Journal of Scientific Computing (2019) 81:1088-1110
https://doi.org/10.1007/510915-019-01052-8

®

Check for
updates

An Efficient Space-Time Method for Time Fractional
Diffusion Equation

Jie Shen' . Chang-Tao Sheng?

Received: 16 April 2019 / Revised: 10 September 2019 / Accepted: 16 September 2019 /
Published online: 20 September 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

A space—time Petrov—Galerkin spectral method for time fractional diffusion equations is
developed in this paper. The Petrov—Galerkin method is used to simplify the computation of
stiffness matrix but leads to full non-symmetric mass matrix. However, the matrix decomposi-
tion method based on eigen-decomposition is numerically unstable for non-symmetric linear
systems. A QZ decomposition is adopted instead of eigen-decomposition. The QZ decompo-
sition has essentially the same computational complexity as the eigen-decomposition but is
numerically stable. Moreover, the enriched Petrov—Galerkin method is developed to resolve
the weak singularity at the initial time. We also carry out the error analysis for the proposed
methods and present ample numerical results to validate the accuracy and robustness of our
numerical schemes.
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Jacobi functions - Error analysis
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1 Introduction

We consider in this paper the following time fractional diffusion equation (TFDE):

ng‘v(x, 1)+ Lv(x,t) + N(w(x,r),t) =0, Y(x,t1) e D:=Q x (0, T], (1.1)
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with the initial condition
v(x,0) = vo(x), Vx € Q, (1.2)

and the homogeneous boundary conditions. In the above, & € (0, 1), Q2 is a bounded domain
in R?, £ is a linear self-adjoint elliptic operator and A is a lower-order nonlinear operator,
and ng‘ (0 < o < 1) is the left-sided Caputo fractional derivative of order « (see the
definition in 2.4).

There is now a vast literature on the numerical methods for the fractional differential equa-
tions, mostly with the finite difference methods (e.g., [3,6,19,22,32,38,39] and the references
therein) and the finite element methods (e.g., [8,16—18,36] and the references therein).

The two main difficulties in solving fractional PDEs such as (1.1) are (i) fractional deriva-
tives are non-local operators and generally lead to full nonsymmetric matrices; and (ii) their
solutions are often singular so polynomial based approximations are not efficient.

Since spectral methods are capable of providing exceedingly accurate numerical results
with less degrees of freedoms, they have been widely used for numerical approximations
[1,10,28,29]. In particular, well designed spectral methods appear to be particularly attrac-
tive to deal with the difficulties associated with fractional PDEs mentioned above. Polynomial
based spectral methods have been developed for TFDEs, e.g., [2,21,33]. However, these meth-
ods use polynomial basis functions which are not particularly suitable for TFDEs whose
solutions are generally non-smooth at t = 0. Spectral methods for fractional PDEs with
non-smooth solutions have been a subject of intensive study in the last few years, e.g., Zay-
ernouri and Karniadakis [35] first proposed to approximate the singular solutions by Jacobi
poly-fractonomials, which were defined as eigenfunctions of a fractional Sturm-Liouville
problem; Chen et al. [5] constructed efficient Petrov—Galerkin methods for fractional PDEs
by using the generalized Jacobi functions (GJFs) which include Jacobi poly-fractonomials
as special cases. Subsequently, some authors developed spectral methods by using Jacobi
poly-fractonomials/GJFs to solve fractional PDEs [14,34,37,40]. Hou and Xu [12,13] intro-
duced a Miintz spectral method for some weakly singular integro-differential equations and
fractional differential equations. Liu et al. [23] proposed a novel spectral scheme using non-
standard singular basis function for time fractional differential equation. Very recently, Chen
and Shen [4] developed the enriched spectral-Galerkin method for the problems with weakly
singular solution.

In a previous work [31], we introduced a space—time Petrov—Galerkin spectral method
for linear/nonlinear time fractional diffusion equation, which employs the GJFs in tem-
poral discretization and Fourier-like basis in spatial discretization. The use of Fourier-like
basis functions in space can be regarded as using the matrix decomposition/diagonalization
method [11,24,30]. However, this approach is not feasible when 2 is not a simple tensor
product domain, one cannot construct a Fourier-like basis and the degree of freedom (DoF)
in space is too large to perform eigen-decomposition. In this paper, we focus on how to
construct an efficient matrix decomposition method based on time variable. The two main
difficulties here are: (i) the stiffness matrix in the time variable is not symmetric so the matrix
decomposition method based the eigen-decomposition is not suitable; and (ii) the solution
has weak singularity at # = 0 which limits the accuracy of the approximation by the GJFs.

We shall present in this paper an enriched Petrov—Galerkin spectral method for linear and
nonlinear TFDEs. This work introduces several new aspects: (i) We develop a novel direct
solver for time Petrov—Galerkin spectral method, which employs QZ decomposition to solve
the non-symmetric linear system efficiently in a stable manner; (ii) For the time variable,
we choose GJFs to match the leading singularity of the underlying solution; (iii) We use an
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enriched Petrov—Galerkin method to match leading singular terms of the underlying solution,
and thus significantly improved the accuracy.

The remainder of this paper is structured as follows. In Sect. 2, we introduce the basis
functions for the time variable, and present some useful properties of fractional calculus.
In Sect. 3, we develop efficient Petrov—Galerkin methods for TFDEs and establish the error
bounds for the proposed method. We present the enriched Petrov—Galerkin method for TFDEs
in Sect. 4. Numerical results for nonlinear problems and applications to time fractional Allen—
Cahn equations are presented in Sect. 5. Some concluding remarks are given in the last section.

2 Preliminaries
In this section, we review some basics of fractional integrals/derivatives, define some suitable

functional spaces to be used later, and introduce some properties of the shifted generalized
Jacobi functions and the shifted Legendre polynomials.

2.1 Fractional Derivatives

We start with some preliminary definitions of fractional derivatives (see, e.g. [7,25]).
Let I = (0, T). For p € RT, the left-sided and right-sided Riemann—Liouville integrals
are respectively defined as

P 1 /’ u(s)
olfu(t) = o (t—s)‘—ﬂds’ tel, .
1 r u(s) @1

ARu(t) =

Ty )i G—nr7"

where I"(-) is the usual Gamma function.
Forv € [m — 1, m) with m € N, the left-sided Riemann-Liouville fractional derivative
of order v is defined by

1 am [t u(s)
Dlu(t) = ——— — 2 _ds, tel, 22
0Dru(®) r(m—u)dzm/o G —spmri IS 22)

and the right-sided Riemann—Liouville fractional derivative of order v is defined by

(G /T u(s)
t

Tm—vydim J, (s —nrmtio"

,D;u(t) = tel. (2.3)
Forv € [m — 1, m) with m € N, the left-sided Caputo fractional derivative of order v is

defined by

toumg)

T =) o gy 1EL 2.4)

§DVu(t) =

and the right-sided Caputo fractional derivative of order v is defined by

Crv o (=D T ums)
D =g | Tyt el (2.5)

The following lemma shows the relationship between the Riemann—Liouville and Caputo
fractional derivatives (see, e.g., [7,25]).
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Lemma2.1 Forv e [k — 1,k) withk € N, we have

k=1 (j)(()) .
D' u(t) =DV _ 8 e, 2.
0D u(t) =6 tu(t)+j2=:0F(l+j—v)t (2.6)

2.2 Some Functional Spaces and Their Properties

We now introduce some functional spaces to be used later.

Let C§°(I) be the space of smooth functions with compact supportin I, and H; (1) denote
the closure of C§°(/) with respect to norm || - [|,;.

For any real s > 0, we introduce some useful spaces.

o Let HS (I) be the set of functions in H*(I) whose extension by zero to R is in H*(R).

o Let ﬁf (I) be the set of functions u whose extension by zero, denoted by i is in
H*(—o00,T).

o Let ﬁﬁ (1) be the set of functions u whose extension by zero, denoted by # is in H* (0, 00).

Therefore, a direct consequence is as follows, see, e.g, [15].

Lemma 2.2 The operators oD} and ; D} extend continuously to bounded operators from
H} (I) and H}(I), respectively, to L2(D).

We define the following space in x-direction,

He () ={v]|veL*Q), (Lv,v) < oo,

and v|ygq satisfy a homegeneous boundary condition}, 2.7

equipped with the norm

172
lvllz = </ vz(x)dx —l—/ Cv(x)v(x)dx) . (2.8)
Q Q

The notation (-, -) ;2 () denotes the duality pairing between H(€2) and its dual I-FEI (2),
also the inner product in L>($2). For u, v € L>(D), foreach t € I, u(t), v(t) € Hp (), we
denote

T
b(u,v) := (Lu, v)2py = f / Lu(x,t) v(x, t)dxdt, (2.9)
0 Q
and the Bochner spaces on D':

V= L>(I; Hz(Q)) withnorm |Jv? = b(v, v),

v, 2.10
V* .= LX(I; H;'(Q)) withnorm [|v]ly+ = sup .92y 2.10)
pev @l

Below we will also use (-, -);2(p, for the duality pairing between V and V*. For any
s € (0, 1), we also define space

B*(D) = H{ (I, H;' () N L2(I, H (),

equipped with the norm

/2
. — s.n2 2
o) = (100702, 41y + 1002 e @) -

The following Lemma are useful; see, e.g., [8].
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Lemma23 Forall0 <o < 1, ifu € B*(D), then

o
ol s ey ~ 10 PK Ul L2111 2 .11

2.3 Trial & Test Functions in Time

We introduce below the trial & test functions that we will use for the time variable. For
o, B> —1,let P,fa’ﬁ ) (x), x € A be the standard Jacobi polynomial of degree 7, and denote
the weight function x @8 (x) = (1—x)%(14x)P. The set of Jacobi polynomials is a complete
Li‘“*ﬁ) (A)-orthogonal system, i.e.,

1
/ 1 PP @) PP (0) x @B (x)dx = 1, “ P51, (2.12)
where §; ,, is the Kronecker function, and
(@.p) patp+1 ri+a+DIA+B8+1)
v =

S Q@4a+p+1D) T +a+B8+1)

In particular, Po(a’ﬁ )(x) =1.
The shifted Jacobi polynomial of degree n is defined by

~ 2t =T
Feh) gy = peh) <T> el n=o. 2.13)

Clearly, the set of {}A’;l(a’ﬂ ) (t)}n>0 is a complete chu(m g (I)-orthogonal system with the weight
function @A) (1) = (T — 1)%t#, by (2.12) and (2.13) we get that

~ ~ T\ a+p+1
fl PP PP 0o P wdr = (3) 1 Do (2.14)

For any o, § > —1, the shifted generalized Jacobi functions on / is defined by (cf. [27])
W0 =P BEPw, tel nzo. (2.15)
and our approximation space on / is defined by

FOI) = (199 () : (1) € Py (D)} = span{J 4D (1) = * P4 (1) : 0 < n < N},

(2.16)
which incorporates the homogeneous boundary conditions at t = 0.
A particular case is the shifted Legendre polynomial L, (¢), t € I is defined by
00 (2t
L,(t)= P, ?—1 , n=0,1,2,.... (2.17)
The set of L, (¢) is a complete L?(I)-orthogonal system, namely,
T
Li(t)L,,(t)dt = ——8;.m, 2.18
/I 1(O) L (2) 2l_i_ll,m ( )
Clearly, we derive from (2.15)—(2.17) and a direct calculation that (cf. [5])
r 1
oDE e () = LD (2.19)
n!
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3 A Petrov-Galerkin Space-Time Method
In this section, we will propose a Petrov—Galerkin spectral method for (1.1). We shall start
by considering a special case of (1.1) with Nv = v — g:

ng‘v(x, 1)+ Lu(x,t) + PBv(x,t) = g(x, 1), V(x,t)eD, 3.1

with the initial and boundary conditions (1.2) and the constant § > 0. Note that the above
linear equation will be used as a preconditioner for nonlinear equation (1.1) later.

3.1 GJFs Petrov-Galerkin Method for (3.1)

Throughout this paper, we assume that v9 € H 2@ N HOl (€2). For the case of non-
homogeneous initial conditions v(x, 0) = vg(x), we first decompose the solution v(x, t)
into two parts as

v(x,t) =u(x,t) + vo(x), 3.2)

with u(x,0) = 0. Hence, by (3.2) and (2.6), the Eq. (3.1) is equivalent to the following
equation with Riemann-Liouville fractional derivative:

oDfu(x, 1)+ Lu(x, 1) + Bu(x, 1) = f(x,1), Y(x,t) € D, (3.3)
where
Sx, 1) =g(x, 1) — Lyg(x) — Bug(x),

with homogeneous initial
ux,00=0, VxeQ, 34

and the corresponding boundary conditions.
We first recall the weak formulation of (3.1): find u € B¥(D) such that

Au, v) == (oDfu, V) 2py + b, v) + Bu, v)2(py = (&, V) 12(p)s YveV. (3.5)

where b(-, -) and V are defined in (2.9) and (2.10), respectively. Without loss of generality,
we assume that the bilinear form b(-, ) : V x V — R satisfies

e Continuity: 3C; > 0 such that |b(u, v)| < Cillu|v|vv,
e Coercivity: 3C> > 0 such that |b(u, u)| > C2||u||%/.
A direct consequence is the following.

Theorem 3.1 For any f € V*, problem (3.5) has a unique solution u € B%(D), and it
satisfies

lullpe(py < cll fllv=-
Proof By using an argument similar to the proof of Lemma 2.4 in [8], we deduce that
lAG@, v)| < [(0Dfu, v)2¢py| + b, V)| + Bl v) 20| < cpllull epylIvllv,

3.6
A, v) > |lullpe(py, forall u e B*(D). o

vev  Ivllv

Hence, the existence, uniqueness and stability follow directly from the continuity and inf-sup
condition of the bilinear form A(-, -). ]
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IR
|

Remark 3.1 The Galerkin weak formulation (see, e.g., [21]) is to find: u € B
H2(I; L*(Q)) N L2(1; H} () such that

a(u,v) = <0D,7u, tD;U>L2(D) + Vu, Vo) papy = (f, V) 12(p), YV € B%.

Then, the bilinear form a(-, -) is continuous and coercive on B %, and the variational problem
is well-posed. More results on well-posedness and regularity for (3.5), we refer to [9,20]
and the references therein.

Let V}, be a finite-dimensional approximation space of V := H,(Q2):
Vi = span{¢y, ¢2, ..., dum}. (3.7)

For the time variable, we shall use the fractional polynomial space .7-"/(\7) (I) defined in

(2.16). Then, the Petrov—Galerkin method for (3.3)istoseekuy (x, 1) ;= uyn € Vj, ®f](\7) C
B“(D), such that

A(ur, v) := (oDf'ur, v)2py +bur, v)
+,3(ML, U)LZ(D) = (g, U)LQ(D)’ Yv e Vh 24 PN c V. (38)

Next, we shall construct suitable basis functions of }'}(\f’) (I) so that the above system can be
solved efficiently.
For the time variable, we use the generalized Jacobi functions ,f_a’a)(t) defined in the
last section:
FW (1) = span{J ¢ (1) : 0 < n < N}, (3.9)

and for Py (/) in the test space, we simply use the scaled Legendre polynomials, namely:

n!n+1)

PN(]) = span{L,(f‘)(t) = Kn’o(Ln(l‘) :0 <n=< N}, with Kn,a = m
(3.10)

We now describe the numerical implementations for (3.8) under this set of basis functions.
We write

M N
up (e, 1) =YY lnm (6) 70 (@), (3.11)
m=1n=0
Denote
Smn = (f, ¢mL,(1a))L2(D)7 F= (fmn)lgmgM,O§n§N7
shy = / oDf IS OL (1de,  ml,, = / TS @)L (1)dt, (3.12)
1 1
S = (S;;q)OSp,qSN7 M = (m;q)OSp,qu, U= (ﬁmn)lfmSM,OSnSN-

It can be easily verified from (2.18), (2.19) and (3.10) that S = I with I being the identity
matrix. On the other hand,

m,, = / T L (Hdt = / P L& () dr. (3.13)
I 1
So M is not sparse but can be accurately computed by Jacobi-Gauss quadrature with index

0, ).
Then, we find that (3.8) is equivalent to the following linear system:

M'usHT + sS"umHT + pM"uMmHT = F, (3.14)
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where M" and S" are the mass matrix and stiffness matrix in the space variable, namely,

Shy = /Q Log(x)pp(x)dx,  mh, = /Q g (X)¢p (x)dx, a1s)

h h h h
N :(Spq)lgp,ng, M :(m,,q)lgp,ng-

Obviously, it is not computationally efficient to use matrix decomposition method in the
space direction for non-tensor product domains. Because the size of M " and S" alway very
large in (3.14). In this paper, we devote to do matrix decomposition in the time direction.
Notice that an advantage of using matrix decomposition in time direction is that we only
need to solve N times elliptic equation in the space direction. Moreover, it is straightforward
to extend this approach to the nonlinear case (1.1), we omitted all the details in this paper.

3.2 Several Algorithms for (3.14)

This subsection focuses on the efficient algorithms for the nonsymmetric linear system.
Algorithm I: Eigen-Decomposition. We consider the generalized eigenvalue problem: let

E := (e, ...,enN) = (epg)p,q=0,...,n be the matrix formed by the orthonormal eigenvectors
of the generalized eigenvalue problem M’Ej = S’Ej and A = diag(ro, ..., An), 1.,
M'E =S"EA. (3.16)

Setting U = V ET, and multiplying (3.14) [or (4.6) respectively] both side by (S" E)~7, we
arrive at

M'V+S'"VA+BM'"VA=G:=F@S'E)". (3.17)
Hence, the m-th column of the above matrix equation becomes:
OnS" + (14 pr)MM)yv, =g,,  0<n <N, (3.18)
where
V= (Em,n)lfme,Ofnfm Vn = (il,n, 172,n» ceey UM,n)Ty
G = (8mm)i<m=<M.0<n<N> &n = (8Ln>82n:-- - &M.n) -

The coefficient U can be computed by U = VE T Finally, we can use (3.11) and (3.2) to
get the solution uy. This approach is very efficient because we only need to solve N + 1
times elliptic equation in space, and the total cost is O (NTy), where Ty is the cost of
the underlying algorithm in the space direction. However, since M’ is nonsymmetric, this
approach suffer from large round off errors. In Table 1, we tabulate the maximum error of
(S'E)"'M'E — A for the stifness/mass matrix in (3.12) with various N, which indicate
that error of eigen-decomposition is grown as N increases. We then conclude that the eigen-
decomposition algorithm for linear system with the full nonsymmetric matrix is not stable.

Algorithm II: Partial QZ Decomposition. We consider following QZ decomposition:
0S"Y'Z=4, QM"Y'Z=B, & Q"AzZ" ="', 0"BZ" =",

(3.19)
where Q, Z are the unitary matrices, and A, B are upper triangular matrices, namely,

ap,0 aop,1 - .. Ao,N bo.o bo.1 ... boN
ay ... ai,nN big...binN

A= , B =
an,N by,N
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Table 1 The error of eigen-decomposition

N 4 8 12 16 20 24 28 32 100

Max error of (S'E)"!M'E — A in (3.12) witha = 0.3

Error 7.98e—15 6.36e—13 1.33e—10 1.73e—08 2.20e—06 3.70e—04 2.81e—02 8.79e—02 1.58e—02
Max error of (S’ E) " VM'E — A in (3.12) with a = 0.7

Error 3.64e—15 1.91e—13 7.36e—11 3.85e—09 3.72e—07 2.22e—04 2.93e—03 2.11e—03 1.11e—02

Setting U = V @, and multiplying (3.14) both sides by Z, we arrive at
M'VA+S"VB+BM"'VB =G :=FZ. (3.20)
We can obtain the column of coefficients v, = (¥}, V1.ns - .., Up.n)! , one by one, namely,
anaM" vy + by yS" vy + By aM" v, = g, —hy_1, 0<n<N,

where
n—1
oot = 3 (rn M ve + b S i + BbiaM" vy ). (321)
k=0
Briefly, we obtain the unknown coefficients v, in terms of previous computed coefficients
{Vi}}Zp» as stated in Algorithm II below.

Algorithm II for (3.20)

Forn=0,1,..., N,
Ifn =0,
Solve vg by: ao,th vo + bo,osh vo + ﬁbo,oM/’ vo = 80:
Else

Compute the history part &,,_1 by (3.21);
Solve V;}; by: an,th vn + bn,nsh Vo + ﬂbn,th Vo =8n — hy—1;
End
End

Finally, the coefficient matrix U can be computed by U = V @, and we can use (3.11)
and (3.2) to get the value of solution uy . In this algorithm, we only need to solve N + 1 times
elliptic equation, so this new approach is also very efficient. Let T, be the cost of solving one
elliptic equation in space, then the total cost is O (N2M) + (N + 1) Ty (usually N < M). In
Table 2, we tabulate the maximum error of max{| QT AZT — 8|, | QT BZT — M|} for the
stifness/mass in (3.12) with various N, which indicate that error of eigen decomposition is
awaly stable. We find that QZ decomposition are much more stable than eigen decomposition
for full nonsymmetric matrix.

Algorithm III: Full Decomposition. In cases where it is feasible to diagonalize also in the
space variables, e.g., when 2 is a simple geometric (such as rectangular domains), we can
simplify the algorithm even further.

We consider following eigen decomposition in space and QZ decomposition in time:

MhEh=ShEhAh, Qt(sl)th=At’ Qt (Ml)th=Bt’
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Table 2 The error of QZ-decomposition

N 4 8 12 16 20 24 28 32 100

Max error of max{| QT AzZT — 87|, 10T BZT — M|} in (3.12) witha = 0.3

Error 2.22e—15 2.22e—15 2.25e—15 1.65e—15 1.82e—15 1.57e—15 2.46e—15 3.10e—15 3.02e—15
Max error of max{| QT AZT — §'|,10T BZT — M|} in (3.12) with o = 0.7

Error 1.31e—15 1.36e—15 1.59¢—15 1.56e—15 2.00e—15 2.30e—15 2.10e—15 2.16e—15 1.24e—14

where E” and A’ are matrix form eigenvectors and eigenvalues, Q', Z' are the unitary
matrices, and A’, B' are upper triangular matrices.
Setting U = E V @', and multiplying the left (resp. right) of Eq. (3.14) by (S"EM~!
(resp. Z"), we arrive at
ANVA + VB +BA"VB =G :=(S"E"'FZ'. (3.22)

We can solve the coefficients {V,,,, }o<n<n, One by one, namely,

~ 8mn — Nmn
U oy + Do+ Bl 629
where
n—1
B =3 (Af‘mm'ﬁmku,ﬁn + kbl + ﬂkfn’m'ﬁmkb,’m) . l<m<M. (324

k=0

Briefly, we obtain tcoefficients {Uy,}o<n<n, in terms of previous computed coefficients
{Umj}j=0,1....n—1, as stated in Algorithm III below.

Algorithm III for (3.22)
Forn=0,...,N,
Ifn =0,

SOIve 0 by: gm0/ My +bho + bl ) with 1 < m < M;
Else
Compute the history part /,,, by (3.24);
gmn — hmn
)‘gmlaim + b + ﬁ)"rirambttm

Solve Uyn by: Uypn = withl <m < M;

End
End

Finally, the coefficient matrix U can be computed by U = E V @', and we can use (3.2)
to get the value of solution u . Notice that the full decomposition algorithm procedure is
simpler to implement than the partial QZ decomposition algorithm, when €2 is a simple
geometric.

We summarize the three algorithms below: (i) all the three algorithm are only need to
consists of solving N + 1 times systems of order M; (ii) Algorithms II and III are very
stable for solving nonsymmetric linear systems, while Algorithms I are not; (iii) Algorithms
II and III provide the same numerical result when €2 is a simple geometric, and Algorithm
III is simpler to implement than Algorithm II; (iv) It is worthwhile to point out that we can
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use QZ decomposition in both time and space direction when the spatial discretization is
nonsymmetric too.

3.3 Error Estimates for Petrov-Galerkin Spectral Method

In this subsection, we conduct an error analysis for the Petrov—Galerkin method described in
the previous section. Since the full error analysis for the nonlinear system is beyond the scope
of this paper, we shall only consider the analysis for the linear case of (3.1) with £ = —A,
that is

N @) = Bu + uop).

In order to characterize the regularity of u in ¢, we define the following non-uniformly
weighted space involving fractional derivatives

Byl i={ve L, 5(): oD vel? iy, () for 0<r<s}), seN.

The correspongding projection operator in time is n](\,_a’a) : Li(_m_a) ) — ]—'1(\‘,1) (1) defined
by
T = v, ) ycaw =0, Vi € FOD). (3.25)

It is shown in [5] that
D% (v —v), p) =0, VpePy(). (3.26)
We recall from [27] that

Lemma3.1 Leta € (0, 1), foranyv € B® , ,(I), with integer 0 < s < N. Then

-,
1750 = vllywo S N o DI 0] . (3.27)
and
loDE (v — )1 S N oD vl s - (3.28)

Let 7" be the HO1 -orthogonal projection in space direction
(" —u, vy ) = (V" u —u), Vo) 2q) =0, Vv € V. (3.29)
Hence, using Lemma 3.1, we arrive at following result.

Theorem 3.2 Let u be the solution of (3.3) and uy be the numerical solution (3.8). If u €
B*(D) and oD "*u € L2, | (I, Hc(R)) there holds

lu —urllp«py SN* IIODf‘J”uIILim)(I,HC(Q)) + llu = 7" ul| g (. (3.30)
Proof The discrete inf-sup condition can be derived in a similar fashion as Lemma 3.3 of
[8], namely, there is a constant ¢, > 0, independent N, such that
A(ur, v
sup Alur,v) > collup|paqpy forall uy € Vy® FL. (3.31)
vev@pPy VIV

We can derive from continuity and Theorem 3.1 and 3.31 that 3.8 admits a unique solution
uyp € B¥*(D) satistying

1
lupllgepy < — I fllve
Ca
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Moreover, we have

lu—upllpecpy < C inf  Jlu — vl ge(py. (3.32)
vth®]-'1(\7)

(—a,a)
N

Taking v = nl(\,_a’“)nhu =nhn u into 3.32, we obtain from above equation that

e = url%ep) < Cllu =75 o x"ul3up)
S oDy =7y 0w w3 ) + lu =7y ot ul oy ) =N+ I
(3.33)
In view of this, taking s = 0 in (3.28), we conclude that
I = lloDf (u = o 2w |13,
S oDy @ — 7" w132 ) + loDf = 7 )17,
S oDf = 7" w132 + loDf = 7y )13,
SNz gy + 10D =7 )l .
By (3.29), we treat the second term I as
h=lu =7y ot ulla e
Sl @ = 0 ey 18— T @)
Sl =l 1= T e
S N—z“’*”||on'+Su||iiO ey =T U @y
A combination of the above estimates and Lemma 2.2 leads to the desired result. O

3.4 Numerical Examples

We employ the Petrov—Galerkin method to the linear TFDEs to demonstrate the spatial and
temporal convergence rates of the proposed algorithms.

Example 1 We first consider following linear TFDEs in rectangular domains

SD%u(x, 1) — div(a(x)Vu(x, 1))
+Bu(x, 1) = f(x,1), V(x,1) € (=1,1)*:=Qx(0,T], (3.34)

with the exact solution u(x, y,t) = sin(zwx)sin(wy)(t* sin(zwt) + 1), a(x,y) = 1, and
non-homogeneous initial conditions ug(x, y) = sin(wx) sin(wy).

Without loss of generality, we use piecewise linear FEM for spatial discretization and GJFs
Petrov—Galerkin method for temporal discretization. Let 7, = {K} be a uniformly regular
family of rectangular in (—1, 1)2, and define the mesh size 4. In Fig. 1, we list the maximum
errors of (3.34), in log—log scale (or semi-log scale) at 7 = 1. We see from Fig. 1 (left) the
proposed scheme has a second-order convergence rate in time. In Fig. 1 (right), we observe
an exponential decrease of the numerical errors with increasing N and a level-off the error
curves beyond N = 8, due to the saturation of spatial errors.
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Iongrror

h

Fig. 1 Left: the maximum error in log-log scale against various / and « for Example 1 with M = 20; Right:
the L2(£2)-error in semi-log scale against various N and « for Example 1 with 2 = 1/90

0 0
—e—a=0.8
-2r 1 ——a=0.6
——a=0.4
4+ —v—a=0.2
o o
- -8+ \:o_
g -1of g
=2 10}
-12¢ —o—a=0.3, eigen-decomposition
—o—a=0.7, eigen-decomposition
-14 1| ——a=0.3, Qz-decomposition W’
—v—a=0.7, QZ-decomposition A
-16 - L - - = -15 n n L
5 10 15 20 25 30 5 10 15 20
N M

Fig.2 Left: the B¥(D)-error in semi-log scale against various N and o for Example 2 with M = 20; Right:
the B*(D)-error in semi-log scale against various M and « for Example 2 with N = 20

Example 2 This example is devoted to comparing the numerical stability of algorithms in
Sect. 3.2. To this end, we employ GJFs Petrov—Galerkin method in temporal discretization
and Legendre spectral method in spatial discretization to resolve Example 1 numerically. In
Fig. 2 (left), we compare the B*(D)-errors of algorithm I with algorithm III, for which we
take M = 40. Notice that algorithms II and III give the same numerical result, so we prefer to
use algorithm III in this example. We observe that for the N < 10 the numerical results from
two algorithms are the same; but for N > 10, the algorithm III (or algorithm II) provides
more accurate numerical results than algorithm I. This is because the eigen-decomposition
is not stable for the nonsymmetric linear system, see Sect. 3.2. In Fig. 2 (right), we also
list the B*(D)-errors, in semi-log scale, with N = 40. Although the exact solution has
singularity at # = 0, but in the weighted Sobolev spaces B° , , (I) which involving fractional
derivatives, we have u|, € B, ,(I) for any large s. We observe that the numerical errors
decay exponentially as M/N increases. We note in particular that very high accuracy is
achieved with quite small M /N for this special problem.

Example 3 We also consider Eq. (3.34) in rectangular domains with the exact solution
24,2 e

u(x,y,t) = sin(zx)sin(ry) - sin(wr®), a(x,y) = % ’ZL’ , and the homogeneous initial

conditions ug(x) = 0. Clearly, the singularity of the exact solution in time is more compli-

cated than Example 1. Since we have
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10°

Iogm(error)
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Fig. 3 Left: the B*(D)-error in log—log scale against various N and « for Example 3 with M = 20; Right:
the B (D)-error in semi-log scale against various M and « for Example 3 with N = 60
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Fig.4 Left: the B*(D)-error in semi-log scale against various N and « for Example 4 with M = 40; Right:
the B*(D)-error in semi-log scale against various M and « for Example 4 with N = 20

ul, = sin(rr®) = 1% — %ﬁ“ + 0). (3.35)
The GJFs can match the first leading singularity of the solution, then the convergence
rate only depends on the second leading singularity of the solution. Here we take o« =
0.8, 0.6, 0.4, 0.2. Then, we can derive from Theorem 3.1 and (3.35) that the corresponding
convergence rate is N~*, N3, N=2, N~!. In Fig. 3 (left) we plot the B¥-errors in log-log
scale against various N and « with M = 20. We observe that the numerical results are
consistent with theoretical results. We also list the B*-errors in semi-log scale against var-
ious M and « with N = 60 in Fig. 3 (right). They indicate that the numerical errors decay
exponentially as M increases, and numerical errors decay algebraically as N increases.

Example 4 We consider TFDEs (3.34) in unit disk Q2 = {x2+ y2 < 1} with the exact solution
ux, y,t) = (x> + y> — D(cos(8(x + y)) + sin(8(x + y))) - t* sin(rt), a(x, y) = 1, and
homogeneous initial conditions ug(x, y) = 0. In Fig. 4, we list the B“(D)-errors, in semi-
log scale. We observe that the numerical errors decay exponentially as M/N increases. We
note in particular that very high accuracy is achieved with quite small M /N for this special
problem.

Example 5 We also consider Eq. (3.34) in unit disk Q2 = {x2+y? < 1} with the exact solution
u(x,y, t) = ()c2 + y2 — 1) (cos(8(x + y)) + sin(8(x + y))) - sin(wt*), a(x,y) = 1, and
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2 :
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Fig. 5 Left: the B*-error in log—log scale against various N and « for Example 5 with M = 40; Right: the
B%-error in semi-log scale against various M and « for Example 5 with N = 60

f(xy.)=0+y%1)

f(x,y,t)=(x2+y>-1)cos(r 1)

Error)

5 25 45 65 85100
N

Fig. 6 Left: the B*-error in log—log scale against various N and « for Example 6 with M = 40; Right: the
B%-error in semi-log scale against various N and « for Example 6 with M = 40

the homogeneous initial conditions ug(x) = 0. In Fig. 5 (left) the B*(D)-errors in log-log
scale against various N and « with M = 20 . We also list the B“(D)-errors in semi-log scale
against various M and o with N = 60 in Fig. 5 (right). We see that the numerical errors decay
exponentially as M increases, and numerical errors decay algebraically as N increases.

Example 6 To eliminate the error of spatial direction, we also consider Eq. (3.34) in unit
disk @ = {x?> + y? < 1} with the given right hand side term f(x,y,7) = (x> + y> — 1),
a(x,y) = 1, and the homogeneous initial conditions. Since no exact solution is available,
we use the numerical solution with M = 50, N = 100 and add three singular functions (see
Sect. 4.2 for more detail) as the reference solution. In Fig. 6 (left) the B* (D)-errors in log—log
scale against various N and o with M = 40 . We observe that the numerical errors decay
algebraically as M increases. Since the GJFs Petrov—Galerkin method only match the first
leading singularity of the solution, then the second leading singularity are r” = 08, (1.2 ;1.6
with respect to @ = 0.4, 0.6, 0.8. We can derive from Theorem 3.2 that the convergence
rate are N~!, N=2, N2 respectively. Similarly, we plot the B*(D)-errors in log—log scale
against various N and o with M = 40 with f(x, y,t) = 2+ y2 — 1) - cos(smrt) in Fig. 6
(right).

@ Springer



Journal of Scientific Computing (2019) 81:1088-1110 1103

4 An Improved Algorithm with Enriched Approximation Space in Time

This section is devoted to the improved algorithm with enriched approximation space in time.
We develop in this section an enriched Petrov—Galerkin method for TFDEs as well as the
error estimate for the proposed method. Some numerical examples to illustrate the efficiency
of our method are presented.

4.1 Algorithm
In order to introduce the enriched Petrov—Galerkin method for (3.3), we first need the
following basis function space for time variable

FO) = span{d; %4 (1) = 1By 1) : 0 <n < Ny @ (s = 1", i = 1,... k),
“4.1)
and in the test space, we take

Puvas() = span{ L 1) = knaLn(0) : 0 =1 = N+ k], 4.2)
where ;, i =1, ..., k are some known singular functions.

Remark 4.1 Although we can use the basis in (4.1) directly, due to the added basis {wi}f: h

are not orthogonal to the original one {J, **“ (t)}flV:O, which leads to ill-condition matrix.
Moreover, the ill-condition will affect the accuracy of solving the linear system.

In order to make the implementation more efficient, it is strongly recommended to use
following modified Gram—Schmidt process:

On = I =19P%%(1),  0<n<N,

and pnyi, I =1, ..., k can be computed as
0 . . .
Py = 1" — proj,, ("),

(OO (V)] . )
N+i = Pnti — PrOJy, (x5 ),

Ve = =Pl L N ),
PN+ = ‘pl(vl\f;iiz) ~ PrOjgy i ((pl(vl\f;iiz))’ 4.3)
where
pol0) = (D
Then, the enriched Petrov—Galerkin method for (3.3) is to seek u’i (x,t) := ull‘w N €

Vi ® ]-'I(f’a), such that

DXl v)2(py + bk v) + Bl V) 2y = (FL )20y, YV € Vi @ Prk. (4.4)

We now describe the numerical implementations for (4.4) under this set of basis functions.

We write
M N+k

Wy (1) =" Uunm (X)pu (1) (4.5)

m=1 n=0
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Table 3 A comparison of decomposition error between eigen and QZ decomposition

Matrices in (4.6) withe = 0.3 and k = 3 Matrices in (4.6) with = 0.7 and k = 3
N Eigen Qz Eigen QzZ
4 1.37e—13 1.33e—15 3.58e—12 8.09¢—16
2.73e—12 1.99e—15 3.33e—12 1.79e—15
12 3.17e—10 1.77e—15 8.77e—11 2.33e—15
16 9.55e—08 2.22e—15 3.39¢e—08 1.57e—15
20 6.45¢e—06 2.22e—15 7.29e—07 1.66e—15
24 1.81e—04 3.1le—15 3.60e—05 1.79e—15
28 6.10e—03 1.88e—15 2.41e—04 2.67e—15
32 2.34e—02 2.22e—15 1.35e—03 3.58e—15
80 6.86e—03 4.88e—15 3.61e—01 7.32e—15
Denote
o= (f, ¢mOLE 0D, F™ = (fim)1<m=M.0<n<N -+

s = /IODgwq(z)L;@(z)dn moe = flwqu;;”(wdr,

8§ = (S;Z)Osp,qu%s M = (m;’:])OSp,qSN-kk’

U= (gmn)lfme,Ofan—o—h

Then, from (3.2), we find that (4.4) is equivalent to the following linear system:
Mh U(Sen)T + Sh U(Men)T + IBMh U(Men)T — Fen. (46)

Then, we can use Algorithm IT or Algorithm III [cf. Sect. (3)] to resolve linear system 4.6.

In Table 3, we tabulate the maximum error of (S E) ! M E — A (resp. max{| QT AZT -
S, | QT BZT — M°"|}) for eigen-decomposition (resp. QZ decomposition) in (4.6) with
various N, which indicate that error of eigen decomposition is grow as N increases. We
observe similar behaviors as in Sect. 3.2 that the QZ decomposition is much more stable than
eigen decomposition for the nonsymmetric enriched matrices.

4.2 Error Analysis

In this subsection, we shall restrict our attention to the linear case (3.3) with £ = —A. To this
end, we begin with the representation of the solution of (3.3). Let us consider the following
eigenvalue problem

Lo =Ap in,

where ¢ satisfy the homogeneous boundary condition, and it admits a nondecreasing sequence

{A; }?‘;1 of positive eigenvalues and the eigenfunctions {¢ j}?i forms an orthonormal basis

in L2(€2). Then, the solution of (3.3) can be expressed as (see e.g., [26])
o0 t
u@.n =3y / U B (=0 + BSO (o1 = 5), @) 2p@n(®)ds, (4.7
0
n=1
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where E, 5 (z) denotes the two-parameter Mittag—Leffler function:

o0

Zj
E, = _ C, 0,b eR.
b(2) Jgo NCTEY)) z€C,a > €

Denote by k € N the number of elements contained in the set

I(k;o) :={G,j):i,jeNy, i+ ja<k}), kel (4.8)

For any given right hand side f € CE(I : L?(R)) in (3.3), we can easily get the singularity
of the solution in 7-direction. More precisely, for any k&, the solution of (4.7) in ¢-direction
can be rewritten as

ulp= Y e+, el
I(k;o)
where the coefficients y* ; are dependent on i, j and «. Let the leading singularity of 7* (¢)
be 151 with v € (0, 1]. Clearly, the singularity of our approximation space is A(k; o) =
{i € No,i +a <k}, k € N, so the rest part of the singularity is given by
Rk o) i=I(k;a)/Ak; o) ={(i,j):i,j € Nog,i + ja <k, j#1}, keN. (4.9)
where k € N denote the number of elements contained in R(k; o) or A(k; o).

Following the same procedure in Petrov—Galerkin spectral method, we arrive at

k . .

lu—upllpepy S inf v —ullpepy + inf |lv—ullpe(p).
vlle}—(kﬂ) v|yeVy

N

To this end, we assume that

k
w(e, 1) =G0+ Y0y =T 0 + ) uivi), (4.10)

I(k;a) i=1

then, we take

k
vl = Ty T ) + Y i)

i=1

and by applying Theorem 3.2 we have

J— +S~k .
UV — U||pe(D SNA Da u 2 + inf u — V|| B¥(D)-
Il | B (D) llo D7 ”Lw< oHe @) Tt Il | B (D)

s

Theorem 4.1 Let u be the solution of (3.3) and u’i be the numerical solution (4.4).

Assume (4.10) holds and the leading singularity of i|; neart = 0 is =1 yith v e 0, 1]
and k is defined in (4.8). If u € B*(D) and oD{™"@* € L2, (I, H(RQ)), there holds

k —m a+m~k .
lu —upllpepy S N "loDf ™™ IILi(W)(,,HL(Q)) + UL1|,13£Vh lu —vellgepy, (4.11)

where the convergence index m € N satisfy
o forv—ae(=1,—%] wehave m=2k—3with k >2;
e forv—a € (—%, 0], wehave m =2k —2, withk > 2;
o forv—ae(0,1], wehave m=2k— 1, withk > 1;
e forv—a € (%, 11, we have m =2k, withk > 1;
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Proof Since the leading singularity of #*|, is %=1, v € (0, 1], which imply v — « €
(—a, 1 — a]. According to Lemma 3.1 and Theorem 3.2, we only need to consider

- - 2
||0D;¥+mtv+k—1”L2 A tv—a+k—m—1 Mt < 00,
w(m.m)( ) I

4.12)
— — 2
1 k—1 ~ —o+k—m—2 1 _
||0th+m+ tv+ ||L2(m+l m+1)(1) - / <tv o ) lm+ dit = oo,
’ I

2}

or equivalently,
2w —20+2k—-m—2>—-1=2v—-20+2k—m> 1, @.13)
W—2a0+2%k-m—2<—-1=2v—20+2k—m<2. '

To determine the value of m > 0, by fact that k > 1 and a direct computation from (4.13)
gives

e Forv—a e (—1, —%] (or2(v — ) € (=2, —1]), we obtain that m = 2k — 3, namely,
Ifk=2,3,4,5... , wehavem=1,3,5,7....

e Forv—oua e (—1, 0] (or 2(v — ) € (—1, 0]), we obtain that m = 2k — 2, namely,
Ifk=1,2,3,4,..., wehavem =0,2,4,6,....

e Forv — o € (0, %] (or 2(v — &) € (0, 1]), we obtain that m = 2k — 1, namely,
Ifk=1,2,3,4,..., wehavem =1,3,5,7....

e Forv—oa e (%, 1] (or 2(v — @) € (1, 2]), we obtain that m = 2k, namely,
Ifk=1,2,3,4,..., wehavem =2,4,6,8,....

Note that in the case v — a € (—l,O]: when m = 0, we got @ > v + k — 1 in (4.12), but

this is not true. Hence, we have m > 2 inthe case v — o € (—%, 0]. A combination of the
above estimates leads to the desired result. O

4.3 Numerical Results

In order to ignore the error in spatial direction, we consider TFDEs (3.34) in 1D with a given
source function f(x, t) = sin(wx)-cos(rwt), a(x) = % and homogeneous initial conditions.
In this example, we use improved algorithm to reslove (3.34) numerically. More specifically,
we can take the first k-th singular term 1% in R(k; o) = {t'T7%, i, j € No,i + ja <k, j #
1}. The exact solution is unknown, we compute a numerical solution with M = 40, N = 100
and k = 4 as the exact solution. In Fig. 7 , we list the Max-errors in log—log scale against
various N, k and o with M = 30. They indicate that the enriched Petrov—Galerkin method
is better than the Petrov—Galerkin method, and the numerical errors decay algebraically.

5 Numerical Results for Nonlinear Problems

In this section, we shall present some numerical results obtained by the proposed methods
introduced in Sect. 3 for nonlinear problem.
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Error
Error

Fig.7 Left: the Max-error in log—log scale against various N and « for Example 6 with M = 30; Right: the
Max-error in semi-log scale against various M and o for Example 6 with M = 30
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Fig. 8 a The numerical solution with @ = 0.7, y = 0.01, N = 80, M = 100 against various ¢; b The
numerical solution with y = 0.01, N = 80, M = 100 at t = 1 against various &

Example 5.1 Consider the following time fractional Burgers equation in 1D:

1
EDu(x, 1) — y Aulx, 1) + 8x<§u2(x, t)) -0, V(x,1)eD, (5.1)

with the initial data ug(x) = — sin(rx).

We initially solved this problem by using the preconditioned Jacobian-free Newton-Krylov
method. To accelerate the convergence, we employed a two-grid approach. Namely, we use
N=~N /2 and M =~ M/2 as the initial data for the iteration the coarse approximation
solution with N for the fine approximation solution with N and M. This two-grid approach
significantly improved the convergence, only less than 10 iterations are needed to achieve
10~7-digit accuracy.

We plots in Fig. 8a the numerical solution with M = 100, N = 80, « = 0.7, y = 0.01
att = 0, 0.25, 0.5, 0.75, 1. We observe that, similar to the usual Burgers equation, the
profile of solution become steeper as ¢ increases to about ¢ = 0.25, and the solution start to
relax towards zero for ¢+ > 0.25. To investigate the influence of o on the solution, we plot
the numerical solution with y = 0.01, N = 64, M = 100 at t = 1 for various « in Fig. 8b.
As a comparison, we also plot the solution with @ = 1, i.e., the usual Burgers equation. We
observe that, as « increases, the profile of the solution becomes steeper and dissipates faster.
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Fig.9 a The numerical solution witha = 0.7,¢ = 0.1, N = 64, M = 250 against various #; b The numerical
solution with e = 0.1, N = 64, M = 250 at t = | against various «

Example 5.2 Consider the following time fractional Allen—Cahn equation in 1D:

SD%u(x, 1) — 2 Aux, 1) + f(u(x, 1)) =0, V(x,1) € D, (5.2)
with the initial data
I, 0<x<l1,
uo(x):[_]y_]§x<0’ (5.3)
and homogeneous Neumann boundary conditions
ou
—lag =0.
o, 02

In the above, f(u) = (u? —1)u = F'(u) is the usual double-well potential, €2 is the bounded
domain and # is the outward normal. The parameters we use in the following presentation is
e =0.1.

We also employed a two-grid approach (see Example 5.1) to resolve (5.2). Note that in
this example, only less than 12 iterations are needed to achieve 10~7-digit accuracy. We
plots in Fig. 9a the numerical solution with M = 250, N = 80, « = 0.7, ¢ = 0.1 at
t =0, 0.5, 1, 1.5, 2. We observe that the relaxation process as ¢ increases is similar to the
usual Allen—Cahn equation.

To further investigate the influence of « on the solution, we plot the numerical solution
with e = 0.1, N = 80, M = 250 at t+ = 1 for various « in Fig. 8b. As a comparison, we
also plot the solution with & = 1, i.e., the usual Allen—Cahn equation. We observe that, as o
decreases, the speed of profile relaxation also decreases.

6 Concluding Remarks

We developed an efficient Petrov—Galerkin spectral method for linear/nonlinear TFDEs.
The proposed method employs an enriched Petrov—Galerkin method for time discretization
and can be coupled with any consistent Galerkin type discretization in space. The main
contributions of this paper are: (i) a novel and efficient matrix diagonalization method based
on QZ decomposition is introduced to solve the space—time linear system directly; (ii) an
enriched Petrov—Galerkin method which significantly improves the accuracy in time; and
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(iii) rigorous error analysis for the space—time Petrov—Galerkin method with and without
additional enriched basis functions.
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