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Abstract

Existing numerical methods for fractional PDEs suffer from low accuracy and inefficiency in dealing with three-dimensional
problems or with long-time integrations. We develop a unified and spectrally accurate Petrov—Galerkin (PG) spectral method
for a weak formulation of the general linear Fractional Partial Differential Equations (FPDEs) of the form Othru + Z?:l cj

la ; ij.l" ul+yu = f, where 2t, u; € (0,1), in a (1 + d)-dimensional space—time domain subject to Dirichlet initial and

boundary conditions. We perform the stability analysis (in 1-D) and the corresponding convergence study of the scheme (in multi-
D). The unified PG spectral method applies to the entire family of linear hyperbolic-, parabolic- and elliptic-like equations.
We develop the PG method based on a new spectral theory for fractional Sturm-Liouville problems (FSLPs), recently introduced
in Zayernouri and Karniadakis (2013). Specifically, we employ the eigenfunctions of the FSLP of first kind (FSLP-I), called Ja-
cobi poly-fractonomials, as temporal/spatial bases. Next, we construct a different space for test functions from poly-fractonomial
eigenfunctions of the FSLP of second kind (FSLP-II). Besides the high-order spatial accuracy of the PG method, we demon-
strate its efficiency and spectral accuracy in time-integration schemes for solving time-dependent FPDEs as well, rather than
employing algebraically accurate traditional methods, especially when 2t = 1. Finally, we formulate a general fast linear solver
based on the eigenpairs of the corresponding temporal and spatial mass matrices with respect to the stiffness matrices, which
reduces the computational cost drastically. We demonstrate that this framework can reduce to hyperbolic FPDEs such as time-
and space-fractional advection (TSFA), parabolic FPDEs such as time- and space-fractional diffusion (TSFD) model, and elliptic
FPDE:s such as fractional Helmholtz/Poisson equations with the same ease and cost. Several numerical tests confirm the efficiency
and spectral convergence of the unified PG spectral method for the aforementioned families of FPDEs. Moreover, we demon-
strate the computational efficiency of the new approach in higher-dimensions e.g., (1 + 3), (1 4+ 5) and (1 + 9)-dimensional
problems.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The calculus of fractional differentiation and fractional integration generalizes the notion of the standard integer-
order calculus to any real-valued order [1,2]. Over the last decades, it has been shown that fractional differential
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operators appear as attractive and potentially powerful modeling tools in many areas such as viscoelastic materials
[3,4], porous or fractured media [5], fluid mechanics [6-8], bioengineering [9], and anomalous diffusion (non-
Markovian) processes [10,11]. In these applications, fractional partial differential equations (FPDEs) appear of differ-
ent type such as time- and/or space-fractional diffusion equation of parabolic nature [12], time- and/or space fractional
advection, advection—diffusion and Burger’s equations of hyperbolic character [13,14], also elliptic FPDEs as the sta-
tionary space-fractional diffusion problems [15].

Existing numerical schemes for FPDEs suffer mainly from low accuracy and computational inefficiency in dealing
with three-dimensional problems or with long-time integrations. Recently, a variety of numerical methods, originally
developed for integer-order PDEs (see e.g., [16—19]), have been extended to FPDEs. Such an extension is neither
trivial nor straightforward. For instance, there is a lot of work done in developing Finite-Difference Methods (FDM)
for FPDEs. Lubich [20,21] introduced the idea of discretized fractional calculus and later Sanz-Serna [22] presented
a first-order FDM algorithm for partial integro-differential equations. Since then, many works have aimed at improv-
ing the convergence rates of FDM schemes e.g., in time to (AD%>* or (A1)3T%, o € (0, 1) (see e.g2.[23-26]). The
implementation of such FDM approaches is relatively easy. However, the bottleneck in the FDM approach is that the
convergence is algebraic and the accuracy is limited. Moreover, we observe that the heavy cost and memory storage
in computing the long-range history in two- and three-dimensional problems makes FDM schemes computationally
inefficient. In fact, FDM is essentially a local approach which has been employed to approximate non-local fractional
derivatives. This fact would suggest that global schemes, such as spectral methods (SM), are more consistent/adapted
to the nature of FPDEs.

Sugimoto [14] employed Fourier SM in fractional Burgers’ equation, and later Blank [27] adopted a spline-based
collocation method for a class of FODEs. This approach was later employed by Rawashdeh [28] for solving fractional
integro-differential equations. Li and Xu [29,30] developed a space-time spectral method for a time-fractional
diffusion equation with spectral convergence, which was based on the early work of Fix and Roop [31]. Later on,
Khader [32] proposed a Chebyshev collocation method for a space-fractional diffusion equation; also Piret and Hanert
developed a radial basis function method for fractional diffusion equations [33]. Moreover, a Chebyshev spectral
method [34], a Legendre spectral method [35], and an adaptive pseudospectral method [36] were proposed for solving
fractional boundary value problems. In addition, generalized Laguerre spectral algorithms and Legendre spectral
Galerkin method were developed by Baleanu et al. [37] and by Bhrawy and Alghamdia [38] for fractional initial
value problems, respectively. The main challenge in these spectral methods is that the corresponding stiffness and
mass matrices are non-symmetric, dense and they gradually become ill-conditioned when the fractional order tends to
small values. Hence, carrying out long-time and/or adaptive integration using such SM schemes becomes intractable.
To this end, Xu and Hesthaven [39] developed a stable multi-domain spectral penalty method for fractional partial
differential equations. In all the aforementioned studies, the standard integer-ordered (polynomial) basis functions
have been utilized.

Recently, Zayernouri and Karniadakis [40,41] developed spectrally accurate Petrov—Galerkin spectral and spectral
element methods for non-delay and delay fractional differential equations, where they employed a new family of
fractional bases, called Jacobi poly-fractonomials. They introduced these poly-fractonomials as the eigenfunctions of
fractional Sturm-Liouville problems in [42], explicitly given as

(1)73;11,/3#(5) =1 +g)—ﬂ-ﬂt—lP:_—llﬁ‘ly—ﬁ-i'ﬂ—l(é), £el-1,1], (1)

withu € (0,1), -1 <o <2 —p,and —1 < B < p — 1, which are representing the eigenfunctions of the singular
FSLP of first kind (SFSLP-I), and

(Z)ngﬁvll(é) =(1- é_—)faJrM*l Py[‘f‘]"‘ﬂ—lvﬁ—ﬂ"rl(%-)’ £el-1,1], )

where —1 < ¢ < u—1land -1 < B < 2 — u,and u € (0, 1), denoting the eigenfunctions of the singular
FSLP of second kind (SFSLP-II). Moreover, Zayernouri and Karniadakis developed a space—time discontinuous
Petrov—Galerkin (DPG) and a discontinuous Galerkin (DG) method for the hyperbolic time- and space-fractional
advection equation in [43]. This approach was shown to be also applicable to problems of integer order time
derivatives. In addition, they employed the aforementioned Jacobi poly-fractonomial bases to introduce a new
class of fractional Lagrange interpolants for developing an efficient and spectrally accurate Fractional Spectral
Collocation Method (FSCM) in [44] for a variety of FODEs and FPDEs including multi-term FPDEs and the nonlinear
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space-fractional Burgers’ equation. Recently, the FSCM scheme has been further generalized to FPDEs of variable
order in [45], in where the associate fractional order(s) can vary in the computational domain §2. However, like all
previous spectral methods, applying these schemes to higher-dimensional problems remains a great challenge.

In this paper, we develop a unified and spectrally accurate Petrov—Galerkin (PG) spectral method for the general
FPDE:s of the following weak form

d

(0Df u, 1 DF v)a + ) ¢j(a;Dx} u, ;D) v +y . v)g = (f.v)e,
j=1

where 27, u; € (0, 1), in a (1 + d)-dimensional space—time domain subject to Dirichlet initial and boundary condi-

tions. Such a weak form is equivalent to the strong form ()thru + Z‘;: 1 Cxja; Dif.” u+yu = f, when u possesses
enough smoothness. This method applies equally-well to the entire family of linear fractional hyperbolic, parabolic
and elliptic equations with the same ease. The main feature of this PG spectral methods is the global discretization
of the temporal term, in addition to the spatial derivatives, rather than utilizing traditional low-order time-integration
methods. We essentially develop our PG method based on a new spectral theory for fractional Sturm-Liouville prob-
lems (FSLPs) [42]. Specifically, we employ the eigenfunctions of the FSLP of first kind (FSLP-I), called Jacobi poly-
fractonomials, as temporal/spatial bases. Next, we construct a different space for test functions from poly-fractonomial
eigenfunctions of the FSLP of second kind (FSLP-II). We show that this choice of basis and test functions leads to
a stable bilinear form; moreover, we perform the corresponding error analysis. In the present method, all the afore-
mentioned matrices are constructed exactly and efficiently. Moreover, we formulate a new general fast linear solver
based on the eigenpairs of the corresponding temporal and spatial mass matrices with respect to the stiffness matri-
ces, which significantly reduces the computational cost in higher-dimensional problems e.g., (1 + 3), (1 + 5) and
(1 + 9)-dimensional FPDEs.

The organization of the paper is as follows: in Section 2, we introduce the notation and some preliminaries from
fractional calculus. In Section 3, we present the mathematical formulation of the Petrov—Galerkin spectral method
in a (1 + d)-dimensional hypercube where we define the basis and test function spaces separately. We additionally
obtain the general Lyapunov equation, for which we formulate a closed-form solution in terms of the generalized
eigensolutions. In Section 4, we reduce this general framework to the special well-known (i) hyperbolic, (ii) parabolic
FPDE:s, and (iii) elliptic FPDEs. We furthermore employ our PG method and the fast solver to even higher dimensional
(10-D) problems to demonstrate the robustness and applicability of the scheme. In addition, we introduce our scheme
as a spectrally accurate time-integrator method when the FPDE of interest is integer-order in time. We end the paper
with a summary and discussion in Section 5. In the Appendix, we present the properties of the stiffness and mass
matrices and provide efficient quadrature rules to compute them exactly.

2. Preliminaries on fractional calculus

We first provide some definitions from fractional calculus. Following [2], for a univariate function g(x) € C"[a, b],
we denote by DY g(x) the left-sided Riemann—Liouville fractional derivative of order v, whenn —1 < v < n, defined
as

Dlgtn) = L / ) 4, xela,bl 3)
X)) = —— —ds, x a, b],
ax8 I'n—v)dx" J, (x —s)vti-n

where I' represents the Euler gamma function, and as v — n, the global operator ,D; — d"/dx", recovering
the local nth order derivative with respect to x. We also denote by ,D;g(x) the corresponding right-sided
Riemann—Liouville fractional derivative of order v, defined as

Dg(x) = (1)L fb 89 4y, xelabl 4)
x)= ——(—1)"— —ds, Xx a, b].
bx8 I'(n—v) dx" [, (s —x)vtl-n

Similarly, as v — n, the right-sided fractional derivative tends to the standard nth local one. The corresponding
left- and right-sided fractional derivative of Caputo type can be also defined as (3) and (4), but with the order of
integration and differentiation exchanged. However, these two sets of Riemann—Liouville and Caputo definitions are
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closely linked. By virtue of (3) and (4), we can define the corresponding partial fractional-derivative of a bivariate
function.

Finally, we recall a useful property of the Riemann-Liouville fractional derivatives. Assume that 0 < p < 1 and
0<g<landg(xy) =0x > xr, then

0 DY) = (4, DF) (1, D) g(x) = (1, DY) (x, DF) g(x). ®)

3. Mathematical formulation of Petrov—Galerkin spectral method

Letu : R¥T! — R, for some positive integer d. For u € U (see e.g., (10)), we consider the following general weak
formin 2 = [0, T] x [a1, b1] X [az, by] X -+ X [ag4, by] as

d
(0Df uy Dy v)g + ) ¢j(a;Dxj u, ;D) o +yw,ve = (five, VeV, (6)
j=1 '
where y, ¢; are constant, 27, u; € (0,1), j =1,2,...,d, subject to the following homogeneous Dirichlet initial and
boundary conditions
u|l=0 = Oa T € (07 1/2)7 (7)

Ulsma; =0, pj€(0,1/2), j=1.2,....d
M|Xj:aj :u|xj':bj :Ov ,bL/ € (1/27 1)5 .]: 172""’d'

We note that the variational form (6) is equivalent to the following linear FPDE of order 27 in time and 2 ; in the jth
spatial dimension, j = 1,2,...,d,

d
2 214 j
0D ult, x1, %2, ... xa) + Y ¢jla; Dy, ult, X1, x2, ..., Xa) 1+ y ut, x1, %2, ..., Xa)
j=1

= f{t, x1,x2, ..., Xd), )

when solution u is smooth enough.
We define the solution space U as

U= {u L2 > R|ueCW), lully < oo, and uli—o = uly,—q; = o}, 9)
if u; € (0,1/2) and
U= {u 2> RueCW), lully <00, s.t.ulico = tly—a; = tly,mp; = 0} (10)

when u; € (1/2, 1), in which

d . 12
Il = {loDful® + D o D ul + 2} . an
j=1

Correspondingly, we define the test space V as
Vo= {v L2 R vlly <00, S.tvler = vl = 0], (12)

when u; € (0, 1), in which

d . 172
el = {1 DFol? + Y I, D vl + 1012} (13)
j=1
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where by [31,46], we can show that U and V are Hilbert spaces, moreover, the associated norms | - || and || - ||y are
equivalent. Now, leta : U x V — R be a bilinear form, defined as

d
a(u,v) = (0Df u, DF v)@ + Y ¢j(a;Dx} u, ;D) Vo +y (U, v)e. (14)
j=1

Moreover, let L € V*, the dual space of V, be a continuous linear functional defined as

L(w)=(f,v), VYvelV. (15)
Now, the problem is to find # € U such that

a(u,v) = L), YvelV. (16)

Next, we define Uy C U and Viy C V to be finite dimensional subspaces of U and V with dim(Uy) = dim(Vy) = N.
Now, our PG spectral method reads as: find uy € Uy such that

a(uy,vy) = L(vy), VYuvy € Vy. 17

By representing u as a linear combination of points/elements in Uy i.e., the corresponding (1 + d)-dimensional
space—time basis functions, the finite-dimensional problem (17) leads to a linear system known as Lyapunov matrix
equation. For instance, if d = 1, i.e., 1-D in time and 1-D in space, we obtain the corresponding Lyapunov equation
in the space—time domain [0, T'] X [a1, b1] as

ScUM[ + M. US) =F, (18)

in which U is the matrix of unknown coefficients, S; and M, denote, respectively, the temporal stiffness and mass
matrices; similarly, S,,, and M, , represent the spatial stiffness and mass matrices, and F is the corresponding load
matrix.

In general, numerical solutions to such a linear system, originating from a fractional differential operator, become
excessively expensive since the corresponding mass and stiffness matrices usually turn out to be full and non-
symmetric. Moreover, we note that the size of the above linear system grows as the product of the degrees of
freedom in each dimension. To address this problem in this paper, we present a new class of basis and test functions
yielding stiffness matrices, which are either diagonal or tridiagonal. Similarly, by introducing proper quadrature
rules, we compute exactly the corresponding mass matrices, which are symmetric. Such useful properties allow us
to subsequently develop a general fast linear solver for (18) with a substantially reduced computational cost. To this
end, we first introduce the corresponding finite-dimensional spaces of basis Uy and test functions Vy in our PG
framework.

3.1. Space of basis functions (Uy)

We develop a PG spectral method for (8), subject to homogeneous Dirichlet initial and boundary conditions. We
construct the basis function space as the space of some temporal and spatial functions to globally treat the time-
dimension in addition to the spatial-dimensions. To this end, the new eigensolutions, introduced in [42], yield new
sets of basis and fest functions, properly suited for our Petrov—Galerkin framework. We represent the solution in the
entire space—time computational domain (2 in terms of specially chosen basis functions, constructed as the tensor
product of the eigenfunctions in the following manner. Let

WprE)y=A+6* P AME), n=1,2,... x e[-1,1], (19)

denote the eigenfunctions of the regular FSLP of first kind (RFSLP-I), corresponding to the case where« = g = —1.
We construct our basis for the spatial discretization using the univariate poly-fractonomials defined by

Wpi(g), m=1,2,..., pe(0,1/2],
#(S)Zam 1 1 (20)
Wpl(g)—efDPr (&), m=2,3,... pe(/2,1),
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where o, = 24 (—1)" and the z1-dependent coefficient e/, ; = (m—1—u)/(m—1). The definition reflects the fact that
if & < 1/2 then only one boundary condition needs to be presented, whereas if ;& > 1/2 then two endpoint conditions
are prescribed. Naturally, for the temporal basis functions only initial conditions are prescribed and as a consequence
the basis functions for the temporal discretization are constructed using the univariate poly-fractonomials

Vi ) =0, VP (1), T e, 1)
for n > [2t7]. With these notations established, we define the space—time trial space to be
d .
Uy = span{<1/f,f ° n)(t) ]‘[(qujf ogj)(xj) n=1,... . N.mj = [o,-},...,/\/t,-}, (22)
j=1
where n(t) =2t/T — 1 and §;(s) =2 >~% _ 1. The construction of the univariate functions ensures that Uy C U,

bj—aj
since ¢y (—1) = 0, for all i € (0, 1), also ¢ (1) = 0, for all i € (1/2, 1). Then, we shall approximate the solution
to (8) in terms of a linear combination of elements in Uy, whose bases satisfy exactly the homogeneous initial and
boundary condition in (2.

3.2. Space of test functions (V)
Let the poly-fractonomials

@OPlE =0 - P TE), k=1,2,... e[-11], (23)

denote the eigenfunctions of the regular FSLP of second kind (RFSLP-II), corresponding to the case « = f = —1 in
(2). Next, we construct our spatial test functions using the univariate poly-fractonomials defined by

2

26 =5 {Ezz%g—l ek’]i 3715,!%{@),“ PR e /2,1, 9
where G, = 2 (—1)F + 1. Next, we define the temporal test functions using the univariate poly-fractonomials

v ) =5PPI(n). e, (25)
for all r > [277]. With these notations established, we define the space—time test space to be

d
Vy = span[(&rt o n)(t) ]‘[(qﬁk‘jf og,-)(x,-) r=1,....N. k; = [o;], ...,M,-}. (26)
j=1

Having defined the space of trial and test functions, we can now define the corresponding temporal/spatial stiffness
and mass matrices.

Remark 3.1. We show later that the choice of o,, in (20) and (21), also 6} in (24) and (25), leads to the construction
of symmetric spatial/temporal mass and stiffness matrices. We will exploit this property to formulate a general fast
linear solver for the resulting linear system.

3.3. Stability and convergence analysis

The following theorems provide the stability analysis of the scheme when the pair of Uy C U and Vy C V are
given as in (22) and (26), respectively. We first consider the discrete stability of the method for one-dimensional case.

Theorem 3.2. The Petrov—Galerkin spectral method for the problem
1DFu(x) = f(x), Vxe[-1,1], 27)
u(=1)=0, if0<u<1/2,
u(xl) =0, fl2<u<l
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is stable, i.e., the discrete inf - sup condition
a(un, vN)
vyeVy ” UN ” \%4
holds with g = 1.

= Bllunllv, Yuny € Uy C U, (28)

Proof. We note that in the absence of the time-derivative and since y = 0, the corresponding norm defined on
U (see Eq. (11)) just reduces to |lully = |_1D¥ull. While ||_;D4u| has been traditionally treated as a semi-
norm in the literature (e.g., see [47,29]), one can easily show that it satisfies all the properties of a norm since the
Riemann-Liouville fractional derivative of a constant is non-zero. Correspondingly, in this one-dimensional setting,
lolly = 1Dy vll.

Case (I) 0 < u < 1/2: we represent uy as

N
un(x) =Y dn(14+ 0" P 1" (), (29)

and choose vy to be the following linear combination of elements in Vy as

N

o (x) = Y dr(l — )" Pl (), (30)

k=1

in which we employ the same coefficients iy as in (29). Hence, we obtain

1
aluy, o) =f _Dluy Doy dt

I
(=1
<>

1

3
Il

N 1

p Y [ DE B 0L DL = 0 BT e
k=1 -1
I'(n

T+ p) o, Tk + )
Ty Z “TTw )

Il
Mz

Py 1(x) Pr_q(x) dt

3
I
—_

(e

2 2
l] vN||L2([—l,l]) = ”UN||V9 (31)

B

Il
i1 [M=

@HE

X

a(uy, vy)
———— =llunllu, Vun € Uy, (32)
vyeVN ”vN”V
which means that the stability is guaranteed for 8 = 1.
Case (II) 1/2 < u < 1: we expand u y this time as
N
Uy () = Y i (1 0P 0 = e (L4 0P P ), (33)

n=1
and choose vy to be the following linear combination of elements in Vy as

N
on () = D[ (1= 2" P 0 + € (= 0" P ), (34)
k=1

where the coefficients iy are the same as the ones in (33). Hence, it is easy to again show that

N
o I'(m+p)\22n+1
a(uy,vy) = Zui( T ) 5 (1 — € Tj<n<n-1))

n=1

= DY onl7a_yqy = llowlly. O (35)
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Remark 3.3. We performed the discrete stability analysis for the 1-D case. The multi-D case is more involved and
we will address it in a separate paper in future.

Theorem 3.4 (Projection Error). In the weak form (17), let ||0D,r+ru||Lz(Q) < oo and ||_1D;;r“ju||Lz(Q) < o0 for
all j =1,2,...,d, for some integer r > 1. Moreover, let uy denote the projection of the exact solution u.Then,

d
2 -2 2 Uy )
I = un = € N7 (10D T ulZs g, + D 1105l g)-
j=1

Proof. We first consider the one-dimensional problem (27). We expand the exact solution u#, when 2 € (0, 1), in
terms of the following infinite series of Jacobi poly-fractonomials

o
u(x) = Zﬁn(l + )P R (). (36)
n=1
Here, we would like to bound ||u — uy ||y in terms of higher-order derivative. We first note that
d" X . I'n+w d
+ _ _ A
D u() = —— [ Diu)] = ;unwﬁm_m],
where
n—1+r)!
r Pr,r , < ,
APl = | 2r ey o T
X , r > n.
Hence,
X Tn+wp)(n—147r)
DI P u(x) = Zun a P”rfl_r(x).

pra I'n) 2r(n—1)!

Therefore,

I = %) 72(1 + x)7% D ux) )2

! , (. T+ (n =140, 2
_[1(1 )" (1 +x) (;u o o= 1 Pn_l_r(x))

. 1
(ﬁ F'(n+w (n 1+’)’)2/ (1—x) (14 x)" P ()P (x)dx
-1

,; " In) 2r(n—1)! n=l=r
_i T4 m—1+r172 27+ (n = D)?
—n:r[un I'n) 2r(n—1)! ] mn—1—r!n—-1+r)
—i[u F(n+u)]2 2 (=140
= T n+1(n—1—=r)

(n—1+r)!
(n—1-r)!

=ty = Y [an 2]

n=N+1 F(}’l)

- i L F(”+M)]2(n—l+r)!(N—r)!

Un

We also note that is minimized when n = N + 1. Hence,

it T L (= T=ntN 40!
—M 1. Tn+w)2(n—147r)!
(N 1) Z [n o) ] 1=

n=N+1
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N
= —EN+ ;,n(l— X214 202 D) |
(N —r)! .
< mnwﬂu(x)nz
< e N7 D a1, 37)

where r > 1 and 2u € (0, 1). Similar steps are done for the case 2u € (1, 2) to obtain (37) noting that in either case,
u remains between 0 and 1.
Next, we consider the following two-dimensional problem in {2 = [—1, 1] x [—1, 1]:

24ty
D u(x, y) + DY ux, y) = f(x,y), V(x.y) € R, (38)
u(=1,y)=ulx,—-1)=0, if0 < puy, uy <1/2,
whose corresponding weak form is given by
(“1D¥u, D)o + (L1 Dy u, YD v)o = (f. ). 39)

We represent the exact solution # when 2y, 24y € (0, 1), in terms of the following infinite series of tensor product
Jacobi poly-fractonomials as

o0 00

ue,y) =3 (140" P () (L )0 P I (), (40)
n=1m=1
Hence,

00 00 r . _ )

D= 323 o SRR 0 U+ B ) @n
n=1m=1

r+'u} = S llfx I‘L.X Mx F(m+'uy) (m_1+r)' rr
1D} = ;mZ:l fnm (1 + x) (x) T 2rem = D! P (). (42)

Moreover, taking w1 (x) = (1 — x)"/>(1 4+ x)"/? and wy(y) = (1 — y)""/?(1 4+ y)"*/2, we have

w1 () wa () -1 D w75 )

A, D) (=142 , reprr >
=3 S S ] [ Ao

n=1m=1

+1
~/1 (1— )™ (1 4y [P () dy

i[ﬁ F(n—i—ux)]Z 2 .(n—l—i—r)! 2 I'(m—puy)I'(m+ uy)
" T(n) n+1 n—1—r)"2m—1 (m — D!(m)

=1m=1

N

Similarly,

+
lwi(y) w2 () 1Dy "l g,

_ii[u F(m+ux)] 2 T—p) 4w 2 (m—147)
= 2 " () o —1 (n—D!I'(n) 2m+1(m—1—-r)"
We note that u(x, y) can be decomposed into four contributions as

o0

103365 3D M b LD DI o R EL At

n=1m= n=1m=N+1 n=N+1m=1 n=N+1m=N+1
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or equivalently,

u—uN—(Z YIS Jitnn Pl PR ().

n=1lm=N+1 n=N+1m=1 n=N+1m=N+1

Next, we aim to bound ||# — uy ||y in terms of higher-order derivative as

N 00
> 2 ﬁnmp#"()f)?r’iy(y) Z ZunmP”x(x)P‘“(y)

n=1m=N+1 n=N+1m=
2

) (43)
U

in which we note the symmetry between the first two terms on the right-hand side. Let us consider the second term
first:

2
lu —unly <

U

Z Z finm PL ()P’ ()

n=N+1m=N+1

2

00 N 00
7 x Hy — X x H
S NPl Pl o = [0t Y tmprwrh ) o
n=N+1m=1 U n=N+1m=1
My My My
apl (3 Y P cr )| . (44)
n=N+1m=1
where
Mx Mx My
|-pe( 3 Z i PP o), =
n=N+1m=
I'(n+ I'(n + px) ) . 2
/ / n0( 3 P i DD bl )
n=N+1m=1 ( )
- i i[ F<n+ux>]2 22 Tm—p)lm+p)
o I'(n) 2n+12m — 1 (m — D! (m)
_WN-n! i i[ I +ux>]2 2 (=141 2 T(m—pu)lm+py)
_(N—l—r)'nNJrlm=1 I'(n) 2n+1mn—1—-r)2m—1 (m — D! I'(m)
(N —r)! e 2
< mnfﬂ)x u”LZ(Q)
< N7 DUl -
Following similar steps, we obtain
) + y
ol (Y 3 Pl P O sy = N FND5  ul
n=N+1m=1
Therefore, we obtain the following estimate for the second term on the right-hand side of (43)
00 N 2 —
D Y PP 0| = N (1Dl g + 1Dl g)- (45)
n=N+1m=1 U
Moreover, by symmetry, we have the following results for the first term on the right-hand side of (43):
N o0 2 - r4
DY @R 0| = ENTT (1Dl g, + 11Dl ). (46)
n=1m=N+1 U
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It is easy to check that || Y02 v ;> .y lpm PE ()Pl (y)||%] can be bounded by the first two terms on the
right-hand side, hence, by substituting (45) and (46) into (43), we finally obtain the following estimate

— ’ +iy
= unlly < CN72 (1D uldo gy + 1105wl g)- 47)

Such an error estimate can be isotropically tensor producted up for higher-dimensional problems to get the following
estimate

d
- it
= unlly < € N7 (10D T ulZs g, + D2 11D uls ) ). (48)
j=1

in which N denotes the number of terms in the expansion in all (d + 1) dimensions. [

Remark 3.5. Since the inf—sup condition holds (see Theorem 3.2), by the Banach—Necas—Babuska theorem [48], the
error in the numerical scheme is less than or equal to a constant times the projection error. Choosing the projection
uy in Theorem 3.4, we conclude the spectral accuracy of the scheme.

3.4. Implementation of PG spectral method

We now seek the solution to (8) in terms of a linear combination of elements in the space Uy of the form

My

N M,y d .
TR DI DN D A LAOY I 2] (49)
j=1

n=[2t] mi=2pu1  ma=[2pql

in 2. Next, we require the corresponding residual
d 204
Ry, x1, o xa) = oDF (un) + Y cj oy Diy (un) + vy = f (50)
j=1

to be Lz—orthogonal to the elements in vy € Vy, which leads to the finite-dimensional variational form given in
(17). Specifically, by choosing vy = ¥,/ (t) H?:l @kl;xj (xj), whenr =[27],...,Nand k;j = [2u;], ..., M, we
obtain

N M, My

Z ﬁn,ml ..... mq < {St}r,n {MMI }kl,ml e {Mp,d}kd,md
n=[2t] m=[2u1] ma=[21q]

d
+ ch [{Mr}r,n {Mlll }k1,m1 s {Sp,j}kj,mj s {M,ud}kd,md ]
Jj=1

+v {M‘[}r,n {M;Ll}kl,ml "'{Mp,d}kd,md) = Fr,k1 ..... kq» (51)
where S; and M, denote, respectively, the temporal stiffness and mass matrices, whose entries are defined as
T
(5:bvn = [ oD (i o) 0,05 (45 0 n) 0y,
0
and
T
)= [ (9 0n) (5 0n)0rar.

Moreover, SM./‘ and M wi>J = 1,2,...,d, are the corresponding spatial stiffness and mass matrices

bj
Wi M Wi i
{S/Lj}kj,mj = /‘a‘ aij_,-j ((bm]/ oéj)(xj)XJDbj.j(@kjj Ogj)(xj)dxj:
J
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and
(M Yeym; = /a}_j"'(@,ij’ 0&;) () () 0 &) (xp) dj,

respectively, to be exactly computed in the Appendix. Moreover, Fj g, .k, 1S

/Q f,xn, . xd)(y'/,f o n)(z) ]i[(qsk’jf o g,-)(x,-)drz. (52)
j=1

Assuming that all the aforementioned stiffness and mass matrices are symmetric, we can render the linear system (51)
as the following general Lyapunov equation

d
(ST@MM®MM2"'®MM+ZCJ[MT®MM1®"'®Mu_/—1®Suj®MMj+1"'®Mud]
=1

+VMT®M;L|®Mﬂ2"'®MlLd>u:Fa (53)

in which ® represents the Kronecker product, F' denotes the multi-dimensional load matrix whose entries given in
(52), and U is the corresponding multi-dimensional matrix of unknown coefficients whose entries are i, MY,y -

In the Appendix, we investigate the properties of the aforementioned matrices in addition to presenting efficient
ways of deriving the stiffness matrices explicitly and computing the mass matrices exactly through proper quadrature
rules.

3.5. A new fast FPDE solver

So far, we have formulated a suitable Petrov—Galerkin variational framework for the general (1 + d)-dimensional

FPDE, given in (8), by choosing proper basis and test functions. The main advantage of such framework is that we can
explicitly obtain the corresponding stiffness matrices to be symmetric diagonal/tridiagonal, and moreover, to exactly
compute the mass matrices, which we showed to be symmetric. The following result better highlights the benefit of
this scheme, where we formulate a closed-form solution for the Lyapunov system (53) in terms of the generalized
eigensolutions that can be computed very efficiently.
Theorem 3.6. Let {E,ﬁfj , Aﬁ,ﬁ; }nj:;t’z 201
respect to the stiffness matrix Sy, ;. Moreover, let us assume that {ef, AL }Z\i [2r) @re the set of general eigensolutions
of the temporal mass matrix M, with respect to the stiffness matrix S;. (1) if d > 1, then the multi-dimensional matrix
of unknown solution U is explicitly obtained as

be the set of general eigensolutions of the spatial mass matrix M, ; with

N M; My
U= D" D o Y Knmpemg & ® G @@ G (54)
n=[2t] mi=[2u] ma=[24q1

where the unknown kn ... m, are given by
S =l = ld
_ (e em, - emp)F 55
Knmy,...,mqg = p P (55)
S T - PS - j
(@ 5285 T1@n! Sy | Anams,oms
j=1

in which the numerator represents the standard multi-dimensional inner product, and Ay, ,...m, are obtained in
terms of the eigenvalues of all mass matrices as

d d

d
Aoy = [y [T 4253 (] )]
j=1

j=l1 s=ls#j
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(D) If d = 1, then the two-dimensional matrix of the unknown solution U is obtained as

N M, T
U= D D K & Em
n=[2t] m1=2p1]
where kp p, is explicitly obtained as

T
3T g3l
€ F mi

@7 S:er) (@, S,”enﬁ”)[k“' LAty A;A:f;l]

Kn,my =

mip—

Proof. Let us consider the following generalized eigenvalue problems

My, én’ =i Sy, emls mj=12p;1,..., M;, j=12,....d, 0
Mrgr‘l[:)hflsrgrf’ n=|-27-|,2,vN 7

We aim to represent the unknown coefficient matrix ¢/ in the expansion (49) in terms of the spatial and temporal
eigenvectors as

My

N M,
YooY Y Kumeemg & ®EM @ ® G (58)

n=[2t] m=[2p] ma=[21q1

where the unknown «y ... m, are obtained as follows. We first take the multi-dimensional inner product of

el ey - e onboth sides of the Lyapunov equation (53) to obtain

(Erepep | s oM, @ oM,

d
+ D i M @My ® - @My | ® Sy, ® My, -+ ® My,
j=1
+VM‘[®M;L1®"'®M/M:| (ﬂ;ﬂllfll" E”’d)F
Next, we substitute (58) and re-arrange the terms to obtain

My

N _/\/l1
M K e S e e M e . ] M e
n,mi,...,mqg q T Pl )75} m| d md

n=[27] m1:f2u11 md:Dud]

- _>M, —>[L, ﬁll«ﬁ_] - Lj+1 _>M, auj

+ § :CJ € M e epl Muleml T Cpj S €pit1 MM_/+|emj+1 MMd mq
- j _.M j _.M, -
+V€ M €, epl Mﬂlelm €p; Mﬂze'nz e epg Mygem,

TSHI G L G
= (e eyl e epF,

where we recall that M), E,ff/’ = ()»m, Su; em/’) and M, e} = (A} S ¢}). Hence,

My
ut IR N
E E E Kn,m]’__.,md( Siéf ey (0% Sme,ffll)ep2 M2 Suseh2) -+ (At Sy e
n=[2t] m;=[2p] mg=[24q41

3 0l )en (S

i+l -»lt/+1)_ ~MJ (A

J SHj -’l 7+1 a
Sl'L/em_] Pj+1 (}"ijrl Sﬂ/+1 mjiq €pq Sﬂde )

mq
N z _.M z _,M >
+ y er (kr T)eplj ()\Ml SM Ml)em/ ()\Mz Sll«zemz ()\Md Sl/«d ';L;l))

1%my my
=( qT ]1 ellz eﬂd)F
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or alternatively,
N M, My R Y, . il .
Yo Ky € See) @ Sunl) - @ Su et
n=[2t] m=2p] ma=[21q1
d d d
x[(1+yx,§)]—[x,’;§+xgzc,( I1 A,I;SS)]:(‘qulgﬁlzgzmé’;:j)F,
j=1 j=1 s=1,5#j

and since the spatial and temporal stiffness matrices S, ; and S; are diagonal (see Appendix), then (qu ! S:ef) =0if

T
q # n,also (e ,I,Lj’ S, m ]’ ) = 0,if p; # m, which completes the proof for the case d > 1. Following similar steps for
the two-dimensional problem in the /—x; domain, it is easy to see that if d = 1, the relationship for « can be derived
as

T
5T Pl
e, Fep

- - - T > '
@ Sce@h SuehD M + e ap + v g ]

Kg,py = O (59)

Remark 3.7. If u; = n # rand M; = M, j = 1,2,...,d, then the complexity of the calculations of (56) and
(57) reduces to two linear generalized eigenproblems for space and time. Moreover, if © = t and M = N, then we
only need to solve a single one-dimensional eigenproblem M,.é, = A,S,.€, once.

Remark 3.8. For time-independent (steady-state) problems, where the time-fractional derivative vanishes in (8),
the same general framework holds. For such problems, the time-dependent basis and test functions in Uy and Vy
consequently vanish, and we construct the d-dimensional basis space Uy in 2 = [ay, b1] X - -- X [aq, bg] as

d
Uy = span{[[(om! 0 &)  my = 12051, M}, (60)
j=1
where we seek the solution in terms of elements in the space Uy of the form
My My d _
N ) = Y > g [ [ (@0 08) () (61)
mi=[2p1l  ma=[2pql j=1

and test the problem against the elements in

Vv =span{li[(d5klj_j ogj)(xj) Lk =21, ...,M,-}. (62)

Subsequently, we obtain a similar Lyapunov equation as in (53) where M- no longer appears, however, M, ; and S,
possess all the properties presented in Theorems A.1 and A.3 in the Appendix.

Lemma 3.9. If d > 1, in the absence of the fractional time-derivative in (8), i.e., when S; vanishes, we obtain the
matrix of unknown solution U in (61) as

M, My

u: Z Z Kml .... mdg)#;@...@erﬁj’
mi=2p1  ma=[2uql

where the unknown Ky, ... m, is given by
Kmy,..., my = 7 P mdl d 7 7 . (63)
M N . s
(1T G/ Swyend ][y T+ X e (11 2 )]
=1 j=1 j=1

s=1,s#]

Proof. It follows the proof in Theorem 3.6. [
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3.6. Computational considerations

In Theorem 3.6, we assume that the eigenvectors and eigenvalues of each mass matrix with respect to the
corresponding stiffness matrices are known. Therefore, employing the PG spectral method in a (1 4+ d)-dimensional
problem when (1 4+ d) > 2 leads to efficient computations. Otherwise, the computational cost of the eigensolver,
which is O(N?) in practice, becomes dominant. As we shall demonstrate, this approach appears to be even more
beneficial as (1 + d) increases. In fact, the cost of the fast FPDE solver is associated with the following two steps:
(i) the computation of «,, s,,....m, 10 (55), and (ii) the cost of representing ¢/ in (54). In what follows, we show that the
computational complexity of mathematical operations in our PG spectral method is O(N>*¢), the dimension of the
space-time domain {2, and if we assume N' = M| = --- = M.

Step (i): In order to compute the (1 + d)-dimensional array « in (55), we need to first calculate the numerator

N M, My
(efefr - @hnF = 3" 3 o > @I E e ER s F iy sa (64)
i=[27] s1=2u11 sa=[2pq1

for which naive computations for all the entries lead to a computational complexity O(N>1+9)) that can be intractable
when d increases. Alternatively, by performing sum-factorization (see [19]), the operation counts can be reduced to
O(N?*%), including the time-dimension in our calculations. Following this technique we re-write the inner-product
as

(Eq’ eyl epnF
N M, Mgy My
= Y D @M D s DL EEF i (65)
i=[27] s1=[2u1] sd—1=[2pd—11 sa=[2pq1

in which we separately obtain the inner-most sum as

My

Fliisirme = 2 (ED{FYis.sar (66)
Sa=[2pq1

and similarly we write the second inner-most sum as

d-1 &
- _ > Md—1 d
‘7:1',51 ,,,,, Sd—2:Pd—1-Pd ~ Z {el’d—l }Sdfl‘}—i,slwusd—lspti’ (67)
Sd—1=[2pd—11
Finally, we recursively obtain
M,
1 _ M1 2
}—11171 ,,,,, pd Z {ePl }51‘7_-1'1[71,1’2,---,1711' (68)
s1=[2u11
We note that the operation count in computing the entries of ]—"i] LS 1oP oo P in each recursion is O(N?>*9). Now,
IEN RERIELY Bl BV 7 ERLES)

by substituting (68) back into (65), we obtain the whole inner-product as

N
(fept---epF = 3 (€ hiF . py (69)
i=[21]

which is again of complexity O(N>¢). We observe that the total computational complexity of evaluating the inner
product is O(N**¢). Moreover, the operation count for computing the denumerator in (55) and for each entry of
Kn,m,,...my 18 O(N). This is true since the stiffness matrix is either diagonal or tridiagonal due to the choice of our
poly-fractonomial bases. Hence, the total complexity for computing the denumerator is again O(N>+%). We recall
that we have already included the time-dimension into account, i.e., the space—time domain {2 C R!'*4 Hence, « in
(55) is obtained with cost O(N%+4).
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Step (ii): In the computation of (54), we observe that sum-factorization technique helps to reduce the complexity to
O( N2+d ).

4. Special FPDEs and numerical tests

In Section 3, we introduced general (1 + d)-dimensional linear FPDEs, for which we developed a general
Petrov—Galerkin spectral method in addition to the general fast solver. Here, we reduce this general framework to
the special well-known (i) hyperbolic FPDEs such as the fractional advection equation, (ii) parabolic FPDEs such as
the fractional sub-diffusion problems, and (iii) elliptic FPDEs such as the fractional Helmholtz/Poisson equations. In
the following numerical examples, we carry out the spatial/temporal p-refinement test via fixing correspondingly the
temporal/spatial expansion order fixed at 15.

4.1. Hyperbolic FPDEs

We consider the following hyperbolic FPDE
0D u(t, ) + ex [ D ut, ) 1 = f(t,%),  (t,) € [0, T] x [=1, 1], (70)

subject to u(x,0) = 0 and u(—1,7) = 0 when 7, u € (0, 1/2]. In this case, the FPDE (70) appears as Time- and
Space-Fractional Advection (TSFA) equation, where we set ¢, = 1. We then seek the solution to (70) in terms of a
linear combination of elements in Uy, now consisting of only two dimensions, i.e., time ¢ and space x, of the form

un(t,x) = % 5 iinm (0 0 1)) (@4 0 £)(0). )

n=[2t] m=[2u]

Next, we obtain the corresponding linear system of the Lyapunov equation after carrying out the Kronecker product
as

ScUM,+M.US, =F, (72)
where we represent the unknown coefficient matrix ¢/ in terms of the spatial and temporal eigenvectors as
N M ;
U= D D kenéi el (73)
q=[271 p=[2p]
for which «, , is followed by (59) setting y = 0 as
T -
e, Fe ,’f

- - - T - :
(e'Scef)- @) Suep) - (c1rl +2p)

Kg,p = (74)

In Fig. 1, we examine the TSFA problem (70) and study the p-refinement in both the temporal (left) and the
spatial (right) dimensions. To demonstrate the spectral convergence of the PG spectral method, we plot the log—log
L?-error versus temporal and spatial expansion orders A/, M. In the temporal p-refinement r = 1/20 and 9/20 while
u = 1/4; also in the spatial p-refinement, the spatial orders u = 1/20 and 9/20 while T = 1/4. In this test, we set
the simulation time to T = 1, while the exact solution is u® (x, r) = 072/7 (1 4+ x)0+3/4,

4.2. Parabolic FPDEs

First, we consider the following parabolic Time- and Space-Fractional Diffusion (TSFD) equation
oDFu(x, 1) = K _\DHu(x, 1) + f(x,1), (x,0) €[0,T]x [—1, 1], (75)

u(x,0) =0,
u(E1,1) =0,
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10° ~O-1=1/20 |

-O-1=9/20

Fig. 1. TSFA, temporal/spatial p-refinement: log—log L2-error versus temporal and spatial expansion orders A/, M. In the temporal p-refinement

v = 1/20 and 9/20 while u = 1/4, also in the spatial p-refinement, the spatial orders = 1/20 and 9/20 while T = 1/4. Here, the exact solution
is uext(x, 1) = t6+2/7 1+ X)6+3/4.

10° ~O-u=11/20 |
H-1u=19/20

3 5 7 9 11 13

Fig. 2. TSFD, spatial p-refinement: log—log L2-error versus spatial expansion orders M. Here, the spatial orders © = 11/20 and 19/20 while
7 = 1/4, and the exact solution is u®*’ (x, t) = tOF2/T [ (1 4 x)013/4 — 238/35 (1 4 x)5+1/2,

where T € (0,1/2], u € (1/2,1), K > 0, which is a well-known model for anomalous sub-diffusion process. In
this case, we seek the solution also of the form (71), and obtain a similar linear system as in (72), and hence we
obtain
T -
er F e,’f
Kgp = (76)
(eI’ Scef)-(@y Suék)- (A — KAY)

for p = [277,..., N and ¢ = [2u], ..., M. In Fig. 2, we solve the TSFD problem (75) and study the p-refinement
in the spacial dimension. We plot the log—log L?-error versus the spatial expansion order M. Similarly, in the spatial
p-refinement, the spatial orders . = 11/20 and 19/20 while t = 1/4. In both cases, the spectral convergence of the
solution is achieved. Since, the exact solution is fixed in each case, the convergence rate corresponding to = 11/20
appears to be larger than the case where u = 19/20 as expected. It is naturally due to the higher regularity requirement

in the weak form corresponding to the second test-case. In the temporal p-refinement similar results were observed as
in Fig. 1 (left).

4.3. Elliptic FPDEs

We examine the well-known elliptic Helmholtz/Poisson equations, rendered fractional in two-dimensional (in
space) domains. We choose the spatial computational domain as 2 = [—1, 1] x [—1, 1], and consider the following
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10 : :
—Q-" 11720
O 1,=19/20
107 ]
L1t
=
~
10° ¢
10°
107° :
3 5 7 9 11 13
Mwl

Fig. 3. Space-fractional Helmholtz problem with y = 1, spatial p-refinement in x-dimension: log-log L2-error versus spatial expansion orders
My, . Here, the spatial orders are y = 11/20 and 19/20 while up = 15/20, is kept constant. The exact solution is u (x1,xp) =

[(1+ x1)6+3/4 — 25/4 1+ x1)5+1/2][ 1+ x2)6+4/9 — 273/63 1+ x2)5+2/7j. A similar convergence curve is achieved in the p-refinement
performed in the y-dimension, also for the case of y = 0.

problem

1D uxy, x2) + 1D 2u(xy, x2) + y ulxi, x2) = f(x1,x2), in 2, (77)
u(xy,x2) =0, ondf?

where y > 0, u1, 2 € (1/2, 1), which reduces to the Space-Fractional Poisson equation when y = 0. Here, we
present a general scheme in addition to a linear fast solver for both problems.

‘We then seek the solution to (77) in terms of a linear combination of elements in Uy in absence of the time-basis,
consisting of only two dimensions of the form

M, M,
un X = Y Y s (@1 0 61) ) (042 0 82) (), 78)

mp=2mo=2

for which we represent the unknown coefficient matrix ¢/ in terms of the spatial eigenvectors as

My Mz

U= Ky oy &1 g1 (79)
- P1,P2%py “py
P1=2 pr=2
where
T
= M1 =12

_ epl GepZ (80)

Kpi.pp =

N T N N T = :
@p' Sui€p) - (€py Sus €py) - (Ap! + 477 + ¥ Al Apy)
In Fig. 3, we solve the fractional Helmholtz problem (77) and study the p-refinement in the spacial x;-dimension.
To demonstrate the spectral convergence of the fast FPDE solver, we plot the log—log L>-error versus the spatial ex-
pansion order M, . The spatial orders 1 = 11/20 and 19/20 while 1, = 15/20. Similar to the spatial p-convergence

in Fig. 2, the convergence rate corresponding to ;1 = 11/20 appears to be larger than the case where uy = 19/20.
We observe a similar p-refinement in the x;-dimension as well.

4.4. Higher-dimensional FPDEs

Next, we employ our PG method and the fast solver in even higher dimensional problems to exhibit the generality
and efficiency of the scheme. In Table 1, the convergence results and CPU time of the unified PG spectral method
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Table 1

Convergence study and CPU time of the unified PG spectral method employed in the time- and
space-fractional advection equation (TSFA) ODtZTu + Z‘j: 1=t sz] ul = f, where 2t =2 ; =
1/2,j = 1,2,...,d, subject to homogeneous Dirichlet boundary conditions in four-dimensional
(4-D), six-dimensional (6-D), and ten-dimensional (10-D) space—time hypercube domains, where
D = 1+d. The error is measured by the essential norm ||€|| o0 = ||u—u®"| ;.00 /||| ;.00 , which
is normalized by the essential norm of the exact solution u®*’(t,x) = [t ]_[‘j:l(l + xj)]2+2/5,

where r € [0, 1] and x € [—1, l]d. The CPU time (seconds) is obtained on a Intel (Xeon X5550)
2.67 GHz processor. In each step, we uniformly increase the bases order by one in all dimensions.

N=Mi=---=My llell oo CPU Time (s)
4-D TSFA

2 0.576869 0.006333

3 0.034706 0.015997

4 0.003990 0.041994

5 0.0009071 0.105984

6-D TSFA

2 0.741056 0.014748

3 0.055171 0.134313

4 0.006578 0.821208

5 0.001525 3.546791

10-D TSFA

2 0.903357 0.288956

3 0.095305 18.45320

4 0.0119229 370.1 (~6 min)
5 0.0028102 3332.4 (~55 min)

in higher-dimensional problems are examined. Particularly, we employ this scheme to solve the time- and space-
fractional advection equation (TSFA)

2 2 2 2
oD u+ 1D u+ D Pu+ -+ DY u = f,

where 2t = 2u; = 1/2, subject to homogeneous Dirichlet boundary conditions in a four-dimensional (4-D), six-
dimensional (6-D), and ten-dimensional (10-D) space—time hypercube domains. The error is measured by the essential
norm ||€|| < = |lu — u*|| L /||u**|| ., which is stronger than the L?-norm and is normalized by the essential norm
of the exact solution u®*'(t,x) = [t ]_[?:1(1 + x j)]2+2/ 5 for the sake of consistency. The CPU time (seconds) is
measured on a single core Intel (Xeon X5550) 2.67 GHz processor. In each step of the p-refinement, we uniformly
increase the bases order by one in all dimensions. All the computations are performed in Mathematica 8. These
simulations highlight that the unified PG spectral method is efficient even for a 10-D problem run on a PC in less than
an hour!

4.5. Time-integration when 2t = 1

We recall that our unified PG spectral method works equally well when the temporal time-derivative order 2t = 1.
In general, a first-order in time PDE/FPDE reads

M Pt ) @81)
— =F;t,x1,...,x4),
o1 1 d

where the operator F (u; t, x1, ..., xq) is given as

d
2 .
Fu,t,xy,...,xq) = f(t,x1,...,%xq) — E cj[aijf’u]—i—yu,
j=1

in view of (8). Here, we regard the PG method as an alternative scheme for spectrally accurate time-integration
for a general F(u;t,xy,...,xq), rather than utilizing existing algebraically accurate methods, including multi-step
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Table 2

Time-Integration when 27 = 1: du/dt + 23=1 [_l’Dij.lj u] = fin 2 C R!*3, where ¢ € [0, 1]
and x j € [—1,1], j =1, 2, 3. Here, we set u ji= 1/2 to fully recover the standard time-dependent
advection equation in three-dimensional spatial domain. However, in general 11 ; € (0, 1). The error
is measured by the essential norm ||e||z00 = |lu — u®" | po0 /||u®*! | 100, which is normalized by
the essential norm of the exact solution is u®* (¢, ¥) = [t 1_[3=1(1 + xj)]6+2/5. The CPU time
(seconds) is obtained on a Intel (Xeon X5550) 2.67 GHz processor. In each step, we uniformly
increase the bases order by one in all dimensions.

N=M|=Mp=M; llell oo CPU Time (s)
Integer-order time-integration
3 0.6225970 0.051992
5 0.0336570 0.352947
7 1.34 x 1073 1.9737
9 1.06 x 1077 3.7894
11 3.52 x 1079 9.7365
13 2.54 x 10710 21.472

methods such as the Adams family and stiffly-stable schemes, also multi-stage approaches such as the Runge—Kutta
method.

The idea of employing the PG spectral method when 2t = 1 is simply based on the useful property (5) by which a
full first-order derivative d /dt can be decomposed into a product of the sequential (%)th order derivatives OD,I /2 thl / 2,
a result that is not valid in the standard (integer-order) calculus. Hence, by virtue of the fractional integration-by-parts,
such a decomposition artificially induces non-locality to the temporal term in the corresponding weak form. Therefore,
it provides an appropriate framework for global (spectral) treatment of the temporal term using our unified PG spectral
method. To this end, we carry out the time-integration when 2t = 1 in the following FPDE

3
du/dt + Y 1Dy u = f
=1

in 2 c R!3, where in general u; € (0,1). Here, we set u; = 1/2 for simplicity, which recovers the standard
time-dependent advection equation in three-dimensional spatial domain.

In Table 2, we again measure the error by the normalized essential norm, where the exact solution is u*!(t, X) =
[t H§=1(1 + xj)]6+2/5, where ¢ € [0,1] and x; € [—1,1], j = 1,2, 3. Similar to the previous case, the CPU time
(seconds) is obtained on a single-core Intel (Xeon X5550) 2.67 GHz processor, where we uniformly increase the bases
order by one in all dimensions in each step. In these simulations, we globally treat the time-axis in addition to other
spatial dimensions. The CPU time and the spectral convergence strongly highlight the efficiency of our approach,
where a 4-D problem (i.e., 1-D in time and 3-D in space) can be highly accurately solved in a fraction of minute!

5. Summary and discussion

We developed a unified and spectrally accurate Petrov—Galerkin (PG) spectral method for a weak formulation of
the general linear FPDE of the form onfu —i—Z;{:l Cx; [ aj D,chju I+yu=ft,uj €(0,1),ina (1+d)-dimensional
space—time domain subject to Dirichlet initial and boundary conditions. We demonstrated that this scheme performs
well for the whole family of linear hyperbolic-, parabolic- and elliptic-like equations with the same ease. We
developed our PG method based on a new spectral theory for fractional Sturm-Liouville problems (FSLPs), recently
introduced in [42]. In the present method, all the aforementioned matrices are constructed exactly and efficiently. We
additionally performed the stability analysis (in 1-D) and the corresponding convergence study of the scheme (in multi-
D). Moreover, we formulated a new general fast linear solver based on the eigenpairs of the corresponding temporal
and spatial mass matrices with respect to the stiffness matrices, which significantly reduces the computational cost in
higher-dimensional problems e.g., (1 + 3), (1 4+ 5) and (1 + 9)-dimensional FPDE:s.

In the p-refinement tests performed in the aforementioned problems, we kept the fractional order to be the middle-
value (either 1/2 or 3/2) in the fixed direction, and we examined some limit fractional orders in the other direction.
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However, we numerically observe that if the fixed fractional order is taken to be closer to the limit values (i.e., either
0 or 1), the mode of spectral convergence remains unchanged but we achieve a different rate of convergence to be
verified in our future theoretical analysis.

Alternating Direction Implicit (ADI) methods (see e.g., [49]) are another way of solving space-fractional FPDEs
in higher dimensional problems. In this approach, a one-dimensional space-fractional FPDE solver with a low-
order (finite-difference) time integrator can be employed to solve 2-D or 3-D problems. However, we note that ADI
naturally cannot treat time- and space-fractional FPDEs. Moreover, the temporal rate of convergence in this approach
is algebraic in contrast to the high accuracy in the spatial discretizations. Hence, the computational complexity of this
approach becomes exceedingly large in higher-dimensional FPDE:s.

In practice, the enforcement of periodic boundary conditions to FPDEs is not possible since it is not clear how
to define history (memory) for a periodic function. Moreover, we note that Riemann—Liouville fractional derivatives
in time/space only allow us to impose homogeneous initial/boundary conditions to the corresponding FPDEs to be
well-posed. However, we note that our PG spectral method is also applicable in such problems in the following
manner. When inhomogeneous Dirichlet conditions are enforced, the corresponding derivatives are usually replaced
by Caputo fractional derivatives. We illustrate such a treatment in the following model problem posed subject to an
inhomogeneous initial condition:

oD u = 1\ DFu+ f(x,1), (82)
u(x,0) = g(x),
u(£l,6) =0,

in which 2 € (1, 2), g(x) € C°([—1, 1]), and Cthh () denotes the Caputo fractional derivative of order 27 € (0, 1),
which is defined via interchanging the order of differentiation and integration in (3), see e.g., [2]. Now, we define
U(x,t) = u(x,t) — g(x), and taking into account that COD%T g(x) = 0. Then, by substituting u = U + g into (82)
and noting that COD%’ U= OD,% U due to the homogeneity of U (x, 0), we obtain the transformed problem as

oD¥U = DU + f(x,1), (83)
U(x,0) =0,
U(£l,1) =0,

in which f x,t) = f(x,t)+ _1D§“ g(x). Therefore, we can treat such inhomogeneous conditions by our unified PG
spectral method through homogenizing the problem and modifying the forcing term on the right-hand side. The same
approach applies to inhomogeneous boundary conditions.

Although the proposed unified PG method enjoys the high accuracy of the discretization in time and space in
addition to its efficiency in solving higher-dimensional problems, treating FPDEs in complex geometries still remains
a great challenge to be addressed in our future works. Moreover, special care should be taken when the FPDE of the
interest is associated with variable coefficients and/or non-linearity. In [44], we have employed the fractional bases
to construct a new class of fractional Lagrange interpolants i.e., fractional nodal rather than modal basis functions
presented here, to develop efficient and spectrally accurate collocation methods for a variety of FODEs and FPDEs
including non-linear space-fractional Burgers’ equation.
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Appendix

Theorem A.1. The temporal stiffness matrix S; corresponding to the time-fractional order T € (0, 1) is a diagonal
N x N matrix, whose entries are explicitly given as

I'(n+ t)]2< 2 )21’—1 2

T'(n) T n—1

(Schnn = Ga |
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Proof. By the PG projection, the (r, n)th entry of the stiffness matrix, r,n = 1,2, ..., N, is defined as

T
(chn = [ D5 (97 0n) 007 (5 0n) 0. (84
0
Following [42], we obtain the Riemann-Liouville left-sided time-fractional derivative of the temporal basis as
2\t I'(n+ 1)
i (Vi om) 0 =0 (F) o Pt (20/T = 1), (85)

where P,_1(2t/T — 1) represents the (n — 1)th order Legendre polynomial int € [0, T]. Also, we obtain the right-
sided time-fractional derivative of the temporal basis again following [42] as

2 )T I'(r+1)
T I'(r)
Now, by plugging (85) and (86) into (84), we obtain

{Sr}r,n = 83}’ On forofnto (3
I'(r) I'(n) T

tD;(W,Ton)(t)=E,( Po_1(2t/T —1). (86)

2t T
) fo Pro 1 (x(0) Paci (x(0) it

- I'r+1t)I'(n+71)/2\20-1 1
= 9rOn I'(r) T'(n) (?) /_1 Pr_1(x) Pp—1(x)dx
. T4 Tt 2\ 2
= 0y Op F(}’) F(I’l) (T> —2}'1 — I(Srn, (87)

by the orthogonality of the Legendre polynomials, where §,, is the Kronecker delta functions. [

Theorem A.2. (I) If wj € (0, 1/2], the spatial stiffness matrix S, ; is a diagonal M j x M j matrix, whose entries
are explicitly given as

~ Plk+pj)q2 2\t 2
Sy = [—] — — k=1,2,..., M.
Wbk = 0k ol | =00 (Lj> 2% —1 /
(AD If pj € (1/2,1), Sy, is a symmetric tridiagonal (Mj — 1) x (M j — 1) with entries, explicitly given as
Itk+p)q2 2 \20-1 2 Wi
{Suj Ye.m = br am [W] (L_]) % —1 <5k,m — €’ 3k,m—1>

. 'tk —1+p)72 7 2 \2uj—1 2 j
Wi J Hj
“k b am [ I'k—1) ] (Lj> 2k —3 (8k_l’m €m (Sk_l’m_l)’

kym=23,..., Mjand L; =b; —aj.
Proof. The first part, when u; € (0, 1/2] is similar to the proof in Theorem A.1, however, carried out on the interval

[a;j, bj] rather than [0, T]. Here, the u jth order left-sided Riemann—Liouville fractional derivative of <¢n’f; of j> (x;)

is given following [42] as
B Puei (8, uj €(0,1/2],

M Hj o0& ) —
a; Dx; (¢m Ej)(xj) Bl P,,,_1<§(x,,~)) —cl Pm_z(f(xj))a wj € (172, 1),

(88)
form = [2u;], ..., M; in the jth spatial dimension, where the coefficient B,’,,‘jﬁ = 0 (2/L ;)" I'(m + )/ I (m)
and Cy,’ = o, /L)) €hy I'(m — 1+ w;)/I'(m — 1); in addition, the s ;th order left-sided Riemann—Liouville

fractional derivative of (@,ﬁf /o & j> (x;) is obtained as

Bl Pt (80, uj € (0.1/2),

B pk_l(s(xj)) -’ Pk_z(S(x»), wj € (1/2,1), .

oDy (o 08;) (xp) =
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for k = [2u;1, ..., M; in the jth spatial dimension, in which we set the coefficient B,l:" = 0; (2/L j)z“f I'tk +
1)/ T(k)and C,7 =& /L) €, I'(k — 14 w;)/T'(k — 1).
For the second part, when j € (1/2, 1), the (k, m)th entry of S, is

bj : , . _
(S Yem = / oDy (B 08 ) o D (o0 08 ) ().
aj
Next, by virtue of (88) and (89), also by an affine mapping from [a;, b;] to the standard interval [—1, 1], we obtain
L; 1 . , , .
(S, Ve = (%) [ [B5 Pacrer) = € Pacatep|[BE a8 = € Pioatip Jas.
-1
Hence, by the orthogonality of the Legendre polynomials we obtain
Lj Bl gl 2 clighi 2
{Sll.j }k,m = (7) [ ! Bkl 2k — (Sk,m - J Bkl 2% — (Sk,m—l
+ Bu] cr 8/{,1‘," Cu] chi

ko ok — ko ok —

which completes the proof, while the symmetry of the stiffness matrix can be easily checked. [

Skfl,mfl:ly

Theorem A.3. The temporal and the spatial mass matrices My as well as M,,; are symmetric. Moreover, their
entries can be computed exactly by employing a Gauss—Lobatto—Jacobi (GLJ) rule with respect to the weight function
(I =81 +8)* & e[—1,1], where o = t/2 in the temporal and a = i for the spatial case.

Proof. The entries of M, in our PG spectral method are defined as

(Mcheo = | (o) (o) war,

which be computed exactly as
2\* (T
{Mr}r,n = Oy Op (?) /0 tr(T_t)tPr _r(ﬂ(l))Pn Tlr(n(t))dt
T 1
=0y 0n 3 / A= A+mTP- T () P, (ndn
=Gron Z wg PT T (0g) P (), (90)

in which @ > A + 2 represents the minimum number of GLJ quadrature points {nq}Q_l, associated with the weigh

function (1 — n)*(1 4 )7, for exact quadrature, and {wq}Q | are the corresponding quadrature weights. From the
exact discrete rule, recalling the definition of o, and o, employlng the property of the Jacobi polynomials where
Py A (=x) = (D" P,'? "*(x), moreover, noting that {nq}qul and {wq}qQ:1 are symmetric with respect to the reference
point, it is easy to show that {M:}, , = {M;}n.,.
The spatial mass matrix M, i when p; € (0, 1/2], is also M; x M, whose entries are computed similarly as

{My Yk = 5 om 2 Z wg P M ) P (&, o)

in which Q > M; + 2 represents the minimum number of GLJ quadrature points {éq}qQ:l, associated with the weigh
function (1 — &)*i (1 4+ &)/, for exact quadrature. We can also show that M u; 1s symmetric and that the GJL rule is
exact when Q > M; + 2.
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Finally, when uj € (1/2, 1), the spatial mass matrix M, ;, becomes (M —1) x (M; — 1), whose entries are
computed exactly as

/ Y (a1 o) e (7 06 ) e,

a

{Muj }k,m

1
= &, am,[/l OpLI(5(ep)) VP (Ee))) d;

1

—e,t:*fl OPL (E6)) VP, (E))) dx;
1

+e /1 OPLL E@) P Pa] (£0)) dx;

1
— &, em) /1 OB e VP (56)))dx; |,

where we note that all the above integrations share the same weight function by construction. Hence, we obtain
~ L; (! , 4 s i
My Yem = Gy om; = /_ (1= §)" (14 8)M [Jf’,f‘_f1 &) Pmi‘{ &)
_sz ”’/’ /(g) /’L/(g)_‘r kx l‘;/v M/(é‘_) ll«j(g)

_ 6;:’ 6#1? li/s —Hj (%.) P_“/ s M (é) ]dx]

which leads to the following exact GLJ rule

~ L; e J’ J J’ J /’ J J’ J
(Myu Y = 3,0, = ;wq[ Pl T ) P ) — el P TM ) P )
el P ) P 6 — e e PG 6 P 6 |, (92)

which is also exact when Q > M ; + 2, and the same argument on the symmetry of the matrix applies here. [
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