fixed, which are then potentially inappropriate for
computing delocalized solutions. The proposed computational methodology developed here
allows for fixing this issue in the case of FPDEs, based on the previous FPMLs combined
with a pseudospectral discretization and time splitting schemes.

11



—s— Approach 0 Zsj 2%:

4 —s— Approach 1 ¢ X
«~— Approach 2a

w0°F —&— Approach 2b

[ Approach 3

Reference

—e— Periodic BC (no PML)

-8 6 -4 -2 0 2 4 [ 8

Space

108

Figure 2: Example 2. Comparison of the amplitude |u| (logscale) for the Approaches 0, 1, 2a, 2b, 3, with
the FPML of Type I, pure Periodic Boundary Conditions (i.e. without any PML), and reference solution
computed on a large domain.

3.1. IBVP with space fractional operators of order a less than 1
We consider the following IBVP, which is assumed to be well-posed in [0; 7] X Dpyy (see
Section , where the equation contains fractional operators of order « strictly less than 1.
For a given initial data u(t = 0,-) = ug that we assume to be compactly supported in
Dpry, we want to solve the IVP

8tu(ta JI) + Z U[a] (I)@?u(t, x) = f(u(tv .T)),

acR

where {vl®l} g are smooth functions, f is square integrable, and R is a finite set of strictly
positive real numbers such that the IBVP is well-posed, for 0 < ¢ := max® < 1. Generalizing
the idea presented in Subsection for the Approach 1, we set

f 1, if |z| < L*,
S(z) = { 1+e%(x), if L* <|z| < L, (34)

and consider the modified IBVP on [0; 7] x D with FPMLs

plel ()

Ou(t, z) + Z 5o(a)

ack

ult,x) = f(ult,z)), (35)

with periodic boundary conditions u(t, —L) = u(t, L) and initial data u(t = 0,-) = wuo.
We will also study the case of FPDEs of the form

Ouult, x) + Y vll(@) Afu(t, z) = f(ult, ),
ad&

12



which leads to the new system

vlel(z)
Se(x)

duult, x) + 3 e Au(t, @) = f(ult, 7)),

acR

with initial data u(t = 0, -) = ug, and periodic boundary conditions at the domain interface
{-L;L}.
Let us denote the set of grid-points by

,DNZ:{xkl}kleoNz’ ONz:{kleN/k’lzoj... ’Nx_l}’

and the uniform mesh size by h = h,, := x, .1 —x, = 2L/N, (for the entire domain D). The
corresponding discrete wave numbers are defined by ¢, = pr/L, forp € {—N,/2,--- ,N,/2—
1}. Concerning the approximations, we use the following notation

Ny—1 1 Nz /2—-1
Up(t) = Y g, (e lmth gy (1) = F S ay (et th), (36)
k1=0 T p=—N./2

Finally, we define the Fourier-based approximations of the fractional derivative operators of
order a > 0 as

1 Na/2-1

O%u(ty, xp, ) ~ {[[a;;l]]u,ﬂ(tn)};:F ST (16) Up(t,) e en T, (37)

v P:—Nx/Q
Similarly, for the fractional laplacian, we introduce

1 Nz/2-1

ANSu(ty, vg) =~ {[[Afj]]ukl(tn)}::F Z ‘ép|2aeiaﬂa/p(tn)ei£p(zk1+a). (38)
Y p=—N,/2

We denote by u} the approximation of v at time ¢,, on Dy, , and by S}, and 'v;f“] the respective
values of S and v!®l evaluated on the grid set Dy,. A simple second-order semi-explicit
operator splitting in time of reads

(

At

wp = s S

[o]
n* n+1/2 Yh 1 aa, nt1/2
wpt = Ay o)

e

LAt
\ wtt =l +7f(uh+1).

In principle, the above scheme is constrained by a CFL condition which limits its interest
and application, in particular when the equation involves high-order (fractional) derivatives.
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We conjecture that the above one-dimensional scheme is stable under a CFL condition of
the form At/Ax* < C, for some C' > 0 [41]. The larger ¢ < 1, the more restrictive the above
CFL condition. To avoid this problem, we rather consider an implicit version of the splitting

scheme
4

At
’LLZ+1/2 _ u?l_i_?f(uz—o—l/Q)’
[o]
n* n+1/2 vh fe% n*
’U/h = ’u,h+ / _ Atz F[[ﬁz]]uh y (39)
ack T H
. At
| w = ().

The scheme requires the use of a linear system solver for the second fractional step,
but ensures in principle better L2-stability of the scheme. Regarding the spatial discretiza-
tion of the second equation in , from t, to t,- = t, + At with initial data 'U,ZH/Q =

;LJrl/Z}jEONx’ it is equivalent to the linear system
n. n* n+1/2
non” = 2 (40)
where o]
v (6]
p=T Ay o), (41)
ack Th

I being the identity matrix. From an implementation and computational point of view, this
approach seems to be more complex, since the equation involves space variable coefficients.
However, the system solution can be obtained thanks to the combination of a Krylov subspace
iterative solver [3§] like the GMRES with matrix-free evaluations based on FFTs. In addition,
analytical preconditioners could be added to improve the convergence rate. We refer to [2], [3]
for the introduction of this idea for the Gross-Pitaevskii equation in the framework of Bose-
Einstein condensates which can be directly extended here to FPDEs. In the present paper,
we use the GMRES without preconditioner [38], 39)].

Example 3. To analyze how the proposed scheme is working, we consider the following
linear FPDE

O — 0 =0, t>0,2 €R,
up(z) = Nle~ @0 +ikor 2 c R,

with A a normalizing coefficient, v!%1%(z) = ¢7#*/200/2 and ky = —1. For the FPML, we
use the Type I absorbing function given by , where 09 = 5 x 10% and 0 = 7/8, and with
a layer thickness given by d, := 0.05 for the domain D = [—10, 10]. The modified FPDE
problem with FPML is then

[9/10]
Owu(t,z) — QT()éxx;@g/lou(t,x) =0, t>0,z€D,
u(t,—L) =wu(t,L), t>0,
up(z) = Nle~(@=5)’+ikor 5 D,

(42)
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which is approximated by

9/10
(I At

9/10

s,/

The discretization parameters are N, = 1001 and At = 5 x 1072. We plot in Fig. [3| the
solutions {(z,t,log |u(z,t)|), (x,t) € D x [0;T]} for the FPML of Type I, for the solution
with pure periodic boundary conditions (no FPML) and for a reference solution (computed
on the larger domain [—20,20]). We observe that the FPML properly works, and that there
is almost no reflection at the boundary. A small amount of the solution passes through the
boundary and comes back on the left boundary because of the periodic boundary condition.

(02N up ™ = . (43)

(z,t,log | 2 [t riod (@ (z,t, log ‘”pml(x" 1))

2
2.5
3
35
4
45
s

S;nrc

(2, t,1og |uyop(z, 8)[)

2.5

EX

Time
Time
Time

a5

5.5

Figure 3: Example 3. Solutions {(z,,log |u(z,t)|), (x,t) € D x [0; T} with periodic boundary conditions
(Left), FPML of Type I (Center) and reference solution (Right).

Example 4. Very similar ideas can be adapted to the case of equations involving fractional
laplacians with FPMLs. Rather than presenting the general theory, we illustrate this through
an example considering the following nonlinear FPDE

10 + v AAY Yy 4 BNy = f(w), t>0,zeR,
up(z) = N~ le (@t +ikor 4 c R

where v[1/2 = e=#*/2044m/4 4 3/4) (5) = =#*/104317/8 ¢4y s i g|ul?u for k = 10, and ko = 10.
To include the FPML on D := [—L; L], the following modified problem is solved

l1/2) 13/4]

A4y +

Opu + gl/2 e §3/4

AP = f(u), (44)

with initial data and periodic boundary conditions. It is approximated as follows

At
uZH/Q = up+ 1/1—"u,h‘2 n+1/2,
[1/2] o3/t
AL/ 3/817\ . n* nt1/2
¢ 1+ At 51/2“ /]]+At53/4[[A Puy = w2,
K h A
w)tt = u¥ +ik— ‘uh ‘ )t

\
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Alternatively, the ODEs involving the source term can be treated semi-analytically, i.e.

At
u) = ulexp <1At/<;—|uh |)
[1/2] 3/4
1/4 3/817\ 0 n* n+1/2
( A + Al AT = ™
d Sh
\ )t = u} exp ( 2).

For the simulation, we fix At = 5 x 1072 and N, = 1001 for the discretization. Regarding
the FPML parameters, we choose L = 4, §, = 0.075L and oy = 10 for the Type I absorbing
function. We compare {(z,t,log|u(zx,t)|), (z,t) € D x [0;T]} in Fig. {4] the solution with
periodic boundary conditions (no FPML), with FPML and for a reference solution (computed
on the domain, [—16, 16]). This clearly illustrates the accuracy of the FPML combined with
the splitting scheme and pseudospectral approximation.

(2,tlog |u, (z,tlog \qul (2,2,10g [upqp(z, 1)

3 3
, 35 7 35
6 4 6 2
45 4.5

5
5 - 5
4 55 a4 55
6 -6

3 3
65 65
o] 7 2 7
15 75

1 1
8 8
5 0 85

pe nud

Time
Time
Time

Gp ace Gp ace Sp ace

Figure 4: Example 4. Solution {(z,¢,log |u(z,t)]), (x,t) € D x [0;T]} with periodic boundary conditions
(Left), FPML of Type I (Center) and reference solution (Right).

In the second part of the test, we compare the solution with three different types of
FPML: Type I with oy = 10, Type II with gy = 102, Type VI with oy = 2.5 x 1072 (see Fig.
5). The FPML of Types I & II have an accurate absorbing effect, while Type VI-PML is
less efficient for this example. We also compare on Fig. [6] the absorbing effect of the FPML
of Type I with different values of oy, i.e. o¢ := 1071, 1,10, 10%,103. The best absorptions are
obtained for the values oy = 10 and 100.

3.2. IBVP with space fractional operators of order o larger or equal to 1

We assume now that the IBVP contains fractional operators of order larger or equal to
1. We impose u(t = 0,-) = ug, and consider

duu(t,x) + > vll(2)d%u(t, z) = f(u(t,x)), (45)
ack

where {v[a]}ad& and f are smooth functions, and R is a finite set of positive real numbers
such that the IBVP is well-posed. In the following, we propose to analyze the Approaches
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102+ — o Type I PML |
—o—Type II PML |
—« Type VI PML
—No PML

— — -PML Interface

Figure 5: Example 4. Comparison the FPML with Type I, IT and VI absorption profiles.

1 and 2 from Subsection [2.2] Basically, the main idea consists in decomposing the derivatives
07, with o € R%. We can rewrite the equation as

Ouult,z) + Y ol D)0 u(tz) = f(ult,x). (46)
ack

We then consider the modified IBVP on D including the FPML, following Approach 1
from Subsection

na+1

dult, +Z (¢ (Sﬂa )aﬁa) u(t,z) = flu(t,z)), (47)

with periodic boundary conditions at 0D and compactly supported initial data ug. By using
the same notations as above, we have the following approximation

Na /2~
1 .
afau(tnvxkl) ~ {[[aﬁa]]ukl( = F Z lgp n)elgp(xlirL)? (48>

P—_Nx/2
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—-PML I 0y = 107!
——PMLILoyg=1
——PML I: 09 = 10
—>-PML I: g = 100
PML I: oy = 1000
——No PML
——-PML Interface

log |ul

Figure 6: Example 4. Comparison of the FPML of Type I with different values of o(= 1071, 1,10, 102, 10%).

where 3, is defined in . The implicit scheme reads

’U,Z+1/2 _ uh + _f( n+1/2)7
* 7’L na+1 «
ul = Ath ( aﬂa]]) wl (49)
ack h
ultl = f( nl)

\

Approach 2a consists in solving the modified IBVP with FPML

1 1 Mo
Owu(t,x) + Yy vl¥(2) 0 O0r) wu(t,x) = f(u(t,z)), (50)
O% Sae () (S(x) )

18



where ¢, is defined in . The corresponding second-order implicit splitting scheme is given
by

( uz+1/2 _ uh_|_—f( n+1/2),
* n+1/2 [O‘] 1 e
wi o = -8y gllor] (gl e (51)
ac®
= S,

Practically, the second equation in and are linear systems solved by using the
GMRES or BiCGStab iterative solvers [39] applied e.g. to

[I+Atz el aqa (i[[ax]])""}ug* — 2

We use here a GMRES algorithm to solve these linear systems.
Similarly, for the fractional laplacian and for the initial data u(t = 0, -) = ug, we consider

Ouult,x) + Y vl (@) Adu(t, z) = f(ult,z)), (52)

ack

where {vl*} . and f are regular functions. The set R is a finite sequence of positive real
numbers so that the IBVP is well-posed. Applying the Approach 1 from Subsection
yields

Owu(t, z) + Z o] (2 <Sﬁa )Aﬂa/2>na+lu(t,x) = f(u(t,z)),
aclk

while Approach 2 leads to

[od 1 2(na+1)
Opu(t, ) + Zn g(w()fZAga/2<WAi/2> +1 u(t,r) = f(u(t,z)),

for t > 0 and x € D. For well-posedness, periodic boundary conditions are added.

Example 5. In this example, the linear fractional system under consideration is

Au(t, x) — v(2)87 2u(t, z) = f(u(t,z)), t>0,z €R, (53)

u(t,0) = ug(x), = €R,
where the initial data is ug(z) = N ~le X107 (@+20/3)*+ikor with k) = —1. The multiplicative
function is the gaussian v(x) = e~5*19*** and the nonlinear cubic term is f(u) = 101 |u|?u.

A FPML is next introduced into the formulation, with periodic boundary conditions. The
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computational domain is D = [—L; L], for L = 10 and L* = 0.95L. Setting o« = 3/2, we
have: n, =1, ¢, = 1/2 and 3, = 3/4. If one chooses the Approach 1 (see Eq. [47)), we get
the FPML equation

Ouu(tx) = g0 (0 Yultn) = Flultoo)),

while for Approach 2a (see Eq. we have

yu(t, z) — SZE&@ga ( S(lx)ﬁx)u(t, ) = f(ult,z)).

We fix At =5 x 1073 and N, = 2001 for the discretization.

In Fig. [} we report |u(z, )| (logscale) on D x [0;T] (with T' = 6), for respectively the
periodic solution without FPML, the solution with FPML (Approach 2a) of Type I (with
oo = 10, § = 71/8), and a reference solution (computed on [—20,20]). We clearly see that
the FPMLs with pseudospectral approximation performs very well. For completeness, we
also provide in Fig. |8 a zoom of the solution on D x [T'/2;T], where we see that the FPML
solution disperses a little bit. We next compare in Fig. El (Left) the absorption effects of
the FPML (Approach 2a) for three different profiles: Type I-, Type II (with oy = 10) and
Type VI (with oy = 1071), setting §, = 0.05L and § = 7/8. In addition, we also report
on Fig. [9] (Right) the L*(D)-norm of the solution (in logscale) vs. the time variable ¢, i.e.

{(t, log [u(t, )| 2p)) = ¢ € [0;T1}

(fflrgluI rod (& 8)]) (z,t, log ‘;ml(I' (, t,10g [upep(e; 1) [)

L 8§ |

S;nrc Sp ace Sp ace

l ime
l ime
l ime

Figure 7: Example 5. Solution {(z,?,log |u(z,t)]), (x,t) € D x [0;T]} with periodic boundary conditions
(no FPMLs) (Left), with FPML of Type I (Center) and reference solution (Right).

Example 6. Let us now consider the following nonlinear cubic Schrodinger equation
iou = —(AY*2u+ klu|®u, t>0,z€R. (54)
that we write as a FPDE (since A, := (Aglg/ %)2) to show that the proposed formulation can

also work well even in this situation. The modified FPML equation [4] reads

1 1
. - __ /2( ~ A1/2
10 = —g0; ( 0 )u (55)
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(z,t,log i’Ule‘lOd z,t)|) (2, t,108 [uy (2, 1) [)

-4 6 -4 A
55 55 58
45 a5 4.5
5 5 5
5
5 oas = oas = 45
= = o
55 55 5.5
4 4 4
3 © 6
35 35 35
%5

6.5 6.5

(z,t, l(w\upml(r t)|

S;n(*e Spfwe Spfme

Figure 8: Example 5. Solution {(z,t,log |u(z,t)]), (x,t) € D x [T/2,T]} with periodic boundary conditions
(Left), FPML with absorption function of Type I (Center), and reference solution (Right).

09 —o—Type I PML |{
10? 08 | —»—Type III PML|}
Type VI PML
60'7 ] Periodic BC  |]
Tosf —o—Reference
B - =
g X 05
B =2
10° =
——Type I-PML ol
——Type II-PML -
Type VI-PML
—— Reference
—o—Periodic BC (no PML) 03 | :
D I R 0 1 2 3 4 5 6
Space Time (t)

Figure 9: Example 5. (Left) Amplitude |u| of the solution (in logscale) at final time T" = 7.5, on the domain
D, for the FPMLs (Approach 2a) with absorption function of Type I, IT (o9 = 10) and VI (og = 1071), for
0 = 7/8. (Right) Time evolution of the L?(D)-norm of the solution for the FPMLs with absorption function
of Types I, II, VI, with periodic boundary conditions and for the reference solution.

with S given by Eqgs. (34)). For stability reasons, we still use the following implicit splitting
scheme

¢ At
w = - e
1 1
n* n+1/2 . 20— 1/2 n*
Ll = e A (]
. At .
\ Wt = b —i%\u’,} 2t

The initial data is the centered normalized Gaussian ug(z) = N ~le™#"/2Hhor  with wave
number ky = 5. We fix k = 10. The FPML of Type I, with og = 5 x 10%, § = 7/8 and
0, = 5x 1072L is used. The discretization parameters are fixed to At = 1072 and N, = 1001
for the computational domain D = [—8,8]. In Fig. we report {(z,t,log|u(x,t)|), (z,t) €
D x [0; T} for the periodic boundary conditions case (no FPML), for the FPML solution and
the reference solution (computed on [—16, 16]). This illustrates the property that the FPML
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and its implementation is very efficient and accurate. We draw in Fig. [11] the amplitude |u|
(logscale) of the three solutions at time 7" = 1.25.

(z,1, log [uperioa @ t)] (z.t, l()v-r\upml(l t)| (x, t, log [upep(z, £)])

3 3

< a
- 5
-6 > ! 6
7 7
8 : 8
) 9

" 10 10 : 10

Gp"mc Sp‘x(‘c Gpmcc

& IS

&

l ime
l ime

® 4

P

Figure 10: Example 6. Solution {(z,t,log |u(z,t)|), (x,t) € D x [0; T]} with periodic boundary conditions
(Left), FPML with absorption function of Type I (Center) and reference solution (Right).

——Period BC T

RN \
—PML g
el -Reference
-4 3 2 -1 0 1 2 3 4
Space

Figure 11: Example 6. log |u(t, z)| at time T' = 1.25 with periodic boundary conditions, FPML with Type
I absorption function for o9 = 5 x 10!, §, = 5 x 1072L and 6§ = 7/8.

Let us remark here that the FPML that we use for the integer order PDE does not
match with the standard way of writing a PML for Schrédinger-like PDEs (and Helmholtz-
type equations). Indeed, usually, the PML modification of the laplacian [5] is

1 1
while here, we have
1
12 A1/2
A, — SA (SAx ) (57)

22



For the transformation , the involved operators are local and based on 0, while Al/ 2

appearing in corresponds to a nonlocal operator. This operator is nontrivial to numer-
ically approximate if we are not using a Fourier pseudospectral approximation scheme. The
possibility of writing two kinds of PMLs for the integer case is related to the fact that the
symbol of —A, is [£|?, which can be written as |£| x |£| (nonlocal) but also ¢ x & (local).

Example 7. The equation under consideration is now the fractional nonlinear cubic Schro-
dinger equation

idu + v = f(u), t>0,2€R,

with initial data wg(z) = N ~le d¥107 @+’ +ikor (for ko = 5). The function v is given by
v(z) = e 1077 43im/4 and f(u) = 10i|u®|u. For the FPML, we fix the computational
domain to D = [—L; L], with L = 8 and L* = 0.85L. We set o = 3/2, leading to n, = 1,
o = 1/2 and 5, = 3/4. According to the methods developed above, we can either solve:
Approach 1

1

53/4A3/8>u = f(u), t>0,z€D,

v
lat'U/ + 53/4A3/8(

or Approach 2a

10 + WAU‘*(;A;/?)U — f(u), t>0,z€D,
with initial data ug and periodic boundary conditions. We fix At = 102, N, = 501, and
T =10. In Fig. we plot {(x,t,log|u(x,t)|), (z,t) € D x [0;T]} for the periodic boundary
conditions (no PML), with the FPML of Type II (with o9 = 10, § = 7/8) and finally the
reference solution (computed on [—16,16]). This again shows that the FPMLs are very
accurate when implemented in the Fourier pseudospectral method with time splitting.

(z,1, log ‘“p(rlod("r t)| (z,t, l”gi“pml(I'rt)D (2, t,10g |upop(

3 10 3 3
- -4 -4
-5 5 s
6 . \ 6 6
-7 -7 7
K -8 -8
E) 9 E)
2 6 -4 -2 0 2 4 6 8

Sp ace Space Sp ace

Time
Time
Time

Figure 12: Example 7. Solution {(z,t,log|u(z,t)|), (z,t) € D x [0;T]} with periodic boundary conditions
(Left), FPML with absorption function of Type I (Center) and reference solution (Right).

We also compare on Fig. (Left) the absorption effects of the FPMLs with three
different types of absorption function: Type I, Type II (with oo = 10), and Type VI (with
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oo =5x1072), for §, = 0.05L and 6 = 7/8. A similar test was performed where we compare
the Approaches 1 and 2 on Fig. (Right) with FPML of Types I & II (¢0p = 10).
The comparisons show a similar behavior for both approaches for the FPML with Type II
absorption function, but the second approach seems more appropriate for the FPML with
Type I function. Similar tests were also performed with an explicit scheme. However, the
latter requires very small time steps for stability reasons and therefore implicit schemes are
strongly recommended (see Section .

T T T T T

Type I PML - approach 1

i ! .+ Type I PML - approach 2

\ ! ——Type II PML - approach 1

\ ; = Type I PML - approach 2
3 —No PML

- —-PML Interface

log |u/

\
10 o Type TPML |
—o—Type Il PML
Type VI PML ‘
—No PML
1078 __PML Interface
-8 6 -4 -2 0 2 4 6 8 h o 4 2 o
Space Space

Figure 13: Example 7. (Left) Amplitude |u| (logscale) of the solution at final time 7 = 10 and on
D = [-8,8]. The FPMLs (Approach 2a) are based on the absorption functions of Type I, II (¢ = 10)
and VI o9 = 107!, with = 7/8. (Right) Amplitude |u| (logscale) of the solution at final time 7' = 10 on
D = [-10,10]. We use the FPML with absorption profiles of Types I, II, # = 7/8, 09 = 10% and for the
Approaches 1 and 2.

Remark 3.1. The method developed in this paper can straightforwardly be extended to well-
posed quasilinear equations

Oyu + Z v (w)otu = f(u), t>0,z€R.
aclk

For the sake of simplicity, let us assume that f = 0. For example, for Approach 1 in
Subsection[d, we first rewrite the equation on D, including the FPML, as

O+ Y o) ( 56a1<x>85a>%+1“ =0,
acR

where S is defined by and periodic boundary conditions are added. For the implicit
scheme, we have

)

upt = uZ—Ath[”](uZ)(% B
h

aeiﬁ
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4. Higher dimensional FPDEs
4.1. Approximate FPMLs for RL operators

We extend now the ideas and methods to two-dimensional problems (the 3D case can be
treated by a direct extension). The numerical solution of the equation under consideration
is approximated on an open two-dimensional bounded rectangular physical domain denoted
by Dppy. As usual, we add a layer, denoted by Dpy,, surrounding Dpyys, stretching the
v-coordinates, with v = x,y. The overall computational domain is then: D = Dpyy, U Dpr,.
In two dimensions, one gets D = [~ L, L,] X [~ Ly, L,] and Dpyys = [~ Lj, L;] x [L;, L;] (see
e.g. Fig. (Left)). Standard PMLs methods [5] require a stretching of the real spatial

coordinates following the change of variables
v=v+e* / o,(s)ds, (58)
Ly
with v = z,y, and where the absorbing functions are defined by

- ~f oolv| =L, L;<|v| <L,
(V) = { 0, | < L*.

Finally, we set
S,(v) =1+ e%5(v),
and define the operators along the v-direction

1 1
d) ) = 0] 59
v S1w) " (L+e¥5(v)" " (59)

where v is a given derivation order. Following the 1D case, this leads to various choices of
FPMLs for the 2D case by extension along each direction, by adapting ~.

Example 8. Rather than developing the general case (that will be studied in a forthcoming
paper dedicated to multidimensional FPDESs), we consider the following FPDE

. 3/2 1 s/ 2
i0wu(t, z,y) + 0 “u(t, z,y) + gﬁy u(t,z,y) =0, t>0,(z,y) € R? (60)
w(lt=0,z,y) =uo(x,y), (z,y) € R

We propose to compute the solution to this system in the bounded domain [0; 7] x D, with
D = [-2.5;2.5]? and T = 1. The initial data is chosen with a support close to the boundary
(since we are mainly interested in the absorbing features) (see Fig.

uo(z,y) = e~ 5((2+5/3)*+y?)—2iz+iy
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Initial data
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Figure 14: Example 8. (Left) Domain with FPML. (Right) Amplitude of the initial data.

Following Approach 1, the modified equation with FPML and periodic boundary con-
ditions reads

. Lo sur 1 5 L'l g b 3 .

latu+83/483: <53/45x )U‘|‘553/4ay <53/48y )UZO, m e [O,T] XD,
x x Yy )

+ periodic BC on [0;T] x 0D,

U(OVTay) :U()(flf,y), (‘Tay) €D.

(61)

We apply a directional splitting with semi-implicit discretization for solving the IBVP. The
real space grid has N, x N, = 121? points and the time step is At = 5 x 1072 In Fig.
we compare snapshots of the amplitude of the solution at times ¢ = 0.1,0.4,1 (and
their logarithm for the last line at ¢t = 1) for i) a solution of reference (computed on a larger
domain), ii) a solution with periodic boundary conditions (without FPML) and iii) a solution
with FPML by considering the Type VI profile o¢/v? — 00/62, with o9 = 1073, 0 = 7/64,
8, =5x1072L, (for L, = 2.5). As we can observe, the FPML solution reproduces correctly
the reference solution. When using the logscale representation, we can see that small residuals
of the wave field pass through the bottom boundary and come back at the top interface since
we are using periodic boundary conditions. In comparison, the full wave is transmitted from
the bottom to the top boundary because of the periodic boundary condition.

The absorbing layer used in the above computations is based on leading to (61)) (i.e.
using one of the previous 1D strategies). For completeness of the study, we also consider
the solution based on the absorption operator built on a direct approach, i.e. replacing the

operator in by

1 1
o 0% = 0., 62
v — Sa(V) v (1 + 6165(]/)> ( )
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Figure 15: Example 8. Three first lines (for the times ¢t = 0.1,0.4,1): amplitude of the solution: (Left)
reference, (Center) FPML with Type VI profile, (Right) periodic BC. Fourth line: logarithm of the amplitude
of the solution at time ¢ = 1: (Left) reference, (Center) FPML with Type VI profile, (Right) periodic BC.

where a(= 3/2) is the complete derivation order for each direction v = x,y. To this aim,
we report in Fig. the logarithm of the amplitude of the solution at t = 1, by using
(Left) and (Right), which confirms that should be rather selected, as discussed in
Section 21
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PML solution in logscale PML solution in logscale
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Figure 16: Example 8. Logarithm of the amplitude of the solution at time ¢ = 1: (Left) by using the direct
formulation , (Right) by using .
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Example 9. Let us now consider the 2D FPDE

1
i0u(t, z,y) + A Cult, z,y) + 1—OA§/1°U(15, z,y) =0, t>0,(z,y) € R? (63)

u(0,2,y) = uo(z,y), (z,y) € R™.
The initial data is chosen as the L?-normalized gaussian
uo(a:, y) _ Nfl675((x+10/3)2+y2)710ix72iy. (64)

We consider the bounded spatial domain of computation D = [—5, 5]> while the time interval
is [0; 7], with T = 1. The truncated FPDE with FPML is then based on Approach 1
following

i@tu +

1 9/20 1 9/20 11 9/20 1 9/20
N4 ( NG )u+— NG ( N )u:o (65)
9/10—7% 9/10—7% 9/10—Y 9/10—Y ’

Sm/ Sz/ 1()5'y/ Sy/

in [0; T] x D, adding periodic boundary conditions at 9D and considering the initial data (64]).
The discretization scheme uses a directional time splitting with semi-implicit discretization of
the IBVP. The spatial grid involves N, x N, = 1012 points while At = 2.5 x 1072. We report
in Fig. [17]a snapshot of the amplitude of the the wave field at t = 0.7 with periodic boundary
conditions (without any FPML), the reference solution computed on a large domain, and the
FPML solution. Here, we are using the Approach 1 (see Eq. (65))) for the Type II profile,
setting og = 5 x 1074, # = 7/4, and 6, = 107'L,. A very good absorption is observed with
the proposed methodology. Let us remark that some tuning is still necessary to properly
choose the FPML parameters, which is problem-dependent as usual.
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Periodic solution in logscale Periodic solution <10°
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Figure 17: Example 9. (Top-left) amplitude of the initial data, (Top-right) periodic solution, (Bottom-left)
reference solution and (Bottom-right) of the FPML solution with Type II profile.
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Example 9bis. We now slightly modify system as

1
idu(t,z,y) + A ult,,y) + 1—0A§/4U(t,x,y) =0, t>0,(z,y) R’ (66)
u(t:(),l’,y) :u0<x7y>: (m7y> ER27

where the initial data is given by . The FPML system related to Approach 1 is

. L oo 1 9/ LT g5 1 g8

in [0;7] x D, with D = [-5,5]* and for T = 1. The scheme as well as the discretization
parameters are the same as for Example 9. We report in Fig. [I§ the amplitude of the initial
data, and the solution (at time ¢ = 0.63) with periodic boundary conditions (no FPML), a
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reference solution, and the FPML solution based on the Type II profile, with oy = 4 x 1074,
0 = w/4, and 6, = 1071L,. We again clearly observe an effective accuracy of the FPML
implemented within the pseudospectral scheme.

Periodic solution in logscale Periodic solution «10°

4
016
0.14
0.12 15
01
= 0 =
0.08
0.06 E
’ 0.04 4 05
) 0.02 2
-4 0
-4 -3 -2 -1 0 1 2 3 4 -3 -2 -1 0 1 2 3
x T

Reference solution «10° PML solution <107

2
15 15
= 0 =
g 05 g 05
0 0
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
T T

Figure 18: Example 9bis. (Top-left) amplitude of the initial data, (Top-right) periodic solution, (Bottom-
left) reference solution and (Bottom-right) of the FPML solution with Type II profile.
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4.2. Focus on FPMLs for FPDE involving the 2D fractional laplacian

As seen in subsection accurate FPMLs can be derived for 1D FPDEs involving
fractional laplacians. Since FPMLs can be obtained for RL fractional operators, this is also
relatively expected for the 1D fractional laplacian since we have some relations between both
operators, like e.g. considering the 1D formula, —oo < x < +0o0,

8204

—(=4)"u(z) = WU(@“)- (68)

For the 2D case, this is much less clear how to proceed and a relation as the above one does
not exist (see e.g. [31, B4] ). We discuss the question of the extension of FPMLs to 2D

30



FPDEs and prospect a first possible approach. Nevertheless, this example also shows that
further developments are still needed.
Let us consider the time-dependent two-dimensional FPDE

iow(t,z,y) + Y v (@, y)(=A)u(t, z,y) =0,  for (t,z,y) € R* x R?,
ack (69)
u(t = 0,2,y) = uo(x,y), with (z,y) € R*.

The Fourier spectral definition of the fractional laplacian is given by

(=8)%u = F (&I + [&[*)* F(u) (&, &),

where &, (respectively ) is the Fourier dual variable in direction = (respectively y), F(u)
is the two-dimensional Fourier transform of v and F~! is the associated inverse Fourier
transform. For o = 1, let us recall that the modified PML laplacian operator has a total
symbol given by

1 1 1 1
o(=Apup) = —U(S—xax(s—xﬁx) + S—y@y(s—y@y))
(a2 o
= (523”5‘9(5)8 SQay+Sa(Sy)a) (70)

1 1
Sg Sx s,r s; vl T g g S

By analogy, we propose the 2D FPML laplacian with variable coefficients based on the
pseudodifferential operator definition

(=A)pywu = FH(a (2, y, &, &) F (1) (0, &),

with the symbol
a*(,y, &, &) = (—o(Dpmr))*

From a practical point of view, when « is not an integer, it is no longer possible to split
the real space and Fourier variables. In the latter case, a direct implementation is very
inefficient, and then requires some approximations. A possible approach is however based
on the decomposition of the fractional laplacian : A% = A 1A, As a consequence, the
following approximation is proposed

Apr, & APy a = (Apmpest)® ™ Apur, (71)
where
(Bosie) = (o6l —12e - Ljep—iZime)
g cs - T
Pt Sg cst Sg cst 513 cst Y SS cst Y
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/ / : : : ! /
and Sy esty Syests O ests Op.cst A€ the respective approximations to Sg, Sy, S, S, based on a

constant (cst) profile. In practice, we solve on [0; 7] x D the approximation of system ({69))
by

i0w(t, x,y) + Z oz, y) (= Apyra)ult, 2, y) =0, for (t,z,y) € [0;T] x D,
acR (73)
u(t =0,z,y) = uo(x,y), for (z,y) € D,

with periodic boundary conditions on [0; 7] x 9D.
Example 10. To illustrate the approach, we consider the following system (with o = 9/10)

97i/10

10wt x,y) + Ayt x,y) =0, for (t,x,y) € R* x R?, (74)
u(t =0,z,y) = uo(x,y), for (x,y) € R?

with
Uo (x, y) _ 106715((:r72)2+(y716/3)2)+5izf5iy. (75>

The computational domain is D = [—8,8]? and the final time is 7" = 350. Following our
strategy, the modified FPDE with FPML which is solved consists in replacing A9 in ([74])
by

9/10 A —1/10
APML,a - APMLcstAPML?

where Apyr, st 1S defined by expression . In this example, we simply take Sy cst = Sy st =
14+ 1072¢* and therefore S, . = ) ., = 0. We apply a directional splitting with semi-
implicit discretization to solve the corresponding IBVP (73]). The real space grid involves
N, x N, = 101 points and we fix At = 5 x 107*. We report in Fig. the amplitude
of the initial data, of the solution with periodic boundary conditions (without FPML), the
solution of reference (computed on a larger domain) and the FPML-based solution. For this

last solution, we use a profile of Type I, with 0p = 1 x 10!, § = 7/4, and §, = 0.15L,,.

5. A few results in mathematical and numerical analysis

In this section, we develop some analysis of fractional PDEs, and their approximation
with FPML using the pseudospectral method.

5.1. Some first well-posedness results for the IVP and IBVP

To analyze the stability of the overall method, let us first focus on the well-posedness of
1D linear equations with constant coefficients, i.e. we consider

Ou(t, x) + Z vlo%u(t, ) =0, (t,z) € R* x R,
acR (76)
u(0,2) = up(x), =z €R,
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Initial data Periodic solution

8 0.016

0.014

0.012

=00 = 0.01
’ 0.008
i 0.006
B 6 a4 -2 0 2 1 6 g 5 0 5 0004
x €

Reference solution PML solution

0.016 0.016
0.014 0.014
0.012 0.012
0.01 = 0.01
0.008 0.008
0.006 0.006
0.004 0.004
5 0 5 -5 0 5
T 4

Figure 19: Example 10. (Top-left) amplitude of the initial data, (Top-right) periodic solution, (Bottom-left)
reference solution and (Bottom-right) of the FPML solution with Type I profile.
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where {vl*} g is a finite sequence of real or purely imaginary numbers, ® is a finite set
of positive rational numbers, and uy € L*(R). By Fourier transform along x, we get the
following expression of the solution, for any time t > 0,

ult,) = F; (exp (=t 0(16)") ) # wole),

acR

where *, denotes the convolution product with respect to z. In general, we have ||u(t, -)|| L2 ) #
[|o]| 22(m) since

/{}—(u)(tvf)‘zdfz/‘exp(—tzv[a](ig)a)
: * aeRk

Let us remark that (1) = cos(an/2){* + isin(an/2)£%, for « € R and £ € R. Now, if
o = (/v € Q% is such that v € 2N + 1, then £ is real, and if v € 2N* then £ = elom/2|¢|e

| F (o) () e
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if £ < 0. We then write 8 = R U Ro, where R, (resp. Rs) is composed by relative prime
numbers (/7 such that v is odd (resp. even). This yields

/R}]:(u)(t,gﬂzdﬁ / H | exp ( — 20 (cos(ma/2) + isin(ma,/2))E t)]

ack,

< T exp (= vl (ha(€) + 1ka(€))t) || F (uo) (€) | "de,
acX,

where
[ cos(am/2)Ex, it & >0, [ sin(ar/2)€*, if€>0,
ha(€) = { cos(am)[¢]*, <0 7 Fal) = { sin(am)|¢]*, if £<O0.

The well-posedness of the IVP is dependent on R and the sign of {vl*} x. Assuming for
instance that {vl®} _x are purely complex numbers, then we have

/|}"(u)(t,§)|2d§ = / H exp ( — 2Im{v e} sin(ra /2)€%t t)
R Raex,
X H exp —QIm{v a]}ka(f)t |F(u0)(§)‘2d§.

0[63&2

Similarly, if {vl*} g is real, one gets

/R \f(u)(t,g)fdg / H exp (— 20l cos(ma /2)€°1)

ek,
X H exp —211[0‘ )‘.7: uo) ( ‘2d§.
ad&g
In this case, the well-posedness depends on « and {v®},x. For instance, for & C oN#R
(R, = 0) and {vl?}, some purely complex numbers, we easily check that we have the
norm conservation property ||u(t, )| r2m) = ||uol|L2m). If ® C AN#E and {vl*l}, is real and

positive, then one gets the inequality: ||u(t,-)| L2 < |[uol|L2(r)-
Another example is as follows. Let us e.g. take & = Ry = {1/4,1/2} and {v[®)}, positive,
then we have

/R Flu)(t,€)[*de = / TT exp ( — 20 ha(€)8) | F (o) (€)[*de

R eR,
— H exp ( — ople] cos(om/2)£“t) ’.F(uo)(f)‘2d£
R+ a€33~2
H exp (— 20 cos(am)[¢|*t) !F(uo)(ﬁ)‘zdf
R— aeaﬁz
< luolf

In fact, it can be shown that ||u(t,-)|/2() tends towards zero, when ¢ goes to infinity. More
generally, the following proposition holds.
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Proposition 5.1. Let us assume that ug € L*(R) and {v1*1} g are positive or purely com-
plex numbers in iR_, and R is composed by irreducible rational numbers /v < 1/2 such
that v is even. Then the following IVP

Oyu(t, x) + Z vlo%u(t, x) =0, u(0, ) = uo,
acR
is well-posed in C*°(I; H'(R)), where
HY(R) :={v e L*R) : F'[(L+[¢*)V*Fv] € L*(R)}

and

o) =) e
ooy = ( [t + [ 8 )

T —

The above results can be extended to inhomogeneous equations with a right hand side
f € LA(R).

A deeper analysis is necessary for initial boundary value problems on D with FPML. We
follow the strategy developed in [33], setting Z = (0; T"). We refer to [21] for the mathematical

study of fractional Sobolev spaces W#*P. In the following, we also define
B (T x D) := C°(Z; L*(D)) N L*(T; H**(D)), (77)

equipped with the norm

/
||U||Bf(2x1>) = ( SUPT [v(t, ')||L2(D) + ||U||L2(I;H’3/2(D))> .

0<t<

From [33], we recall that, for (-,-) the L?*(D)-inner product on D, we have
(OFu, v) = (u,s 0%v),
. . : a7 H (D)
where ,0% is defined in subsection , and H§(D) = C§°(D)
u € H*(D), we have

. For a € (0,2) — {1} and

Ogu = 0205 u
Let us first prove the existence of solutions for the corresponding stationary problem.

Proposition 5.2. We impose a homogeneous Dirichlet boundary condition v = 0 at OD.
We assume that the ordert of the FPDE is between 1 and 2, i.e. 1 <t < 2. Let us consider
the FPDE with FPML based on Approach 1

> vl (55a 0% >na+1“(x):f(m)’ mp. (78)

acR
u(z) =0, ondD,
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where {vI®1} g is a finite sequence of complex numbers, ug € L*(D), f € L*(D) and R is
a finite set of positive real numbers, where S is assumed to be smooth and defined as in Eq.
, with oqg or 0, small enough. Then, the BVP (@ 15 well-posed in HS/Q(D). In addition,
there exists ¢ > 0 such that the solution satisfies the inequality

lull g2y < €N 2y

Proof. As n, = 1, we directly have

1 1
2 Mg (Gl e = S, D, (79)
ae( )=0, ondD,

for f € L?*(D). By taking the L?*(D)-inner product on D with an element v € HW(D), the
corresponding variational formulation reads

1
Zv[ ]<Sﬁ up )85'1(36 e >8fa)u,v> = (f,v).

acR

By integration by parts, one gets

1
Z'U _aga/Q Sﬂ xaﬂa/Q > <SB aﬁa/Qu 8,8a/2<86a)’l]> = <f7 U).
aeaﬁ
We set
Al v) = 32 o0l 0 ) (o P, o (). (80)
R R [ B )
ac

Let us introduce Tl := 1/8% . Denoting the sup-norm on D by || - ||, there exists C' > 0
such that

Ba/2,,
|<Sﬁaa SB @

/2
920 < || T2 1105 2wl 2y |« 0%/ 20| 12y
<

e TEINE Null 12020y 10l 1502

The last inequality is a direct consequence of Lemma 2.6 in [33], which states that H@f‘l/ 2uH [2(D)

and ||,0%/2v||2(p) are equivalent semi-norms on Hp o/ (D). Next, by the Cauchy-Schwarz
inequality, one gets

Ba/2
0% TV | oo |07 ]| 2y 0| 2

1
Ba/2 o
|<5'ﬁof9 8B/2<Sﬁ >UH
0% TPl 1] 20y ||V | 1502 -

<
<
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Therefore, there exists C' = C(D; 3,) > 0 such that

A, v)] < Y (T2, + [1.0% TP o) ull a2 ) |01l 5072 -
acR

Moreover from Proposition 2.1 in [21], we have
||u||Hﬂa/2(D) < CHUHHL‘/Z(D),

which proves, on one hand, the continuity of A in HS/ (D) x Hg/ ?(D) since there exists C > 0
such that for all (u,v) in HS/Q(D) X HS/Q(D)

[A(w, v)| < Cllull o) 1] ey

On the other hand, the coercivity of A involving A(u,u) which writes

1 1
Alu,u) == Zv[a]<5‘/3 — 9% /%y 5B ——, 0% ) + <S —— P2y, 85"/2<Sﬂa>u> (81)
ack

is a consequence of Lemma 2.6 from [33] and Poincaré’s inequality which occurs in Hg o/ (D).
It is indeed proven in [45] that

1
1072 ul| 2 p) > 5(2Vol(D)) " full7zp) -

This implies that, for any a € R, there exists C' > 0 such that

(o0, ) > Ol (82)

Next, we notice that S% is constant outside the layer, leading to

1 1 1
Ba/2 Ba /2 — Ba /2 Ba /2
<Sﬁaa Uy O (Sﬁa> u) Re/[L e @) 0 <S/3a(x)>u($)ax u(z)dw .

Furthermore, the term ,0%/? (1 / Sﬁa) is linear in 0. Now, we easily deduce that there exists
c(09, 04, L) > 0 such that

1
GBa

Re < 8'80'/2 U,y aﬁa/2< >U> P (0-075337[/)”””]15&/2 (D) " (83)

Sﬁa

Finally, we conclude that, by taking 6, (= L — L*) or og small enough, can be controlled
by (82). As a consequence, there exists C' = C/(09, 5, L) > 0 such that

ReA(u,u) > C’HUHEW(D).
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Now, the continuity of L : v € H, 2 (D) — (f,v) is obvious from Cauchy-Schwarz’s inequality
and since f € L*(D). From the Lax-Milgram theorem [I5], we finally prove the existence of
solution in H*?(D) to (79), ending hence the proof. [

Before considering the full time-dependent problem, we recall that HY %(D) is a Hilbert
space and that the embedding of H*?(D) to L?*(D) is compact. Assuming now that the
sequence {vl*}, has a negative real part and taking A defined in as a symmetric,
continuous and elliptic operator, there exists an hilbertian basis {wy,},, in H*?(D) such
that one gets the spectral decomposition

AWy, 0) = A (wm,v), Yo € H*(D),

where )\, is an increasing sequence of bounded eigenvalues. This allows us to prove the
following Proposition.

Proposition 5.3. Let us assume that the order ¢ of the FPDE is between 1 and 2, i.e.
1 <t < 2. We consider the modified FPDE with homogeneous Dirichlet boundary conditions
and FPML related to Approach 1, that is

Na+1
Owu(t, x +ZU (Sﬁa > u(t,z) = f(t,x), (t,z) € R* xD,

u(t =0,x) —uo(x) x GD
u(t,z) =0, (t,z) € R* x 9D,

(84)

where {vl} x is a finite sequence of negative real valued number ug € L*(D), [ €
L*(Z; L*(D)) and R is a finite set of positive rational numbers. The function SP* is assumed
to be smooth and defined as in Eq. (34), with og or 6, small enough. Then, this problem is
well-posed in BY(Z x D) defined by (77).

Sketch of the proof. We mainly follow the steps presented in [37]. As n, = 1, we first
have

Opu(t,x) + Zv 55“(
acR

G ( )aﬁa) ( ):f> U’(Ov'):uo'

For v € H*(D), we consider the full variational formulation

d —i—zva] o 85a(561( )ﬁf‘l)u,v):(f,m.

acR

By integration by parts (see Lemma 2.4 [33]), one gets

1 1
& Ba/2 B /2 Ba/2 B /2 —
+Zﬁusﬁa Sﬁma 0) + (50 P, 0% (o) = (fr0).
ac

@((,

!The result could be extended to complex numbers {v[o‘]}a & with negative real part.
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We then seach for u € L2(Z; H/*D) N C°(T; L*(D)). From the existence of a hilbertian
basis, we can introduce a sequence {um,}m : t — uy(t, ) which is a Cauchy sequence in
L*(T; H*(D)) N C°(Z; L*(D)), both being complete spaces. The continuous embedding
of L2(T; HY*(D)) and CO(T; LX(D))) in L2(T;L*(D)) justifies that the limit of {um bn, is
identical in L2(T; H*(D)) and C°(Z; L*(D)). Finally, since C°(D) is dense in Hy*(D), we
can conclude. [

The generalization to order t-FPDEs, with ¢ > 0 and [t] € 2N*, is not trivial. We search
for u € BY(Z x D) such that, for any v € Hr/Q(D)

nag+1

cclit bo),or Z i (Sﬁa >na2+lu’ <Sﬁa1(x)aga> C o) =(f,v).

By using similar arguments, we conjecture that the problem is still well-posed but have no
rigorous mathematical proof yet.

5.2. Some partial stability results of the discretization schemes
In this subsection, we state a stability result. A semi-explicit splitting scheme approxi-

mating reads

t
up = S (),
* n « nat1 n
ur = up " - A vy ]< H) ul (85)
acR
. At
\ wt =l +7f(mh,uz+1),

while an implicit one is given by system . An alternative method is the following semi-
implicit Crank-Nicolson scheme

At
up = uj+ —f (n, ’UJZH/Q),
o] T B lo] na ] i1)2
I+ _Z'U —5-110:°]] u, = Z'U 05°1] u, ", (86)
acR
At
\ )t = u¥ + Tf(azh,uzﬂ).

The L?-stability of , given by

a2l < [+ 20 3 ol (i)™ e
h

ack

£27

requires to state the estimates

(I—Atz

a63K

o) (lioal) ) < 1,
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while for one needs to prove
,U[a] 1 na1—1
p({HAt; 5 [[8‘1“]](5[1][[3 Nl ) <

The semi-implicit Crank-Nicolson scheme is stable if

(B e )
® h

Computing these various radii is clearly far from being trivial. In the case of the explicit
scheme , we conjecture that standard explicit real space methods for solving linear FPDE
of the form u; +v0%u = 0, with a > 0 and vy € R*, are stable under a CFL condition of the
form [6l, 24], 28] [34]

Al <C

Aze ™ );
for some C(y) > 0. For a € N* and on unbounded grids, this is a consequence of
|Dg]] == maXeci—n/nnm &% = (m/h)*, DS being an order a-derivative operator. For
the periodic case, and an even number N, of points, we have: if « is an even integer,
I1D% || = (7/h— 1) while when « is an odd integer, | D%, || = (7/h)".

To analyze the method, we follow the strategy presented in [30] that we apply to FPDEs
without FPML.

Proposition 5.4. We consider the FPDE
Oyu(t, x) + Z o (2)0%u(t,z) =0, in [0;T] x [-L, L],
acR
w(t,~L) = u(t,L) t>0, (87)
u(0,2) = uo(z), in [~L, I},
where {vI} g are real (resp. purely imaginary) smooth functions and R is a finite set of
positive real numbers such that o € R, cos(a/?)v[o‘] (z) <0 (resp. sin(a/2)vl(z) > 0) for
any « € R and x € [—L, L], such that 1s well-posed. Then, the implicit scheme
n+1 + At Z VhOé] aoz] n+l _ U’Z
ack

15 unconditionally stable.

Let us remark that the assumption cos(a/2)vl®(z) < 0, for any a € R and x € [~L, L],
is not optimal and could be improved by additional technical computations. Next, let us
recall that, for any function w

Ny /2

w(r) = Z a(k)e*™,

k=—N,/2
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then, for {z;}o<j<n,—1, we have the representation

re) 2
o ) — . « 2mikx;
oow(x;) T2 —a) k; /2(217Tk) a(k)e :

Proof. Let u, = (up(x), - - ,u(xNz_l))T and yﬁj‘] = (0%u(z), - ,8§‘u(a:Nz_1))T. Then
there exists T} € My, (C) such that

yLa} = Tga]uh.
As in [30], T}, is a skew-hermitian matrix, so that

1T = suppa, -t [Tl = (wN,)*,

and the eigenvalues of Tﬁf‘} are given by )\Ei,a} = (27ik)*T'(2)/T(2 — «) with the eigenvectors

(1, e2mikha ... ,eQ’TiszhI) with £ =0,--- N,. As a consequence, we can rewrite
d_oviloshwt = Y VTt
ack acR

Let us define Al = diag()\ga}, fe ,/\Ef,i_l). We set VI = diag (vl (o), - -+ , vl (2N, 1)) €
My, (C), 0, € CN=, 1, as the identity matrix in CN=*N=and

duh

%—f‘ V%a]TE?]uh = Oh

acR
which is approximated by
+1
uy" T —

un o «
ot VT =0,

ack
or equivalently
T = A VTt = T
ack
We introduce the norm || - ||, defined by

N;—1

lally = (w,u)n = h Y ula)alz;).
=0
Let us recall that (e2*"* e?*™), =1 if m =n and 0 if |m — n| < N,. We denote by II,, the
matrix of eigenvectors to Tf] = HhAE?]H,jl, and by wj, := H,:luh, so that

[Ih Aty Vg“]Aﬁf“]] Wt = T,w) .
acR
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As VIAI is diagonal, we get, from Ag.a} = (2mij)™ = (2mj)*e*/?T(2)/T(2 — a), the in-
equality

Ngz—1 Ngz—1

h wn+1 2 = h w(x wnJrl.CC'
> O v )

< (o) (o)

Now, if we assume that vl is real then we obtain

1= Aol () At| =
VT = 22mj) 0l (z;) At cos(a/2)T(2) /T2 — a) + (27))% (0] (z,) 2ALRT2(2)/T2(2 — a)

Since vl (z;) cos(a/2) < 0, this yields, for any n > 0,

n+1||h

||w < ||wn||h

The latter occurs similarly if vl is purely complex and vl®(z;)sin(a/2) > 0. Finally, one
gets

[l <l

concluding then the proof. [
A similar result can be stated for the semi-implicit scheme .

Corollary 5.1. Let us consider the nonlinear FPDE
Ou(t, z) + Z vl (x)o%u(t, x) = irlulfult, z), (88)
ack

where k € R, {vlM} _x are real (resp. purely imaginary) smooth functions and R is a
finite set of positive rational numbers such that for any o € R, cos(a/2)v® < 0 (resp.
sin(a/2)vl®) > 0). Then, the scheme

At

Z“/Q — ’u,h—i-lli?"u,h‘z w2

uptt =AY g vy 08 (89)
JAN?

wltt = uy +1ﬁ—‘uh‘ wltt,

is L? unconditionally stable.
Proof. We trivially have that

™2 < My [l < ™

which combined with Proposition leads to the unconditional stability of the scheme .
OJ
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Corollary 5.2. We consider now the FPDE

pled ()
Ouu(t, z) + <o Ovu(t, ) =0, (90)
2 5o

where {v®1} g are real (resp. purely imaginary) smooth functions and R is a finite set of
positive rational numbers such that o € R, cos(a/2)vl < 0 (resp. sin(a/2)v! > 0) for any
a € R and v =maxR < 1. The implicit scheme

[@]
\Y%
w0 =
ack N

is unconditionally stable for the L?-norm.

6. Conclusion

The aim of this paper is to introduce some possible extensions of the PML method to
FPDEs. We first start with one-dimensional problems by building fractional PMLs (FPMLs)
and then various approximations are derived. Next, we propose an implementation of these
FPMLs by using pseudospectral techniques in space variables and time splitting schemes.
Some numerical examples show that the resulting scheme with FPMLs is efficient and accu-
rate. Extensions to FPDEs involving fractional laplacians and to higher-dimensional prob-
lems are developed. Finally, some mathematical preliminary results are stated about the
well-posedness of the truncated problems. In addition, a numerical analysis of the schemes
is proposed.
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