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Abstract. In this paper, we propose a fast spectral-Galerkin method for solving PDEs involving
an integral fractional Laplacian in R¢, which is built upon two essential components: (i) the Dunford—
Taylor formulation of the fractional Laplacian; and (ii) Fourier-like biorthogonal mapped Chebyshev
functions (MCFs) as basis functions. As a result, the fractional Laplacian can be fully diagonalized,
and the complexity of solving an elliptic fractional PDE is quasi-optimal, i.e., O((N log, N)%) with N
being the number of modes in each spatial direction. Ample numerical tests for various decaying exact
solutions show that the convergence of the fast solver perfectly matches the order of theoretical error
estimates. With a suitable time discretization, the fast solver can be directly applied to a large class
of nonlinear fractional PDEs. As an example, we solve the fractional nonlinear Schrodinger equation
by using the fourth-order time-splitting method together with the proposed MCF-spectral-Galerkin
method.
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1. Introduction. Diffusion is the movement of a substance from an area of high
concentration to an area of low concentration, which is a ubiquitous physical process
in nature. The normal diffusion models rooted in Brownian motion have been well-
studied for years. However, numerous experimental and scientific evidence has shown
that many phenomena and complex systems involve anomalous diffusion, where the
underlying stochastic processes are non-Brownian [41, 39, 40]. Notably, the fractional
models have emerged as a powerful tool in modeling anomalous diffusion in diverse
fields (see, e.g., [49, 28, 38, 18, 9, 13, 51, 15] and the references therein) over the past
two decades. The nonlocal operators involved therein typically include the Riemann—
Liouville, Caputo, and Riesz fractional integrals/derivatives, or the fractional Lapla-
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cian. They share some common and interwoven difficulties, e.g., the nonlocal and
singular behaviors, so they are much more challenging and difficult to deal with than
the usual local operators. The recent works [34, 10] provide an up-to-date review in
particular for numerical issues with several versions of the fractional Laplacian. The
interested readers are also referred to [50, 22, 19] for nonlocal and fractional modeling
in many other applications.

A large volume of literature is available for numerical solutions of one-dimensional
spatial and temporal fractional differential equations, which particularly include the
finite difference methods/finite element methods (see, e.g., [20, 23, 27, 31, 32, 57]
and many references therein), and spectral methods (see, e.g., [16, 29, 36]). In this
work, we are mainly interested in the integral fractional Laplaican in multiple dimen-
sions, which is deemed as one of the most challenging nonlocal operators for both
computation and analysis. It is known that for s € (0, 1), the fractional Laplacian of
u € . (R?) (the functions of the Schwartz class) is defined by the Fourier transform

(1.1) (—A)u(z) == F KPP F)(©)](z) VzeR™

Equivalently, it can be defined by the pointwise formula (cf. [42, Prop. 3.3])

(1.2) (=A)*u(z) = Cyq p.V./]Rd W dy, zeR%

where “p.v.” stands for the principle value and the normalization constant

(/ 1 —cos& df)il _ 2255D(s + d/2)

1. ES .
(1.3) Ca |¢|d+2s /2T (1 — s)

5

As a result, to evaluate the fractional diffusion of u at a spatial point, information
involving all spatial points is needed. If u is defined on a bounded domain 2, we first
extend it to zero outside §2, and then use the above definition.

As many physically motivated fractional diffusion models are naturally set in
unbounded domains, the development of effective solution methods has attracted
much recent attention. In general, the existing approaches can be classified into the
following two categories.

e This first is to approximate the solution by the orthogonal basis functions, and
fully use the analytic properties of the fractional Laplacian performing on the
basis (see, e.g., [17, 37, 55, 54]). Based on some analytic fractional calculus
formulas of generalized Laguerre functions, Chen, Shen, and Wang [17] devel-
oped an efficient spectral method for the one-dimensional fractional Laplacian
on the whole line. Using the property that the Hermite functions are invari-
ant under the Fourier transform, Mao and Shen [37] proposed the Hermite
spectral-Galerkin method in the transformed domain based on the Fourier
definition (1.1). Tang, Yuan, and Zhou [55] explicitly evaluated the Hermite
fractional differentiation matrices and implemented the spectral-collocation
methods based on some elegant analytic tools. The idea was extended to the
rational approximation in [54]. It is noteworthy that due to the singular and
nonseparable factor |£[** in (1.1), these methods become complicated even
for d = 2, and computationally prohibitive for d > 3.

e The second is to use suitable equivalent formulations of the fractional Lapla-
cian to alleviate its notorious numerical difficulties. In Caffarelli and Silvestre
[14], the d-dimensional fractional Laplacian is extended to a d+ 1 dimensional
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elliptic operator with degenerating/singular coefficients in the additional di-
mension. This groundbreaking extension, together with the follow-up works
for the fractional Laplacian in bounded domains, provides a viable alternative
for its mathematical and numerical treatment (see, e.g., [43, 44, 5] for finite
element methods). On the other hand, the variational form corresponding
to the fractional Laplacian can be formulated as the Dunford-Taylor formula
(cf. [11, Thm. 4.1]): for any u,v € H*(R%) with s € (0,1),

((_A)% ( A) )LQ(]Rd)
(1.4) _ 1—2s 2 A1
=C4 / t /Rd )T —2A) " ) (z) v(z) dz dt,

where I is the identity operator and Cs = 2sin(ws)/7. In particular, for the
fractional Laplacian in a bounded domain §2 C R¢, we have

((=8)%a, (-A)%0) 1, g
(1.5) e / - 23/ H_t2A)—1a)(x)v(x)dxdt,

where @ denotes the zero extension of u. Very recently, the finite element
method with sinc quadrature (in t), was implemented and analyzed in [11, 12]
based on (1.5). For each quadrature node t;, one solves the elliptic problem

(1.6) - t? Aw; +w; =1 in R ie, w; = (1— t?A)_lﬂ(x),

where the unbounded domain has to be truncated, and the size of the domain
depends on t;. In fact, many sinc quadrature points should be used to resolve
the singularity near ¢ = 0, but the problem (1.6) becomes stiff and sharp
boundary layers at 92 can occur.

We also remark that direct discretization of the integral fractional Laplacian on
bounded domains based on the definition (1.2), was discussed in some recent works
(see, e.g., [30, 24] for finite difference methods and [2, 1, 4, 5, 21] for finite element
methods).

In this paper, we develop a fast spectral-Galerkin method for PDEs involving an
integral fractional Laplacian in R?. Consider, for example, the model equation

(1.7) (=A)*u(z) + yu(z) = f(z) in RY u(z) =0 as |z| = oo,

where s € (0,1) and v > 0. The efficient spectral algorithm is built upon two essential
components: (i) the Dunford-Taylor formulation (1.4) for the fractional Laplacian;
and (i) the approximation of the solution by the tensorial Fourier-like biorthogo-
nal mapped Chebyshev functions. As a result, the complexity of solving (1.7) is
O((N logy N)%), where N is the degree of freedom along each spatial dimension. The
integration in ¢ (in (1.4)) can be evaluated exactly by using such a formulation and
basis, so the main computational cost is from the mapped Chebyshev function (MCF)
expansions with FFT. In fact, the framework is also applicable to Hermite functions,
but Hermite approximation is less compelling for at least two reasons: (i) the lack of
FFT; and (ii) slow decay of the solution or the source term. As opposed to the usual
Laplacian, the fractional Laplacian of a function with typical exponential or algebraic
decay will decay algebraically at a much slower rate (see Propositions 4.2-4.3 of this
paper). Thus, the MCF approximation is more preferable. Indeed, ample numerical
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results show that the fast solver for (1.7) has a convergence behavior in agreement
with the theoretical estimate for various decaying exact solutions being tested.

The rest of this paper is organized as follows. In section 2, we first introduce the
MCF's and generate the Fourier-like biorthogonal MCF's in one dimension. In section
3, we describe the fast MCF—spectral-Galerkin method built upon the Dunford—Taylor
formulation of the fractional Laplacian. We conduct the error estimates and provide
ample numerical results to show the convergence order of the solver is in agreement
with the theoretical prediction in section 4. In the final section, we apply the solver
to spatial discretization of the fractional nonlinear Schrodinger equation, and also
conclude the paper with some final remarks.

2. Fourier-like MCFs. In this section, we introduce the MCFs, from which we
construct the Fourier-like biorthogonal MCF's as one of the important tools for the
efficient spectral algorithms to be designed in the forthcoming section.

2.1. Mapped Chebyshev functions. Let T, (y) = cos(narccos(y)), y € A :=
(—1,1) be the Chebyshev polynomial of degree n. The Chebyshev polynomials satisfy
the three-term recurrence relation

(2.1) Toia(y) = 2T0(y) = Tua(y), n=>1,

with Tp(y) = 1 and Ti(y) = y. They form a complete orthogonal system in L2 (A),
namely,

TCn

22 [ LT dy = T with w() = (1)

where §,,, is the Kronecker symbol, and ¢y = 2 and ¢, = 1 for n > 1. Recall the
recurrence formulas (cf. [52])

(23) yTu(y) = (Tus1(y) + Too1(v))/2, A —y*)T)(y) = g(Tn—l(y) = Tos1(y))-

We now define the MCF's as in [26, 45, 48].

DEFINITION 2.1. Introduce the one-to-one algebraic mapping

y T
2.4 r=———, =—, T€R, yeA,
(2.4) — VT y
and define the MCF's as
1 1 1 T
2.5 Toh(2) = ——=1—92T,(y) = Tn( )
(2:5) (@) cnT/2 Y T) \/CnTF/Q V14 a2 V1422

for x € R and integer n > 0.

Remark 2.1. As with the Hermite approximation (cf. [53, 45]), one can incorpo-
rate a scaling factor v > 0 to improve the performance of the MCF approximation.
More precisely, using the mapping

T xeR, yeA, v>0,

__ vy _ x
/71_2/23 Y /7V2+.1327
the scaled MCF's can be defined as

1/2
Ty (z) == \/cjw/Q \/VVQ T 22 T"<\/V2x+ a:Q) - iT”(E)
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Following [46, 47], we examine the collocation/quadrature points mapped from the

Chebyshev—Gauss points {yj = — cos( (235_]\;)”)}?[:1. Note that the mapped points are

distributed in [z, zy] with

¢ m 2v

Ty =—x1 =vcot —— =~ —N,

N ! 2N T

and by the mean value theorem, the stretching of the Chebyshev—Gauss points obeys

the rule

Q

14
Tt =@ = gz Wit ~Ya)y 38 € W vi)-
J

It is seen that the scaling factor offers a flexibility to tune the distribution of points so
that most of then can be distributed in an interval containing the portion of the solu-
tion of physical interest (cf. [53]). In principle, we can choose v adaptively depending
on N or time for time-dependent problems (cf. [35]). We remark it is straightforward
to extend the properties and algorithms from the usual MCFs to the scaled MCF's
with a constant scaling factor. For clarity of presentation, we shall not carry the
scaling parameter in the algorithm descriptions and error analysis, but use it in the
numerical experiments.

We have the following important properties of the MCFs, which can be shown
readily by using Definition 2.1 and the properties of Chebyshev polynomials in (2.1)—
(2.3) (also see [48, Prop. 2.4]).

PROPOSITION 2.1. The MCFs are orthonormal in L*(R), and we have

Smn: nm:/']r{n(x)jrfm(x)dx
R

1 /(dcn1 —cno)(n—12  (4depyg — cpyo)(n+1)2 cn> .
JR— —_— — f p—
n ( 16 * 16 g) B

1 n — tn n 2

((C c+2)(n+1)_c+1(n+l)) if m=n+2,
=< /CnCnt2 8 4

! (cn+2(n+l)(n+3)) if m=mn+4,
/CrnCnt4 16
0 otherwise.

2.2. Fourier-like biorthogonal MCF's in one dimension. Let Py be the set
of all polynomials of degree at most N, and define the finite-dimensional space

(2.6) Wy = {¢: ¢(x) = g(x)p(z) Vp € Py},

where x,y are associated with the mapping (2.4) and

(2.7 ola) = \Jwln) 3 = <=5 = VI= 1 = Gl

Note that we have
(2.8) Vy :=span{T,(z) : 0<n< N}.

Following the spirit of [47], we next introduce a Fourier-like basis of Vy, which is
orthogonal in both L2- and H'-inner-products. For this purpose, let S be a square ma-
trix of order N+1 with entries given in Proposition 2.1, and let I be the identity matrix
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of the same size. Observe that S is a symmetric sparse nine-diagonal matrix with five
nonzero diagonals. Moreover, we can show that S is a positive definite matrix. Indeed,
for any nonzero vector © = (9y,...,0n)!, we define vy (z) = ZZ«LV:Q U Tp(2)(€ V).
One readily verifies that

'SP

3 @m@njéwgugﬂzxx)dx::jgagxx»2dx:>Q

m,n=0

which is strictly positive as the space Vy by definition does not contain a nonzero
constant. Thus, S is a symmetric positive definite matrix, whose eigenvalues are
all real and positive, and the eigenvectors are orthonormal. To this end, let E =
(ejk)jk=0,..,~ be the matrix formed by the orthonormal eigenvectors of S, and 3 =
diag{Ax} be the diagonal matrix of the corresponding eigenvalues. Thus, we have

(2.9) SE=EY, E'E=1I.

We remark that with an even and odd separation, we can work with two sym-
metric positive definite seven-diagonal submatrices to compute the eigenvalues and
eigenvectors of S, which should be more stable for large N.

LEMMA 2.1. Let E = (eg, ey, ...,en) be the matrix of the eigenvectors of S, i.e.,
Se, = M\yep, for 0 <p < N. Define

N
(2.10) TP(I) = Zejij(I)v €p = (€Op761p7 R eNp)tv 0<p<N.
j=0

Then {'Tp}fg\f:o form an equivalent basis of Vi, and they are biorthogonal in the sense
that

~

(2.11) (Tp’Tq)H(]R) = Opgs (T;T;)Lz(m = Apdpg, 0 <p,g<N.

Proof. In view of the definition (2.10), we infer from the orthogonality of MCFs
and (2.9) that

2

(Tzn Tq)Lz(R) = ekp€jiq(Th, Tj)L2(r)

N
— § _ ot —
ejqéjkekp = ekqekp = eqep = 5pq.
k=0

Il
M= 1
1= £

~
Il
=}
B
Il
=

Similarly, we can show that

N N
(T;w T;)LQ(]R) = Z Z ekpejq(’]r;ca T;')LQ(R)
§j=0 k=0

N N
= Z Zequjkekp = (EtSE)pq = (X)pg = Apdpg-
§=0 k=0

This ends the proof. 0
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3. MCF-spectral-Galerkin method based on the Dunford—Taylor for-
mulation. In this section, we describe the fast MCF-spectral-Galerkin algorithm for
a model elliptic problem with integral fractional Laplacian. We then apply the solver
for spatial discretization of some nonlinear fractional PDEs in the next section.

3.1. Some notation. Denote by .7(R?) the functions of the Schwartz class,
and let .#/(R?) be the topological dual of .7 (R%). For any u € #(R?), its Fourier
transform is given by

Ful(&) = 1 w(x)e & %de d
Zlu(€) (%)g/w() de VR

For real s > 0, we define the fractional Sobolev space (cf. [42, p. 530]):

a1 @) = {ue BRY: el = [ (1+1EP)ZLE) A < +oo},
and an analogous definition for the case s < 0 is to set
62) H®)={ue s ®: full = [ 0+ d < +o}.
although in this case the space H*(R%) is not a subset of L?(R%).

According to [42, Prop. 3.4], we know that for s € (0,1), the space H*(R%) can

also be characterized by the fractional Laplacian defined in (1.2), equipped with the
norm

[N

[wll s (ray = (Hu||2L2(Rd) + [uﬁ{S(Rd)) )

where [u] s (ga) is the so-called Gagliardo (semi)norm of u, given by

DIWY
(3.3) () = /Rd/Rd — |d+25 e dedy)

Indeed, by [42, Prop. 3.6], we have that for s € (0,1),
(3.4) [UE—IS(Rd) = 20;;||(—A)3/2u||%2(w).

We have the following important space interpolation property (cf. [3, Chap. 1]),
which will be used for the error analysis later on.

LEMMA 3.1. For real ro,r1 > 0, let r = (1 — 0)rg + 0r1 with 0 € [0,1]. Then for
any u € H™(R?) N H™ (R?Y), we have

(3.5) l[ull v ey < ||u||HT0(]Rd) [l G+ may-
In particular, for s € [0,1], we have
(3.6) ull s (ay < el o Gy el ey -

3.2. Dunford—Taylor formulation of the fractional Laplacian. To fix the
idea, we consider

(3.7 (=A)u(x) + yu(z) = f(z) in RY  wu(z)=0 as |z| — oo,

where s € (0,1),y >0, and f € H*(R%).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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A weak form for (3.7) is to find u € H*(R%) such that

(3 8) B(”?”) = ((_A)S/2u= (_A)S/QU) L2(Rd) + IV(UG’U)LQ(]Rd)
= [u, V] gs(ray + V(U V) p2ray = (f,0)p2(ray VU € H*(RY),

where [u, v] = re) induces the Gagliardo (semi)norm in (3.3). Here, we understand
the inner product at the right-hand side as the duality pairing between H~*(R%) and
H*(R%).

By the definitions (1.1) and (3.1), we immediately obtain the continuity and
coercivity of the bilinear form a(-,-), that is, for any u,v € H*(R?),

(3.9) 1B(w, 0)| < llull s ey 0]l s ey, 1Bu,w)] 2 [l gy

Then, we derive from the Lax-Milgram lemma (cf. [6]) that the problem (3.8) admits
a unique solution satisfying

”u”HS(Rd) S ”f”H*S(]Rd)'

In view of the definitions in (1.1)-(1.2), we have the equivalent forms of [u,v] = (ra)
as follows:

(3.10) [, 0] e () = /Rd /Rd |x _))(lzgz — W) gy

(311) - [l FhT@ .

It is noteworthy that the direct implementation of a numerical scheme based on
(3.10) (i.e., in physical space) is very difficult. Most of the existing works (see,
g., [37, 55, 54]) are therefore mainly based on (3.11) (i.e., in the frequency space).
The Hermite function approaches can take advantage that the Fourier transforms of
Hermite functions are explicitly known. However, in multiple dimensions, the non-
separable/singular factor |¢|?* = (£2 + - -+ + £2)® makes the tensorial approach com-
putationally prohibitive. On the other hand, the fractional Laplacian operator may
become rather complicated when a coordinate transform is applied, so the mapped
Chebyshev approximation cannot be applied in either of the above formulations.
In what follows, we resort to an alternative formulation of the fractional Laplacian
that can overcome these numerical difficulties. According to [11, Thm. 4.1], we have
the following Dunford—Taylor formulation of the integral fractional Laplacian.

LEMMA 3.2. For any u,v € H*(R?) with s € (0,1), we have
((_A) (_A) )L2(Rd)
(3.12)
=C, / - 25/ A)I—2A) " ) (z) v(z) dz dt,
Rd

where I is the identity operator and

(3.13) c, = 2sinlrs)

m
Let us denote w = w(u,t) := (I — t2?A)~tu(x). Then there holds

(3.14) —tAw+w=u in RY so (—A)I—t*A)"lu=—Aw=1t"2(u—w).
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As a result, we can rewrite the weak form (3.8) as finding v € H*(R?) such that

B(u,v) = Cs / tT 2w — w,v) p2(ray At + 7 (4, 0) L2 (Ra)
0

= (f,'U)LQ(Rd) Yu € HS<Rd>7

(3.15)

where w = w(u, t) solves
(3.16) 2 (Vw, Vi) p2(ray + (0, 0) p2ray = (U, 1) p2ray VY € HY(RY).

It is evident that the well-posedness of (3.15)—(3.16) follows from its equivalence to
(3.8).

3.3. The MCF—-spectral-Galerkin scheme and its implementation. De-
fine

(3.17) Vy=Vy®- @ Vy,

which is the tensor product of d copies of Vy defined in (2.6). Here, Vi, = Vy, and
denote 1% : C(RY) — V¢ the tensorial mapped Chebyshev interpolation operator.
The MCF-spectral-Galerkin approximation to (3.15)-(3.16) is to find uy € V§ such
that

(3 18) BN(UN,’UN) =C, tilizs(uN — 'LUN,UN)L2(]Rd) dt —|—’y(uN,’UN)L2(Rd)
. 0

= (INf,on)r2mey Vo € VR,
where we find wy := wy(uy,t) € Vf\l, such that for any ¢ > 0,
(3.19) tQ(VwN,V’Qb)]ﬂ(Rd) + (wN,w)Lz(Rd) = (UN,w)L2(Rd) Yy € V]%

Define the d-dimensional tensorial Fourier-like basis and denote the vector of the
corresponding eigenvalues in (2.9) by

d
(3.20) To(z) = [[Tn,(z;) z€RE Ay =(Anyoeon Ann)
j=1
Accordingly, we have
(3.21) Vi = Span{’ﬁ‘n(ac), ne Yy},
where the index set
(3.22) TN::{n:(nl,...,nd):OganN,lngd}.

As an extension of (2.11), we have the following attractive property of the tensorial
Fourier-like MCFs.

THEOREM 3.1. For the tensorial Fourier-like MCFs, we have
(3-23) (TpaTq)m(Rd) = §pq, (VTP7qu)L2(Rd) = |)‘p|1 5pqv

where p,q € Tn and

(3.24) 5pq:H5quj, Mol = Ay 4+ Ay
=0
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Proof. One verifies by using the orthogonality (2.11) and the definition (3.20)
that

~ ~

(Tps To) r2@ey = (Tous Ta) 2@ (Tpas Tau) 128) = Opras * Opags = Opa
and
(VTP’ v’TI\‘q)LZ(JRd) = {(Tpl ) qu)LQ(R) (szaTqQ)LQ(R) T (Tpdv qu L2(R)}
+ { p1s QI)L2(R) (T qu)L%R) (Tpdqud L2 R)}
-t { P19 q1)L2(lR) (Tpd—17TQd—1)L2(R) (Tpd7T L2(R)}

= )‘pl(SPl!h T 517de + )‘p26171¢h T 5qud, +oo )\Pdépllh T 5?:1%
- (Apl +- JF)‘pd) Pq — |>\ | 5pq

This ends the proof. ]

Remarkably, the use of the Fourier-like MCF can diagonalize the integral frac-
tional Laplacian in the Dunford—Taylor formulation.

THEOREM 3.2. Using the tensorial Fourier-like MCFs as basis functions, the so-
lution of (3.18)—(3.19) can be uniquely expressed as

fp ™ d
(3.25) un(z) = g T,(x), =z €RY
pEYN g |)‘p|i ’

where 'ﬁ‘p,)\p are defined in (3.20), and

(3.26) fo= (I&f, T p)r2®e), P E TN
Proof. Write
(3.27) uy = Y apTy(z), wy= Y w,T,x)
pETN pEYN

where wy is the unique solution of (3.19) associated with uy. For clarity, we split the
proof into the following steps.
(i) We first show that wy can be uniquely determined by uy via

Up Fas

pEYN
Substituting (3.27) into (3.19), and taking ¢ = ’/H\‘q in (3.19), we arrive at

Z @p{t2(VTp,VTq)L2(Rd) + (Tp,ﬁq)Lz(Rd)} = Z ﬁp(Tp,Tq)Lz(Rd) Vg € Tn.
pETN pEYN

By the orthogonality (3.23), we obtain

Z Wp{ N1 + 138, = Z Upop, Vg € Y,

peET N pPETN

which implies (3.28), as

— " ypery.
PTIxep PEN
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(ii) We next prove the integral identity

0 t1—23 |)\ |1—s T 1
3.29 PL__dt = = —.
(3:29) /0 1+ 82| A1 2sin(ws)  Cy

Indeed, using a change of variable y = t4/|\,[1, we find readily that

oS} t1—23 by 1-s co . 1—2s
/ | P|1 dt = / Yy dy _ : T 7
o 14+t A1 0o 1+y? 2sin(7s)
where we used the known formula (3.30) below with = 2 —2s and v = 2. According
to [25, pp. 325, 918, 905], we have for v > > 0 and v # 0,

fe%s) —1
o[ e () A2 <

where we used the properties of the Beta and Gamma functions
I'(z)I'(y) _ ™
x+y)’ sin(nz)’

(iii) Finally, we can derive (3.25) with the aid of (3.28)—(3.29). It is evident that
by (3.27)(3.28),

B({,C,y) =

)\ A
(3.31) uy —wy = t2 Z 1+|t2||; - i, T, ().

Thus, substituting (3.31) into (3.18) with vy = ﬁl\‘q, we obtain from (3.23) and (3.29)
that

(uN,ifq)
OO )\ /\ R - N
= ﬂp{cq | 2|1 T ( )Tq(x)dxdt+’Y(Tp,Tq)Lz(]Rd)}
Pt 0 Rd 1+4+1¢ |/\ |1
R {5 oo = 23| p|1dt+"}/5 }
= u s S . N
= P prq 0 1—|—t2‘)\ ‘ pq

ap (| Ap]3 + )0 =(I4f.T 0) L2 (R4),
pETN

which implies

(I% ﬁ‘p)w(md)
3.32 U, = ——————— Vp € Tn.
(332 o v+ lt pew
Thus, we obtain (3.25)—(3.26) immediately. |

Remark 3.1. It is crucial to use the Fourier-like MCFs as the basis functions for
both uy and wy, so that we can take advantage of the biorthogonality and explicitly
evaluate the integration in ¢. In other words, under the Fourier-like basis, the stiffness
matrix of the linear system of (3.18)—(3.19) becomes a diagonal matrix of the form

333) S:=20l0 - -@I+I920l® - @I+ +I0--0l0%)"

where ¥ is defined in (2.9) and ® denotes the tensor product operator as before.
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Remark 3.2. The precomputation of the Fourier-like MCF basis functions (in one
dimension) by solving the eigenvalue problem (2.9) requires O(N?3) operations by a
direct solver, but O(N?) for a suitable iterative solver. The main cost of solving
the system (3.32) is devoted to the evaluation of the right-hand side and uy from
the coeflicients {#,}, which can be carried out by the FFT related to Chebyshev
polynomials.

4. Error estimates and numerical examples. In this section, we derive some
relevant MCF approximation results, which are useful for the error estimates of the
proposed MCF—spectral-Galerkin scheme.

4.1. Approximation by MCFs. Consider d-dimensional L?-orthogonal pro-
jection: 7% : L2(R4) — V¢ such that

(4.1) /Rd(wfvu —u)(z)v(zr)de =0 Vv e VE.

We intend to estimate the projection error in the fractional Sobolev norm, i.e.,
H7rj‘(,u—u||Hs(Rd). For this purpose, we introduce some notation and spaces of functions.

For notational convenience, the pairs of functions (u, ) and (U,U) associated
with the mapping (2.4) have the relations

-

(42) u(e) = Uy(a), ey = 2D 200 )

g(x)  Gy)
where as in (2.7), g(z) = (1 +22)"%2 = /1 — 42 = G(y). Define the differential
operators

9]

Dy u = 8xj{(1+x?)%u}dij_':a(:cj)axj{(l—l—x?)%u} U,

dy;
D’;;u = a(z;)0y, {a(xj)amj{ e {a(mj)&,;j {(1 + x?)%u}} . }} — 85;[7

d,

J

(4.3)

for k; > 1,1 < j <d, where a(x;) = dz;/dy; = (1 +:17j2)% Correspondingly, we define
the d-dimensional Sobolev space

(4.4) B™RY ={u:Diue L2, (RY), 0< |k <m}, m=0,1,2,...,

where the differential operator and the weight function are
d
(4.5) Dfu=DF ... Dry, oF(z)= H(l +a?) R
j=1

It is equipped with the norm and seminorm

lllpmee = (> D5l )

w

Nl

0<|k|1<m
(4.6) ) 1
mo2 2
|U|Bm(Rd) = (z; HijuHszl+me]» (Rd)) )
j:

where e; = (0,...,1,...,0) is the jth unit vector in R%.
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THEOREM 4.1. If u € B™(R?) with integer m > 1, then we have
(4.7 |7 %u — ull o rey < eN°""|u|gm(gey, 0<s<1,

where ¢ is a positive constant independent of N and u.

Proof. In view of (3.6), it is necessary to estimate the projection errors in the L2-
and H'-norms. According to [48, Thms. 3.1-3.2], we have

(4.8) ||7Tflvu — UHLz(Rd) < CN_m|U|Bm(Rd)
and
(4.9) IV (7w — )| 2ray < NPl g ra)-

Using Lemma 3.1 and (4.8)—(4.9), we arrive at

I ru — ul| g ray < eN°""|ulpmgay, s €0,1].

This ends the proof. 0

We now turn to the error estimate for the interpolation operator. Let {y;, p; };V:O
be the Chebyshev—Gauss quadrature nodes and weights on A = (—1,1). Denote the
mapped nodes and weights by

Y Wi = Pi
) =
,/lfyjz

Then by the exactness of the Chebyshev—Gauss quadrature, we have

(4.10) z; = 0<j<N.

[u@r@as = [ v@vea-v)fa= [ TeVea-») i
@iy v :

U(?Jj)‘u/(yj)Pj YU -V € Pony,

I
.MZ

Il
o

J

which, together with (2.6), implies the exactness of the quadrature
N
(4.12) / u(x)v(x)de = Zu(xj)v(zj)wj Vu-v € Vongs.
R -
7=0

We now introduce the one-dimensional interpolation operator Iy : C(R) — Vy such
that

(4.13) Invu(z;) =u(x;), 0<j<N.
With a little abuse of notation, we define the d-dimensional grids by z; =
(%41, 75,), j € Yy, where {z;, }¢_, are the mapped Chebyshev—Gauss nodes, and

the index set Ty is given in (3.22) as before. We now consider the d-dimensional
MCF interpolation: C(R?) — V¢,

(4.14) Iu(z) =10 o0 IPu(z;), jeTn,

where IJ(\]f) = In,1 < k <d, is the interpolation along the xj-direction.
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In the error analysis, we also need the L?-estimate of the d-dimensional MCF
interpolation. For a better description of the error, we introduce a second seminorm
of B™(R?) for m > 1 as follows:

D=

d
(4.15) [l pm (may = {|u|?3m(Rd) + ZZ HD;Z_ID%'“H?’I 1+ (m—1)ep+e; (Rd)} )
i1k = d

where the weight function @ and [u|gmga) are defined in (4.5) and (4.6) as before.
We have the following L?-estimates of the interpolation.

THEOREM 4.2. For u € B™(R?) with the integer m > 2, we have
(4.16) [T%u — ull L2 gay < N~ [[u]] pm (g,
where ¢ is a positive constant independent of N and u.

Proof. Let I§ : C(A) — Px be the Chebyshev—Gauss interpolation operator.
According to [45, Lem. 3.6], we have that for any v € L2(A) and v’ € L?_, (A) with

wly) = (1—y?) 3,
(4.17) 110 22 ay < e(llollzz ay + N7HIA = 42) 20| 12.a)),

where ¢ is a positive constant independent of N and v. Moreover, by [45, Thm. 3.41],
we have the one-dimensional Chebyshev—Gauss interpolation error estimates,

(418) IS0 = 0ll2_, ay + NIIGo = vllza) < N (1= 52) 500 3 ).
In view of (2.4), we have

(419)  fu = ull 2@ = [[IFWU/G) = (U/G)|| 1o (pay = TN T = Ul 2 p0ys

where G(y) = [T_, G(y;) and Ig* := Iy o 0 10D with 15" = 1§

For clarity, we only prove the results with d = 2, as it is straightforward to
extend the results to the case with d > 3. By virtue of the triangle inequality, (4.17)
and (4.18), we obtain that for m > 2,

C217 eNCO R I c,(1 @
||IN2U —Ullzaz) = ”IN( - Ullzz a2 + HIN( Yo (IN( - U)HLg(Az)

< N1 = ) F O Ullg oaoy + NG DT = Tl ay

(4.20) —HWWO—ﬁﬁ%Jﬁpw—ﬁW%wﬁ

< eN =) 2 oy + 10 =980 FORT ] g
m—1

0= = 18T 0,070 2 ao) -

Note that in the above derivation, we can switch the order of Iﬁ’(l) and Iﬁ’(z), SO we

m—1

can add the term H(l —y3) T (1— yg)%ag}—layzfju%w)
we derive from (4.2), (4.3), and (4.20) that for m > 2,

in the upper bound. Then,

o —m _m#l —1.m
|\1}cv7,2U_U||L5(A2)§cN {|{(1+x§) > (14 22) 2Dx1u||L2(R2)

_ m+1

+ [0+ 2]) 72 (1 4+ 23) 7 D] ooy + |1+ 23) 7 (14 23) % Doy DI | o e

+(1+2d) T (14 x%)—lpg—lpmuHLZ(Rz)} < eN"™[[u]] pm (R2).-
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It is straightforward to extend the above derivation to d > 3. This completes the
proof. 0

To conduct error analysis for the proposed MCF scheme, we assume that the error
for solving the elliptic problem (3.19) is negligible (or, equivalently, the quadrature
errors in evaluating the fractional Laplacian in the scheme can be ignored), so formally,
we have wy = (I — t2A) tuy. It is noteworthy that the analysis of such an error is
feasible for the finite element approximation of the fractional Laplacian in a bounded
domain based on the Dunford—Taylor formulation in a bounded domain, though the
proof is lengthy and much involved (see [11]). However, the analysis is largely open
in this situation, mainly because the spectrum estimate of the fractional Laplacian
operator in R? appears unavailable, as opposed to the bounded domain case (see [11]).

PROPOSITION 4.1. Assume that the elliptic problem (3.19) in the scheme (3.18)
can be solved exactly. Then we have the estimate for u € B™ (R?) with integer
my > 1, and f € B™2(R?) with integer my > 2,

(4.21)  lu—un|gs@e) ScN®™ ulpmigay + N7 [[fl]l pmzre), s € (0,1),

where ¢ is a positive constant independent of u, f, and N.

Proof. Under this assumption, we find from Lemma 3.2 that the scheme (3.18)
can be written as finding uy € V& such that

Blun,vn) = (I f,un) Yoy € VA.

Then by (3.8) and (3.9), we infer from a standard argument that

= vl e oy < elmb — ull oy + 16 S = Fllzages))-

Thus, the estimate (4.21) follows from Theorems 4.1 and 4.2 immediately. |

Remark 4.1. In what follows, we shall validate the above assumption through
several numerical tests. Indeed, we shall observe that the errors of solving (3.19) are
insignificant, and the order of the numerical errors agrees with the estimated order.

4.2. Useful analytic formulas. We first derive analytical formulas for the frac-
tional Laplacian of some functions with typical exponential or algebraic decay, upon
which we construct the exact solutions to test the accuracy of the proposed method,
and to validate the assumption in Proposition 4.1. Moreover, we reveal that the frac-
tional Laplacian has a very different property from the usual Laplacian. For example,
the image of an exponential function decays algebraically (see Proposition 4.2 below),
as opposed to the usual one.

We have the following exact formulas for the Gaussian function and rational
function, whose derivations are sketched in Appendices A and B, respectively.

PROPOSITION 4.2. For real s > 0 and integer d > 1, we have that

225T(s + d/2)

am A = T

d d
1F1 (S + -5 7|$‘2>.

Moreover for noninteger s > 0 and |z| — 0o, we have the asymptotic behavior

Ssin(ms) T'(s +d/2)I'(1+ s
= |4 +2s

s fafaPy 2 ) —2
(4.23) (=A) e} = {1+0(=7%}.
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PROPOSITION 4.3. For real s,r > 0, and integer d > 1, we have

1 22T (s+y)T(s + d/2) d d
1+ |x\2)r} = T Teray (s s+ 55 lel?).

Moreover for noninteger s > 0 and |z| — oo, we have the asymptotic properties for

r#d/2,
(4.25) (—A)S{( ! }~ ( ! p = min{r, d/2},

L |z?)" L [zf2)str

(4.24) (—A)S{(

while for r =d/2,

1 N In(1+ |z|?)
I~

(4.26) PA)S{ (1 + |z[?)" L4 [z[?)std/27

4.3. Numerical results. We apply the MCF-spectral-Galerkin method to solve
the model problem (3.7) in various situations.

Ezample 4.1 (accuracy test). We first consider (3.7) with the following exact so-
lutions:
(4.27) we(z) = e wu(x) = (1+|2[>)", r>0, zeR%
In view of (4.22) and (4.24), the source terms f.(z) and f,(x) are, respectively, given
by
2257 (s + d/2) d d 5
2 STV 2.2
r(d/2) ! s+ gigi—lel),
2257 (s +7)['(s + d/2)
I(r)T(d/2)

fe(x) = ,ye—\m|2 +
(4.28)

d d
21 (5 Thst5ig *|$|2)-

fol@) =7(1+ Jaf?) " + .

Now, we intend to use the error estimates in Propositions 4.2 and 4.3 to analyti-
cally calculate the expected order of convergence by the MCF scheme, and then verify
the convergence order numerically. For this purpose, we consider a generic function
of algebraic decay as follows:

1

—_ R4 .
ey " CF 120

(4.29) w(z) =

Using (4.3) and (4.15), we obtain from direct calculation that
Dy w(x) = (1+ x?)%amj {1+ x?)%w(x)}
=(1+ x?)(l + |x|2)7"71(72u:17j(1 + z?)

+ (1 [2f2) ~ a2 ] a2
I#j

(4.30)

and, similarly,
Dack.ijw(z) ~ |xk|72M+3|x]’|72l»¢Jr3 H |$l|72#,
I#j

D2, Dyjw(x) ~ Jag| 72440y | 72088 I e =2
1#5.k
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By an induction argument, we can show

Dyt Dyjw(a) ~ || 720020 oy 720 T a2, G #
(4.31) Pk
D;’;’w(.’lﬁ) ~ |$k‘—2u+2m+1 H ‘ml‘—2u-

£k

Thus, for j # k, we have

Ij(z) := |D;r’i—1D$jw(x)|2w1+(m—1)ek+ej (2)
R R I

1#5:k

(4.32) ~ ||

and for 1 <k <d,

Ik (z) == |DIw(z) Pt Tk (2) ~ |ag |42 H | =212,

(4.33)
Ik

Then by (4.6), (4.15), and (4.33), we find that if m < 2u — 1, then

d
|w|%m(Rd) = Z/Rd Ikk(x)dx < 00,
(4.34) h=t

d
ol ey =l + 33 [ Tiglo)da < .

J=1k#j

For the exact solution wu.(x) = e~ 171’ we have from (4.23) and (4.28) that
fe(x) ~ (14 |z|?)~5= %2, Therefore, in this case, the error is dominated by the MCF
interpolation approximation of f.(x). Therefore, using (4.34) with yu = s + d/2, we
conclude from Proposition 4.2 that the expected convergence is O(N~(2s+d)+1/2+e)
for small € > 0. Remarkably, the numerical results in Figures 1(a), (c), (e) almost
agree with the theoretical prediction (see the dashed reference lines). Indeed, it is
very different from the usual Laplacian (see Proposition 4.2); we do not expect the
exponential convergence, but algebraic decay of the errors.

We now turn to the second case with the exact solution wu,(z) = (1 + |z|?)~",
where we take » = 2.3 in the numerical tests. As r > d/2, we derive from Proposition
4.3 that f,(2) ~ (1 + |z|>)7*=%2. Then by (4.34) and Proposition 4.2, we have the
convergence behavior

1 1
lua — un |l gsrey = O(N*"™) + O(N™™2), my <2r — 50 M2 < 2s+d— 7

This implies the convergence order O(N~min{2r—s:2std}+3+e) Indeed, we observe
from Figures 1(b), (d), (f) a good agreement again. For example, for d = 3 and
r = 2.3, we have the rate O(N—31%¢) for s = 0.3, while the rate O(N—34+¢) for
s = 0.7. Interestingly, there is a preasymptotic range where one observes a sub-
geometric convergence from Figures 1(d), (f) for d = 2,3, but after the preasymptotic
range, the convergence rates become algebraic as predicted. Such a phenomenon has
been also observed for the Laguerre function approximation (cf. [45, p. 277]).
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Iogm(Error)
Iogm(Error)

1.‘8 é 2.‘2 2.‘4 2.‘6 65 1.‘8 é 2.‘2 2.‘4 2.‘6
log,,(N) log, ,(N)
(a) d=1 and ue(z) = e=*° (b) d =1 and ua(z) = (1 + |z[?)~23

-4

Iogm(Error)
log ,(Error)
&

(5]

-85

18 2 22 24 26 T 2 22 24 26
log,,(N) log,,(N)

(¢) d =2 and ue(x) = e~ lel? (d) d =2 and ug(z) = (1 + |z|2) 23

Iogm(Error)

log, 4(N)
(e) d =3 and uc(z) = eIl (f) d =3 and uq(z) = (1 + |x[2)~23

Fic. 1. Decay of H%-errors of the MCF scheme with v = 1 and the scaling factor v = 2.5 for
Ezample 4.1 with exact solutions in (4.27). Here s = 0.3, 0.7 and r = 2.3. The dashed reference
lines are expected orders predicted by Proposition 4.1.

Ezample 4.2 (effect of the scaling factor). It is known that, with a proper choice
of the scaling parameter, the accuracy of the spectral method on the unbounded
domain can be improved. In this example, we first show the influence of the scaling
factor v on the accuracy.

We plot in Figure 2(a) the maximum error in the log-log scale of our MCF algo-
rithm with different scaling parameters v. We observe from Figure 2(a) that for the
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3 ]

4t ]
DM\O\O\@\\\Qv -3.5 M
5F < -4l t

—0—-s=0.3, v=1
-8 || ——5=0.7, v=1

Iogm(Error)
&
Iogm(Error)

| {—o—Hermite s=0.3
—o—Hermite s=0.7

—~—s=0.3, v=4 -6.5 |- |——MCFs s=0.3
——5=0.7, v=4 ——MCFs s=0.7
1.8 2 2.2 2.4 2.6 1.8 2 2.2 24 2.6
log,o(N) 1og (N)
(a) Different scaling factors (b) Comparison with Hermite approach

FIG. 2. (a) Mazimum error for the evact solution u(z) = (1 + 22)723 with different scaling
factors v, and s = 0.3, 0.7. (b) A comparison of the mazimum error between our method and
Hermite—Galerkin method [37] for the ezact solution u(z) = (1 + x2)72:3 with s = 0.3, 0.7, v = 1.

same N and s, the approximations with v = 4 provide more accurate results than the
approximations with v = 1; and for any fixed s, the two error curves are nearly paral-
lel, which implies a proper scaling can improve the accuracy, but does not change the
convergence order. In Figure 2(b), we compare the maximum errors of our algorithm
using MCF's as basis functions with the Hermite spectral method in [37], for which we
take r = 2.3. As we can see from Figure 2(b), the convergence rates of our approach
are faster than that of the Hermite spectral method in [37].

Ezample 4.3 (accuracy for given source term f(x)). Here, we further compare our
MCF method with the Hermite function approximation in [37], where the tests were
provided for given source terms with unknown solutions.

We compute the reference “exact” solutions with large N = 600. In Figures 3(a)—
(c), we compare the L2-errors of our algorithm with the Hermite spectral method
in [37] in one and two dimensions. It is noteworthy that the algorithm in [37] is
computationally prohibitive for d = 3. In all cases, our approach outperforms the
Hermite method in both accuracy and efficiency. We report in Figures 3(d)—(f) the
maximum pointwise errors against various N’s with d = 2,3. The MCF method
performs consistently well.

We also tabulate in Table 1 the L2-errors and the convergence orders of two
methods (see Tables 2 and 3 in [37] for the data on the Hermite method). Here,

flz) = (14 m)e‘é, s = 0.6, 0.9, and v = 2.5. Observe that the MCF method
possesses higher convergence rates.

Ezample 4.4 (multiterm fractional equations). Consider the three-dimensional
multiterm fractional Laplacian equation

J
(4.35) ij(—A)sju(x) = f(x) in R® wu(z) =0 as |z|— occ.

In Figure 4(a), we plot in log-log scale the maximum errors of (4.35) against
various N, where we take u(z) = (1 + |#]2)~ %, J = 4, s; = 0.77,55 = 0.33,55 =
021,84 = 0, and p; = 1,p2 = 2,p3 = v/2,ps = 1. In Figure 4(b), we plot in log-
log scale the maximum errors of (4.35) against various N, where we take f(x) =
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log,(Error)
IS
o v »
Iogm(Error)
S
(& »

—0—Hermite s=0.6
—o—Hermite s=0.9
6.5 || ——MCFs s=0.6
—v—MCFs s=0.9

—0—Hermite s=0.6
6L —o—Hermite s=0.9
—0—MCFs s=0.6
—v—MCFs s=0.9

7L : : : : : 6.5 : : :
18 19 2 21 22 23 1.9 2 2.1 22 23
log, ,(N) log,(N)
2
(a) d=1and f(z) = (1 +a)e” = (b) d=1and f(z) = (1 +22)~2
-6
6.5
7
75 =
5 5
g Q.
o
-9
9.5 | |—o—Hermite s=0.6
—o—Hermite s=0.9
10 |-|<—MCFs s=0.6 ( 5l
——MCFs s=0.9
05— w w s s s s -10 : : : s s
21 215 22 225 23 235 24 1.8 2 22 24 26
log,,(N) log,,(N)
_l=|?
() f(z1,22) = 1+ z1)(L+z2)e” 2 (d) f(z1,22) = (1 + 222 +522)~2

Iogm(Error)
Iogm(Error)

1.8 2 2.2 24 ’ 1.8 2 22 2.4
log,,(N) logo(N)

|z|2

() f(z1,m2,23) = (14 z1 + 223 + 3z3)e” 2 (£) f(z1,22,33) = (1 + 2% + 203 + 323) =27

Fic. 3. (a)-(c) A comparison of L?-errors between our method and the Hermite—Galerkin
method in [37] for different source functions f(x). (d)—(f) The mazimum errors for different source
functions f(x) with d =2,3. In the tests, we take v =1,v = 2.5.

z 2
(1 + x + 223 + 31}%)6_%, J =4, s = 076,80 = 0.41,s3 = 0.23,54 = 0, and
p1=2,p2=1,p3 =0.5,p4 = 1. We observe the algebraic decay of the errors, and the
method is as accurate and efficient as the previous cases.

5. MCF approximation of nonlinear fractional Schréodinger equations.
In this section, we apply the fast algorithm to some nonlinear PDEs involving the
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TABLE 1

N

z2
2.

A comparison of the L2-error for f(z) = (1+ x)e

s =0.6 s=0.9

N || Hermite [37] [ Order | MCF | Order || Hermite [37] | Order [ MCF [ Order
80 2.77e-04 6.29e-05 2.06e-05 2.21e-06

100 2.21e-04 1.01 | 4.38e-05 | 1.61 1.53e-05 1.32 | 1.35e-06 | 2.20
120 1.84e-04 1.02 | 3.26e-05 | 1.61 1.20e-05 1.33 | 9.10e-07 | 2.19
140 1.57e-04 1.03 | 2.56e-05 | 1.57 9.80e-06 1.33 | 6.51e-07 | 2.18
160 1.36e-04 1.03 | 2.08e-05 | 1.52 8.20e-06 1.34 | 4.86e-07 | 2.18
180 1.21e-04 1.04 | 1.75e-05 | 1.49 7.00e-06 1.34 | 3.75e-07 | 2.20
200 1.08e-04 1.04 | 1.49e-05 | 1.49 6.08e-06 1.34 | 2.96e-07 | 2.24
220 9.79e-05 1.05 | 1.29e-05 | 1.52 5.35e-06 1.34 | 2.38e-07 | 2.29
240 8.93e-05 1.06 | 1.12e-05 | 1.58 4.76e-06 1.35 | 1.94e-07 | 2.35

‘ ‘ ‘ ‘ ‘ ‘ -6 ‘ : :
_o_sw=0A77, s2=0.33, 53=0.21, sA=O +51=0'76’ sz=0'41’ 53=0.23, s,=0
4t B -6.5 1
51 Tr
= = -75¢
S 6l g
w i
=, = 8
8 2 85|
8L
9l
9r 951
-10 . . . . . . : -10 . . . .
16 17 18 19 2 21 22 23 1.8 2 22 2.4
log, o(N) log,,(N)
(a) d = 3 with given exact solution (b) d = 3 with given source term

F1G. 4. (a) The mazimum error for (4.35) with u(z) = (1 + |m|2)73T7r and v = 2.5. (b) The
||

magzimum error for (4.35) with f(z) = (1 + z1 + 222 + 3z2)e” 2 and v = 2.5.

fractional Laplacian. As an example, we consider the nonlinear fractional Schrodinger
equation (fNLS) (cf. [33])

Wy = 5(-APY HPY, weRY te(0T)
$(@,0) = po(2), zERL P =0 as [o] = oo,

(5.1)

where i2 = —1, 9 (z,t) is a complex-valued wave function, the parameters v is a real

constant, and vy is given. It is noteworthy that the mass is conserved (cf. [7, 33]):

(5.2) M(t) = /R |9 (x,t)|?dz = M(0), t>0.

5.1. The scheme. We adopt the time-splitting technique, and start with rewrit-
ing the fNLS (5.1) as follows:

(5.3) iy = Ad + By,

where 1

The notion of time splitting is to solve the following two subproblems:
LOY(x,t

(5.4 DD gy, t) = Afp(a, DU, 0), @ B,
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and

iaw(x, t)
ot
The essence of the splitting method is to solve the two subproblems iteratively at each

time step.

(i) We first consider the subproblem (5.4). Multiplying (5.4) by (z,t), we find
from the resulting equation that |¢(z, t)| is invariant in ¢ (see, e.g., [7]). More precisely,
for t > ts (ts is any given time), (5.4) becomes

oY(z,t)
ot

which can be integrated exactly, i.e.,

= Bip(z,t) = 1(—A)Sw(x7t), r € R

(5.5) .

(5.6) i = 'y|¢(x,ts)|2w(;v,t), t>t,, xeR?

(5.7) Yo, t) = e @Ity 1)t >0, xR

(ii) We now turn to the subproblem (5.5). Remarkably, the Fourier-like basis
can diagonalize the operator B so that e7'P4%) can be efficiently evaluated (which is
crucial for the final scheme to be time reversible and time transverse invariant). More
precisely, we seek 1 (z,t) € V& as an approximate solution to (5.5), such that

. 1 S
(5:8) (AN v) ey = (BUNY) pagay = 5 (FA) 0N, ) gy Y € Vi
Using the Fourier-like MCF basis, we write

(5.9) Un(a,t)= ) dr®Tk(z), zeR”

kETN

Substituting it into (5.8), and taking the inner product with WAI'm(x), we deduce from
(3.2) that

iﬁwm(t)
ot
Then, we derive from (5.10) that the solution for (5.8), i.e., the numerical solution of

(5.5), is given by

(511) v ) =e PRyt = 3 e MR (1) Ty (), 2t
keETN

1 .
(5.10) = S Plidn(®), m e .

With the exact solution (5.7) and the approximate solution (5.11) for two sub-
problems (5.4) and (5.5), respectively, we now describe the implementation of the
fourth-order time-splitting (TS4) method for solving (5.1). Let {z,},exy be tensorial
grids as in (4.14), and ¢, = nAt be the time-stepping grids. Let 1, be the approxima-
tion of ¢(x,,t,), and denote by %" the solution vector with components {¢} }pery -
For notational convenience, we define the solution map related to (5.11):

(5.12) Tlw; @) () = Y e @A Ty (),
keYn

where {¥,} are the MCF expansion coefficients computed from the sampling of ¥ €
V& on the grids {z,}, and w > 0 is some weight.
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TABLE 2
Time discretization errors for the T'S4 method (5.13) at T' = 2 with N = 300.

At 1/10 1/20 1/40 1/80 1/160 1/320
max-error  1.059e-02  1.092e-03  8.747e-05 5.782e-06  3.641e-07  2.301e-08
order - 3.2 3.6 3.9 4.0 3.9
L?-error 2.557e-03  2.235e-04 1.616e-05 1.084e-06 6.553e-08  4.435e-09
order - 3.5 3.7 3.9 4.0 3.9

Following [7], we carry out the TS4 method for the fNLS (5.1), from time ¢t = ¢,
to t = t,41, as follows:

. n|2
1/)1()1) _ 6—21w1'yAtWJp\ w;}, 1()2) = 7_]'\7[('(_)27 Z()U}(Ip),
3 —2iw P2 * ;
(5.13) () = e PP g = Ty P (a,),
—2iw (42
1(75) — o 2iwsvAt|ypLY| 1/)1(74), 1()6) = Tn|wa, Z@}(x,,),

Pl = BB PP GOy ey,
where the weights are given by (cf. [56, 7])

wy = 0.33780 17979 89914 40851, wo = 0.67560 35959 79828 81702,

5.14
(5.14) w3 = —0.08780 17979 89914 40851, wq = —0.85120 71979 59657 63405.

To show the stability of the fourth-order splitting method, we further define

Ny Ng
(5.15) [r R = D0 [Py =Y o Y (@, )ws, Wi

JEYN Jj1=0 Jja=0

where ¢7 = ¢"(z;), and {z;,w;}jer, are the corresponding tensorial nodes and
weights as in (4.10). Following [7, Lemma 3.1], we can show the following property.

THEOREM 5.1. The T'S4 has the normalization conservation, i.e.,

(5.16) ™R = > W Pw = Y [olz;)Pw; = llvolly, n>0.

JETN JEYN

5.2. Numerical results. In the computation, we take d = 2, and the initial
condition to be

(5.17) Yo(z1,22) = sech(zq)sech(xs) exp(i(z1 + x2)), (x1,22) € R%

In order to test the fourth-order accuracy in time of the TS4 method, we compute
a numerical solution with focusing case v = —1, s = 0.7, a very fine mesh, e.g.,
N = 300, and a very small time step At = 0.0001, as the exact solution 1. Let *t
be the numerical solution with N = 300 and time step size At. Table 2 lists the
maximum error and L?-error at T = 2 for different time step size At. The results in
Table 2 demonstrate the fourth-order accuracy in time of the TS4 method (5.13).

In Figure 5, we plot the maximum errors and L2-error versus space discretiza-
tion N and time discretization At. They indicate that the numerical errors decay
algebraically as N increases/or At decreases.

In Figures 6(a)—(b), we depict the modulus squared of the numerical solution
with defocusing case (v = 1) obtained by TS4. Here, we take N =200, T' = 1,2, and
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. . . . . 10
—0-T=2, y=-1, 8=0.7, L%-Error
2 —o-T=2, 1=-1, $=0.7, L™-Error
1072
25
5 8 10
Y 35 8
e w
8 4 10®
45
10-8 4
5 —>—T=2, y=-1, §=0.7, L**-Error|
—o-T=2, y=-1, $=0.7, L>Error
55 . . . . . . 1010
16 17 18 19 2 21 22 23 103 102 10!
log (N) At
(a) Errors vs. N (b) Errors vs. At

FiG. 5. (a) The numerical error of (5.17) with s = 0.7, v = —1, T = 2. (b) The numerical
error of (5.17) with s =0.7, y=—1, T =2.

112

(a) T=1,s=03andy=1 (b)) T=2,s=03andy=1

0 0 0
-10 -10
y 20 -20 « y 20 20 M
() T=1,s=03and y=—1 (d)T=1,s=07Tand y= -1

F1G. 6. Profiles of the modulus square of the numerical solutions at different times and with
different fractional orders.

different values of fractional order s = 0.3. We observe that the solution diffused as
expected. On the other hand, the blowup of the solution might happen for focusing
case 7 = —1 (cf. [33]). In Figures 6(c)—(d), we plot the profiles of the modulus square
of the numerical solution at T = 1 with N = 200 and s = 0.3,0.7. We can observe
the expected blowup phenomenon.
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5.3. Concluding remarks. We developed a fast spectral-Galerkin method us-
ing the mapped Chebyshev functions as the basis for PDEs involving the integral
fractional Laplacian in R%. The fast solver is integrated with two critical components:
(i) the Dunford-Taylor formulation for the fractional Laplacian; and (ii) Fourier-like
biorthogonal MCFs as basis functions. The fast spectral algorithm could achieve
a quasi-optimal computational cost. Different from the existing works on bounded
domains (cf. [11, 12]), the integration in ¢ is evaluated explicitly, and the fractional
Laplacian can be fully diagonalized under (i) and (ii). Indeed, the existing approaches
for the fractional Laplacian in unbounded domains are either too complicated or com-
putationally prohibitive even for d = 2. However, the fast solver works for any dimen-
sion, and can be easily incorporated with, e.g., the hyperbolic cross and sparse grids
(cf. [48]) when the dimension is high.

The proposed method can be extended to invert the operator D® := (—A + 0I)*
with s € (0,1) and € > 0. In fact, one can verify readily that the Dunford—Taylor
formulation in Lemma 3.2 takes the form

(]D)éu, ng) L2(RY)

=, /OO ¢ /d ((—A 4 6L) (I + t*(—A + 61))

-1

u) (x) v(z) dz dt.

Then the fast algorithm in Theorem 3.2 can be extended to this case straightforwardly.

Appendix A. Proof of Proposition 4.2. The results with d = 1 were derived
in [55], so it suffices to prove them for integer d > 2. Note that

—lr —lz)? —iz-
{@ ‘l} W/ 6"6 §dIIf

1 > . 2 . 1 I
_ —x7 ,—iz1&1 L —xy ,—irqéaq _ -
= (27r)d/2/Re le dx; /Re de dxy Qd/ze E

where we used the identity (cf. [25, p. 339]):
2 g2
/e_x e Wy = /re” 7.
R
Thus from the definition (1.1), we obtain
_A)S{e—lx\z}(x)
_ -1 25 —|z|? _ 1 2s _le? iz-&

" 7l 7 {e }(s)} s e e

2d
_W/ e Cos(xlfl)COS(IQEz) - cos(48a)d.

We proceed with the calculation by using the d-dimensional spherical coordinates:

(A.2) & =rcosby, & =rsinfycosby, -, Eg_1 =rsinfy---sinfy_ocosby_1,

Ea=rsinfy---sinfy_osinfy_1, r=1¢,

SO we can write

(A.3) A {e” lo? Ha) d/2 p2std—1,=5 Z(r;x)dr,
7T
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where
Z(r;x)
:/ . 1cos (mclcos 01) cos (rxgsin 01 cos 92)~ -+ COS (rxd,lsin 01 ---sinf,y_ocos Gd,l)
[0,5]4=
- COS (:“a:d sin @ - - - sin 04_ssin Gd,l) (sin 91)d_2(sin 92)d_3 -+ (sinfy_o)dO1dbs - - - dfy_1.

We first integrate Z(r;x) with respect to 64_1. To do this, we recall the integral
formula involving the Bessel functions (cf. [25, p. 732]): for real p, v > —1 and
a,b>0,

3 . . a0 Ty s (VaZ ¥ B2
(A4) /0 J,(asin@).J,(bcos ) sin”** 0 cost T df = @ _|_l;)2)(v(+u+1)/2 ) .

Then using the identity cosz = /72/2J_1/2(2) and (A.4) (with a = rzy_1sin6;
c-e8infy_o, b=ragsinfy ---sinfy_s and p = v = —1/2), we derive

z
/ cos (rxd,lsin 01 ---sinfy_ocos Qd,l) cos(mcd sin @7 - - - sin 04_osin Gd,l) dbg_1
0

= gJ()(TSin(gl ceesinfg_oy /23, +22).

Substituting the above into Z(r, z), and applying the same argument to 642,043, ...,6;
iteratively d — 2 times, we obtain

d

(A5) Z(ria) = () () =274 (rle)).

We proceed with the integral identity (cf. [25, p. 713]): for real 4+ v > —1 and
p>0,

P+ 0D ke, b?

A6 T (bt)e Pl = L——).
(4.6) /R+ ulbi)e 21t pv T (4 1) g HTH 4p2)

Then, substituting (A.5) into (A.3) and using (A.6) (with y = d/2 — 1 and v =
2s +d/2 + 1), we derive

—la|? |$|1_% * peyd _r?
Ay (e = B [t e Ty rlapar
2257 (s + d/2) dd
el Sl Ml Sl A 7 @w v )
r(d/2) 1(s+2’2’ |x|>

This yields (4.22). The asymptotic behavior (4.23) follows from the property (cf. [8,
p. 278)):

(A7) 1F1(a;b;2) = Im(—z)_“{l+0(|z|_l)}.

Then (4.23) follows. This completes the proof.

Appendix B. Proof of Proposition 4.3. The identity with d = 1 can be
found in [54], so we assume that d > 2. Using the d-spherical coordinate system in
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(A.2), we obtain from (A.5) that

1 1 e~i
O G T
24 cos(x1£1) cos(x262) - - - cos(zaéq)

- <2w>d/2/m (L+ [22)

- 2\ 4% [o° pd-l . _ 1-d o0 7’%
-3 [ aprraar=iet [ sy

Recall the integral formula (cf. [25, p. 686]): for —1 < v < 2u+ 3 and a,b > 0,

#{

dx

B.1 T emde= Y kb
(B.1) || G e = i Kt

where K, (x) is the modified Bessel function of the second kind. Note that K_,(x) =
K, (x). Then letting p =+ —1 and v =d/2 — 1 in (B.1), we obtain

! _ gt

F{ o 1O = 3oy Ko 406D

We also use the integral formula (cf. [25, p. 692]): for real a > 0, real b, and v —A+1 >
[l

/OO v K, (az)J, (ba)dz
0

_ VI((v—A+p+1)/2)0((v—A—pn+1)/2)

(B.2)
2)‘+1a”*)‘+1r(y+ 1)
- A 1 v—XA— 1 b2
><2F1(y tht ,V Pt ;V—i—l;——).
2 2 a?

Once again, using the d-spherical coordinate system (A.2), (A.5), and (B.2) (with
A=—-2s—v, p=v—d/2,and v =d/2 — 1), we have

A () = Gty e 446

1+ [z[?)7 527-10(y)
2¢ 2s+vy—4¢
— STV 2 I d
T )y ) colrata) contaaal I ()
%—y—&-l o]
_z / P2AHELR ()T, ) dr
m2I'(v) Jo :
270 a7 g
= o) || 2/0 r ’YK,Y_%(T)J%_l(TbSDdT‘
22T (s +7)(s + 4) d d
= F = = —|z?).
F(’Y)F(g) 2 1(5+’Ya3+2a27 |$| )

This completes the derivation of (4.24).
According to [8, p. 76], the asymptotic behavior of the hypergeometric function
for large |z| (unless a — b is an integer) is

(B3)  oFi(abici) = Mle| ™ + Aol + O(la| 1) + O(|a] 1),

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/02/20 to 128.210.107.25. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

2462 C. SHENG, J. SHEN, T. TANG, L.-L. WANG, AND H. YUAN

where \; and Ay are constants; if a — b is an integer, =% or 2~ has to be multiplied
by a factor In(x). Then we have the asymptotic behavior of (fA)S{W} as

|z| = oo in (4.25)—(4.26).

(1]

(3]

(4]

22]

23]

[24]
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