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Abstract. A feasible approach to study tempered anomalous dynamics is to analyze its func-
tional distribution, which is governed by the tempered fractional Feynman—Kac equation. The main
challenges of numerically solving the equation come from the time-space coupled nonlocal operators
and the complex parameters involved. In this work, we introduce an efficient time-stepping method
to discretize the tempered fractional Feynman—Kac equation by using the Laplace transform repre-
sentation of convolution quadrature. Rigorous error estimate for the discrete solutions is carried out
in the measure norm. Numerical experiments are provided to support the theoretical results.
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1. Introduction. The phenomenon of diffusion occurs ubiquitously in nature.
While Fick first set up the diffusion equation, it was Einstein who derived the diffusion
equation from first principles [7]. Pearson modeled the diffusion process via random
walk under the same assumptions as Einstein: (i) the existence of a mean free path
and (ii) the existence of a mean waiting time of particles between collisions [31]. In
this case, a particle’s motion of independent jumps has no spatial correlation, and
the variance of a particle excursion distance is finite. Consequently, the central limit
theorem implies that the probability density function p(x,t) of finding a particle at
position z satisfies a normal distribution at any time ¢, and so, a diffusion equation.

In the last few decades more and more diffusion processes were found to be non-
Fickian. For example, for a diffusive process in a heterogeneous medium, the particles
may be absorbed to a low permeability zone which has a longer waiting time and
leads to a subdiffusive process. The macroscopic dynamic equations for describing
the distribution of the particles undergoing an anomalous subdiffusive process have
been derived in [27]. For instance, the following time-fractional diffusion equation

(1.1) o — NI u=0, ac(01),
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and its alternative formulation
(1.2) Ofu — Au =0, a € (0,1),

have been used to model subdiffusive processes [3, 14, 25, 27], where 9}~ “u in (1.1)
denotes the Riemann—Liouville fractional derivative of order «, defined by

1 d [ a1
m&/o (t—s)* " u(s)ds

with T'(¢) == [, s*~'e~*ds denoting the Gamma function, and dfu in (1.2) denotes
the Caputo fractional derivative of order «, defined by

(1.3) of u(t) :=

1 t
(1.4) ofu(t) := F(l—oz)/o (t —s)"“Osu(s) ds.
The Riemann-Liouville and Caputo fractional derivatives agree when u(0) = 0.

The functionals of the trajectories of tempered anomalous diffusions, a special
kind of statistical quantity, appear in a wide range of problems across different fields
ranging from probability theory, finance, data analysis, disordered systems, and com-
puter science. Since the statistical quantities are random variables, it is interesting to
know their probability distribution functions. The probability distribution functions
can be obtained by solving the tempered fractional Feymann—Kac equation

(1.5) Dy(2)G(x,t) — (A 4+ A)Dy(2) 7Gx, t) = —Go(x)(A*Dy(z)' = — N)eiPV (@)t

which was derived in [38] (we refer to [37] for the case A = 0), where Dy(z) :=
A —ipU(x) + % is the substantial derivative, and Gy(z) is a prescribed initial da-
tum. The solution G(z,t) = G(z,t;p), depending on the parameter p, represents
the characteristic function of the joint probability density function p(z,t; A) of find-
ing a particle at position z and time ¢ with functional value fg U(x(r))dr = A,
ie., G(z,t;p) = [, e~ PAp(z,t; A)JdA. The Riemann-Liouville fractional substantial
derivative Dy(z)'~ with o € (0,1), is defined by

Di(x)' "Gz, t) = (/\ —ipU(x) + gt) . G(z,t)

1 1 \— inl] 0 ¢ e—(t—S)(k—iPU(w))G d
(6) —P(a)( —p (l‘)-l—at)/o(t_s)la (.T,S) S.

The tempering exponent A\ controls the rate of the transition from an anomalous
diffusion to a normal diffusion. The function U(z) is usually determined by a specific
application [37].

Due to their wide applications, fractional evolution partial differential equations
(FPDEs) have generated much interest in developing stable and accurate numerical
methods as well as rigorous mathematical and numerical analysis. Various efficient
time discretization methods have been proposed for solving these problems, including
finite difference methods [6, 8, 12, 17, 29|, convolution quadrature [5, 13, 21, 33],
and discontinuous Galerkin stepping schemes [23, 24, 28]. The main difficulty of
solving such problems is to achieve the desired accuracy for solutions which are weakly
singular at ¢ = 0. To overcome this difficluty, the error estimates in [5, 13, 21, 24, 29,
33] were carried out based only on the regularity of the initial data and source term
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without extra assumptions on the regularity of the solutions. These articles mainly
focus on the models (1.1) and (1.2); see [16] on a fractional Fokker—Planck equation.

The tempered fractional Feynman—Kac equation (1.5) presents new mathematical
difficulties that were not encountered in the FPDEs mentioned above. In particular,
both the complex-valued function ipU(z) involved in the fractional substantial deriva-
tive and the noncommutativity of the time and space partial differential operators,
ie., ADy(z)1™ # Dy(x)!72A, lead to difficulties in the analysis of the resolvent
operator (on the Laplace transform side)

(1.7) (A= ipU(z) + 2) — (A* + A) (A — ipU(z) + 2) ) 7,

whose boundedness is crucial for the analysis of time discretization of (1.5). As a
result, the existing numerical analysis of (1.1) and (1.2), as well as the analysis of
the fractional Fokker—Planck equation [16], cannot be directly carried over to (1.5).
To our best knowledge, no rigorous numerical analysis of the tempered fractional
Feynman—Kac equation (1.5) is available in the literature despite its wide potential
applications in describing the slow transition from anomalous diffusion to normal
diffusion [4, 26, 36], solving occupation time in the half-space [22], first passage time
[32], maximal displacement [35], and fluctuations of the occupation fraction [9] for
the space and time-tempered anomalous diffusion.

The objective of this paper is to introduce an efficient time discretization method
for solving (1.5), with rigorous analysis of the stability and convergence of the numer-
ical solutions. We consider (1.5) in a bounded Lipschitz domain  C R, d > 1, with
the initial condition

(1.8) G(z,0) = Go(z), z € Q,
and the Dirichlet boundary condition
(1.9) G(z,t) =0, (x,t) € 02 x (0,7,

which means that the particles are absorbed when they reach the boundary. Consis-
tent with the physical meaning of the solution, we assume that the initial datum Gy
is an arbitrary finite signed measure on 2. Thus Gy may not be a pointwise defined
function. For example, G can be a §-function placed at the origin, which models the
situation that the particles are initially concentrated at the origin. Recall that the
space of finite signed measures on , denoted by M(), is the dual space of C(Q)
(the space of continuous functions on Q); see [15, Appendix A]. We assume that «,
A, and p are fixed constants and U a given function defined on Q with

(1.10) ae(0,1), A>0, peR, UeC(Q), and Gye M(Q).

Under these assumptions, we prove the following error estimate for the numerical
solution Gy (x) at ty =T

(1.11) IG(,T) = Gnllam) < erllGollare T,
where 7 = T//N denotes the step size of time discretization, and || - ||a7() simply
denotes the dual norm of C(Q), i.e.,
(1.12) [6llar(e) == sap_ |(f, )]
feo(@)
171l <1
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The error estimate above depends only on the measure of the initial data, without
extra regularity assumption on the solution of the PDE. The derivation and analy-
sis of the numerical scheme are based on Lubich’s Laplace transform representation
of convolution quadrature [18, 20], where the main difficulty is the analysis of the
resolvent operator (1.7) and its discrete approximation.

The rest of this paper is organized as follows. In section 2, we illustrate our
methodology on the basic fractional diffusion equation (1.1). In section 3, we extend
the analysis in section 2 to the tempered fractional Feynman—Kac equation (1.5), and
point out the key differences. The technical proofs for the analyticity and bound-
edness of the continuous and discrete resolvent operators of the tempered fractional
Feynman—Kac equation are presented in section 4. In the last section, we present
numerical examples to support the theoretical results proved in this paper.

2. Tllustration of our methodology on the model (1.1). For the readers’
convenience, we first illustrate our method of analysis on the basic fractional diffusion
equation (1.1) under the boundary and initial conditions

u=0 ondQ xRy,

(2.1) u(-,0) =wuo in Q,

by using the Laplace transform and convolution quadrature techniques for the nu-
merical analysis of (1.1); see [5, 21]. We then extend the analysis to the tempered
fractional Feynman-Kac equation (1.5) in the next section by pointing out the key
differences.

2.1. Derivation of the time-stepping scheme. The idea is to consider the
Laplace transform (in time) of (1.1), namely,

(2.2) (z — 2" *A)u(x, 2) = uo(z),
where u(z, ) fo e~ "u(x,t)dt denotes the Laplace transform of u(z,t) with respect
to t. The last equation can be rewritten as
(2.3) 272 — A)i(w, 2) = up(x).

Let t,, = nT, n = 0,1,..., N, be a uniform partition of the time interval [0,T],
with step size 7 = T/N, and let u,(z) denote the approximation of u(z,t,). By

denoting ¢ = e~7%, we approximate z, 4(-,z), and u in (2.3) by =5, TZ ~ 1 unC",
and Cug, respectively. This gives us the following equation:

SR ST .

If we let b;a), j=0,1,2,..., denote the coefficients in the power series expansion
(2.5) (1-¢) =Y vl
=0

and approximate the Riemann-Liouville fractional derivative 9§ by (the backward
Euler convolution quadrature)

o _ 1N
(2.6) Or up = Ta E by~ Ui
=1
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then straightforward calculation of the coefficients of the following product series
yields

(2.7) (1;<> ZunC" — Tia Zb;a)gj Zungn _ Z(Eaun)gn
n=1 7=0 n=1 n=1

Consequently, by expanding (2.4) into a power series of ¢ and considering the co-
efficients of the power series on both sides, we obtain the following time-stepping
scheme:

—l1l—a =« -1 f - 1,
(2.8) @ — A, = T
0 if n> 2.

By using the product rule

lea—a 7y if n=1,
(2.9) Or Or up=

T g — tp_y)  if 0> 2,

the last equation reduces to

Tl — BiTliaAul =7 tuy if n=1,
(2.10)

Up — Up—1 —l-«

-0, Au,=0 if n>2,

which coincidently agrees with the following backward Euler convolution quadrature
method considered in [21]:

Up — Up—1 —1l—«

(2.11) a9, “Au, =0.

-
This coincidence is due to our special construction of (2.4) in approximating (2.3).
In section 3, we apply the methodology described above to derive an efficient time-
stepping scheme for the tempered fractional Feynman—Kac equation (1.5). In contrast
with (1.1), due to the complex structure of this physical model, the time-stepping
scheme derived for (1.5) is no longer equivalent to the standard backward Euler con-
volution quadrature discretization of (1.5).

Remark 2.1. The scheme (2.11) can be used for practical computation, while
(2.4) can be used for estimating the error of the numerical solutions. Since the in-
verse Laplace transforms of z'~®% and 2°% do not involve any initial data of w,
we choose to approximate (2.3) rather than approximating (2.2) directly. Starting
with approximating (2.3) makes it easier to preserve the structure of the PDE on the
Laplace transform side, thus more convenient for estimating the error of the numerical
solutions (especially for the complex model (1.5) to be considered in this paper).

2.2. Error estimate. In this subsection, we illustrate the idea of the error
estimate in [21]. We present a complete proof for comparison with the analysis of
(1.5) in the next section. To this end, we note that for § € (7, m) sufficiently close to
5 the following estimates hold:

(2.12)

—° | <l Vze N, [Im(z)] <

1
alz] < ‘ (by Taylor expansion),

Sk
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(2.13)
1 _ —TZz
‘e —z| < erlz]? Vz € g, Im(z)] < = (by Taylor expansion),
(2.14)
1—e 72\ o lia 71' )
—— | —z% <e7l7] Vz €Yy, Im(z)] < — (by Taylor expansion),
T T
(2.15)
1—e ™2\ T
() €y Vz e Xy, Im(z)] < = (by [10, egs. (3.13)—(3.14))),
T T
where
(2.16) Y9 ={z€C:larg(z)| < 0}.

Since A generates a bounded analytic semigroup of angle 7 on L?(92), the properties
(2.15) and (2.12) imply the following resolvent estimates (see [1, Theorem 3.7.11]):

(2.17)
1(z% = A)7H| < el2| 7 Vz € Xy, [Im(z)] <

(=) -2) =)

where || - || denotes the operator norm on L?((2).
We rewrite (2.4) into the following form:

(2.18) iungn(174>a_1(<17C>aA>_1£u0.

For k> 0 and g, = e~ ("tD7 ¢ (0,1), the Cauchy integral formula implies that

)

—Q

<c

<clz|™* Vze X, Im(z)] <

)

I e R

1 oo
n= 75— ¢t m¢"d¢
T mz::lu
a—1 a -1
(2.19) _ b ¢ (1—4) ((1 - C) _ A) L uodc
211 ICl=0n T T T

_ a—1 _ «@ —1
1 1 _ TZ 1 _ TZ
= ein?e T3 (e ) ((e ) — A) ug dz,
21t Jp- T T

where the last equality is due to the change of variable { = e™*" with the contour
(2.20) I"={zs=k+1+iy: yeR and |y| <7/7}.

The angle condition (2.15) and [1, Theorem 3.7.11] imply that the integrand of (2.19)
is analytic in the region

(221) T, ={z€C:lag(2) <0, |2| 2k, [m(z)| <

s
T

, Re(z) <k+1},

enclosed by the four paths I'", I'y , and R +ir/7, where

(2.22) E,H:{Z€@;|Z|:/§,|argz|SH}U{ZE(C:z:Teiie’ngg 7511(9)}'
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Then Cauchy’s theorem allows us to deform the integration path from I'" to I'j
in the integral (2.19) (the integrals on R =+ im/7 cancel each other). This yields the
desired representation of the numerical solution

1 1—e 7% a—1 1—e 7% @ -1
e e (T () )
YU ry, T T

On the other hand, by using (2.3) and inverse Laplace transform, we have the
following representation of the PDE’s solution:

1
(2.24) u(-,t") = Tm /Fe‘ﬁ etnzza—l(zoz _ A)fluo dz,
where

(225) Tg,={2€C:|z| =k, |argz| <O}U{z€C:z=re™? k<r<oo},

which differs from I'g . by

(2.26) Lo \I'g . = {z €C:z=ret? <r< oo}.

7r
7 sin(6)

It remains to compare (2.23) and (2.24) in order to make an estimate of the error
lwn — u(-,tn)|l2(). To this end, we use (2.12)-(2.14) and (2.17) to estimate the
difference between the integrands of (2.23) and (2.24):

—rz\ a—1 - Tz\ @ —1
e_TZ<1_e ) ((1 . ) _A) _Za_l(za_A)_l
T T

Y (T e
=N A () )
e zo‘<(1_j) :Z_1>(_§1_f) _A>
() ]

4 |67TZ‘||(1 _ e'rz)zozfl(za _ A)—ln
= ‘efrz|(11 + IQ + Ig -+ 14),

where |e™7#| < ¢ for z € I3 . due to Tlz| < ¢, and Iy + Iy < e for z € '} .., which
is a simple consequence of (2.12)—(2.14) and (2.17). The two terms I3 and I are

estimated below:
—Tz\ ¢ -1 _ ,—TZ\ @
() -a) e (- () )| ==
T T

VzeTy,,
I, = ||(1 - BTZ)ZO‘71 (zo‘ - A)%H <er,

1—3 _ |Z‘o¢71
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where the last two inequalities are also simple consequences of (2.12)-(2.14) and
(2.17). Substituting the estimates of I, I, I3, and I into (2.27), we obtain

(2.28)

—7rz\ a—1 - Tz\ —1
6TZ<16 > <<1 . ) A) 72&71(ZQ7A)71
T T

Then the difference between (2.23) and (2.24) yields

<ecr Vzelyg,.

[un (@) = ulstn)ll L2 ()

1—e 7% a—1 1—e 77 @ -1
< C/ eRe(z)tn e—‘rz( ) (( )—A) _Za—l(za_A)—l
FT T T

0,k

—|—C/ eRe(z)tn Za_l(za—A)_1H||u0||L2(Q)|dZ‘
F@,N\an

||UOHL2(Q)|dZ|

< c/ efe@tnr1dz| + c/ efel@tn| 2|71 dy | (use (2.28) and (2.17) here)
r r

T T
0,1 97F~\F9,~

i ° ~
< (C/ (e)ercos(‘g)twdr + C/encos(cp)tnTKd(p> + C/ e’ cos(Q)tnT—ldr7
B, > _

T sin(0)
(2.29)

where we have used (2.22) and (2.26) in the last inequality. By using the change of
variable s = rt,, and noting that cos(f) < 0 for 6 € (3, 7), we have

T Tin
Tsin(0) T sin(0)
(2.30) / ereosOtnrdr = t;lT/ esloosOlqs < et 17
K K

tn

and

[sS) -1 roo
/ ercos(@)tnr—ldr < < 7(0)) / e—r|cos(9)\tndr
iy T sin Ll

7 sin(0) 7 sin(0)

1 o
m
(2.31) =t,! () / e~sleosOlgs < ety
7 sin(6) g

Substituting the last two estimates into (2.29) yields
(2.32) lun — u(- o)l 22y < (cty'm + cre™nr) + et 't < c(ke™ + ¢, )7

3. Application of the methodology to (1.5). In this section, we apply the
method of analysis described in the last section to the tempered fractional Feynman—
Kac equation (1.5), and point out the main differences. The technical proofs are
deferred to section 4.

3.1. Inverse Laplace transform representation of the solution. Similarly
to section 2.1, we consider the Laplace transform of (1.5), namely,

(z+ X —ipU(2))G(x, 2) — Go(x) — A+ A)(z+ A - ipU(2))' =G (x, 2)

(31) a . 11— . -1
= —Go(x)(A"(z + A —ipU(x)) ™ = A)(z —ipU(z)) ",
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where G(z, 2) = ;7 G(x,t)e **dt denotes the Laplace transform of G(z,t) in time.
By introducing the notatlons
(3.2) n(x,z) = (z+ A —pU(x))* = A%, B(x,2) = z+ X —ipU(x)

with the abbreviations

(3-3) n(z) =n(,z2), B(z) =B(,2),

we reformulate (3.1) in the following way, collecting all the terms involving Go(z) to
the right-hand side of the equation:

afs 1—a__ 1(2)
(3.4) (n(z) = 8)(z)! "Gz, 2) = Go(@)B(2) ™ 7 s
From (3.4) we derive

(3.5) G(x,2) = B(2)* " (n(2) = A) (5() Z_Z-pU(x))

Due to the noncommutativity between (n(z) — A)™! and £(2)17, the two terms
B(2)*~! and B(2)!~® in the expression above cannot be canceled. By using the
inverse Laplace transform, we have

M’“W%/MJWW%W>Mwaﬁ@%QM

From Proposition 3.1 below we see that the integrand in (3.6) is an M (92)-valued
analytic function for z € X7 . (see (2.21) for the definition of 37 ). Consequently,
similarly to the last sectlon (cf (2.19)(2.23)), we can deform the integration path
from k + 1+ iR to I'y ., (defined in (2.25)):

67 Gl =g [ B ) - ) (s L Yas

This integral representation will be used for estimating the error of the numerical
solutions.

PROPOSITION 3.1. By choosing 0 € (3, m) sufficiently close to 5 and k > 0 suf-
ficiently large (depending on the value A+ |p||Ul|(g)), we have the following results:
(1) For allx € Q and z € ¥ ,;, we have f(z) € Lax

sx & and n(z) € E%’%, and
(3.5) el BN S elzl, el < In(z)] < 2l
where
(3.9) Son = {2 €C:[2] > &, Jarg(2)] < 0},

Consequently, B(2)1=%, B(2)*~ Y, and n(z) are all C(Q)-valued analytic func-
tion of z € Xg 4.

(2) The operator (n(z) — A)  : M(Q) — M(Q) is well-defined, bounded, and
analytic with respect to z € Xy ., satisfying

—1

(3.10) [A(n(z) —a)™!
(3.11) |(n(z) —A)~

sy ari) <€ Vz € g,

HM(Q)—>M(Q) < clz[® Vze Xk

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



Downloaded 03/12/21 to 158.132.161.185. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

3258 WEIHUA DENG, BUYANG LI, ZHI QIAN, AND HONG WANG

(3) The contour integral (3.7) defines a solution of (1.5) under the initial and
boundary conditions (1.8), (1.9), with the regularity G(-,t) € M (), D:G(,t)
€ M(Q), D} “G(-,t) € M(Q), and AD}~“G(-,t) € M(Q) fort € (0,T]. The
solution given by (3.7) is called the mild solution of (1.5), with each term of
(1.5) well-defined as a measure.

The proof of Proposition 3.1 is presented in section 4.1, which is the main differ-
ence between this subsection and the derivation of (2.24) in section 2. In the following
two subsections, we present a numerical method for approximating the mild solution
of (1.5) given by (3.6).

3.2. Discretization of the fractional substantial derivative. By straight-
forward calculation, we see that the fractional substantial derivative Dy (x)!~ defined
in (1.6) has the following decomposition:

Dt(m)lfaG(x,t)

! : 0 —t(—ipU () /t 1 s(A—ipU(x))
= ) <)\ ipU(x) + 8t> (e = S)liae G(z, s)ds

_ ot —ipU(2)) 1 a/t 1 es(A—iPU(i))G(x s)ds
L(a)dt J, (t—s)l— ’

_ e*t()‘*ipU(z))atl_a (et(/\fipU(m))G(;p, t)) ,
(3.12)

where 9}~ is the standard Riemann-Liouville fractional derivative defined in (1.3). In
view of (3.12), we approximate the fractional substantial derivative D;(z)'=*G(z, t,)
by

(3.13) E(x)l—aGn(x) — e—tn(k—ipU(w))aiTl*a (etn(/\—iPU(fD))Gn(x))’
which relates the discretized fractional substantial derivative D, (z)!~® to the stan-
dard backward Euler convolution quadrature defined in (2.6).

Consistent with the notation D, (z)!~® introduced above, we denote by D, (z)
the time discretization of the differential operator D;(z), defined by

(3.14) D, (2)Gyp(x) = e tnOA=PUEDG (et A=pU@) G, (1))

_ e—tn()\—ipU(.’I:)) etn(A_ipU(”)))Gn (x) — etn—l()\_iPU(m))Gn_l(x) .

T

With the notation (3.13), we have
= —1—a n
Z D (2)Gn(2)¢
n=1

ail—a (etn()\fipU(z))Gn(x)) (eff(/\fipU(r))C)n

o

3
Il
-

Z (etn()\fipU(z))Gn(l,))(Ce*T(AfipU(x)))n

n=1

1— e‘r()\ipU(x))C> l-a oo

T

(3.15)

Il
e N

1— e‘r()\ipU(:L’))C> l—a oo
> Gulx)("
n=1

.15) motivates our approximation of (3.4) in the next subsection.

T

w

The identity (
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3.3. Derivation of the time-stepping scheme. Let 7. (x, z) and 8, (z, z) be
approximations of n(z, z) and B(z, z), respectively, defined by

_ e—T(z+)\—ipU(:c)) 1— e—T(z+)\—ipU(x))

(3.16) nT(x,z):(l )a—Aa, Br(x,2) =

T T
with the abbreviations

(3.17) nr(2) =n-(12),  Br(2) = B-(-,2),

and choose % to be the approximation of m n (3.4). Analogous to

the last section, we start with approximating the problem on the Laplace transform
side. In other words, we wish to construct the numerical solutions G, (), n = 1,2, ...,
satisfying the equation

(,’77_( ) 7— 1 QTZG 7tnz

_ Go@)B, () (5) o )
0 T Nr 1_ e—T(Z—ipU(x)) )

(3.18)

where 7 >° | G,(x)e"'»* approximates the Laplace transform G(z,z) in (3.4). To
this end, it suffices to construct G, (z), n =1,2,..., satisfying the following equation
(replacing e~™* by the notation ¢ in the last equation):

(3.19)

1— e AU\ 1 — e~TO=ipU@) ¢\ 17 &2 .
(=) o) (=) R

G (x) 1— e—T(z\—?ﬂpU(.’c))C 1-a 1— e—'r()\—ipU(ac))C a e ei'er(x)C
-0 T T 1 — eimpU@) ("

In view of (3.15), the last equation is equivalent to

g ( - X - A)a(:c)l—acn(x))c”

(3.20) = Z (Go(x)DT(x)l_“(DT( ) — A%) iU (@)t )C .

Consequently, we define G,,(x), n =1,2,..., to be the solutions of

(321) (D-(2)* = X"~ A)D(a)'~*Cue)
= Go(2)Dy ()1~ (D5 (x)® — A) PV @n,

Similar to the product rule (2.9), it is straightforward to verify the following identity:

Do (Do —Gi(x if n=1,
(3.22) Dy (2)°Dy () Gp(z) =4 T (x)

D, (2)Gp(z) if 2<n<N.
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By using (3.22), the numerical scheme (3.21) can be equivalently written as
(Dr(z) — (A + A)D;(2)' ) G ()
= Go(2) (D7 (z) — \*Dy(a)' )PV @)t

1— ef)\'r

T

(3.23) = —Go(x) (A“m(m)la )apU(w)tn, n=1,2,...,N.

The scheme (3.23) is equivalent to applying the implicit Euler scheme to the equation
(3.24)  Dy(z)G(x,t) — (A\* + A)Dy(z) ~*G(,t)

1— —AT .
= —Go(x) (z\’lDt(x)lo‘ e )e”’U(I)t,

T

which replaces a constant A in the original equation (1.5) by 1_%

Remark 3.1. The evaluation of the discrete convolutions in (3.23) is computation-
ally expensive whereas some fast algorithms can be applied. The fast algorithm devel-
oped in [11] can be used to evaluate the discrete convolutions exactly with O(log? N)
operations and O(N) storage (up to the Nth time step). Instead of evaluating the dis-
crete convolutions exactly, one can also approximate the discrete convolutions with
error € (see, for example, [2, 34]), with complexity O(N(log N)log 1) and storage
O((logN)log 1).

In the next subsection, we estimate the error of the numerical solution given by
(3.23) by using the identity (3.18).

3.4. Error estimate for the time-stepping scheme (3.23). Applying
Cauchy’s integral formula yields, for g, = e~ 7(v*t1 ¢ (0,1),
(3.25)

_ 1 —n—1 - m _ L ztn G —tnz
Gn(x) - M\/K—gn C mZ:le(x)C d( - i /FT € ¢ (; Gn(x)e ‘ )sz,

~*7 with the contour

where the second equality is due to the change of variable ( = e
I'" defined in (2.20). From (3.18) we see that
(3.26)
oo L - . - Ny (2)e~(E=iPU(@)
> Gulwe = 501" orl2) = ) (Gatorsn (o),

which together with (3.25) gives

1 _ . T —7(z—ipU(x))
Gn(z) = 7/62%57(2)&_1 (nT(z)_A) 1(GO(m)BT(z)l_anl(Z)ee'r(zipU(x)) ) &

-~ 2mi Jp-
_1 tta g ()a-1 -1 Lt (2)Te"TEmIPU @)
=301 . Br(2)* 7 (nr(2) = 4) (Go(az)BT(z) e ) %

(3.27)

where we have deformed the integration path (using Cauchy’s theorem of complex
analysis) from I'" to I'y _ defined in (2.22). Such a deformation requires the integrand
in (3.6) to be an M ($2)-valued analytic function for z € X7 = (see (2.21) for the
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definition of X7 ,), which is a consequence of Proposition 3.2 below. Unlike the
analysis of (1. 1), where the integrand of (2.23) is clearly analytic in the region 3
due to property (2.15). The proof of Proposition 3.2 is more technical and presented
in section 4.2.

s

PROPOSITION 3.2. By choosing 0 € (5, 7) sufficiently close to 5 and x > 0
sufficiently large (depending on A + |p|||Ul|c(q)), there exists a positive constant 7.
(depending on 0 and k) such that the following estimates hold when T < 7,

(1) B, (2),m:(2) € Sz for 2 € 5, and
(828) i <IB () Sclzl, < Im()| <z Vzexj,

(2) The operator (n-(z) — A)~" is bounded and analytic in M(Q) for z € 3
satisfying

[ (n-(2) — A)_1H1\/1(Q)—>J\4(Q) <27 Vze g,

By using the integral representations (3.7) and (3.27) derived in the last two
sections, as well as Propositions 3.1 and 3.2, we prove the convergence of the discrete
solutions given by (3.23). The result is presented in the following theorem.

THEOREM 3.3. There exists a positive constant 7. (see Proposition 3.2) such that
for T < 1., the solution of (1.5) under the initial and boundary conditions (1.8)—(1.9)
and the solution of (3.23) satisfy the following error estimate:

(3.29) HG<7tn)_Gn||Aj(Q) SCTHGQHM(Q) tT_LlT, n=12,...,N,

where the constant cp may grow exponentially with respect to T and the quantity
A+ plllUlle -

Remark 3.2. The factor ¢, in the error estimate is sharp (cf. [21, estimate
(1.14)]). Ome cannot expect any uniform accuracy up to time ¢t = 0, due to the
possible nonsmoothness of the initial data G, which is only assumed to be a measure
on Q (such as the Delta function).

Proof of Theorem 3.3. Consider the difference between (3.7) and (3.27):

G(z,tn) — Gn(x)
1 syt (o) Ay [ gayia Col@n(2)
B2 (n(=) - A) (6() ()

2714 Lo\, z —ipU(x)

b [ B ate) - 8) 7 (e e B )

27 ry
-1

= B:(2)* (e (2) — Q) |
(s opon oI

1— efr(zfipU(:v))
(3.30) =:J1 + Jo.
Note that |z — ipU(z)| > 3|z| on the contour Iy, due to the largeness of s
Q)"

compared with A + |p[||U|¢ ). By denoting [dz| to be the arc length element on the
contour Iy ,\I'y ., we have

1l ar ) < c/ ptnlzl cos(6)
RN

2 ) -y (s = S |,

z —ipU(x M(©)
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where
_ -1 o Gon(z)
B ) - &) () e S
H ( ) z —ipU () M()
- - —a_Gon(z)
< a—1 _ — A 1 -« 0
< ABEI ol (02) = 8)” ey |30~ 8
a-1 -1 1-a n(z)
< cllBgg 1 (n(2) = ) la@—m@ 1B, z—ipU(x) c(ﬁ)HGOHM(Q)
< el2| e T 22 T Gollare)
(use (3.8), (3.11) and |z — ipU(z)| > 3|z| on Lo \I'G )
< clz[M1Gollme-
Consequently, we obtain
HJ1||M(Q) < C”GO”M(Q)/ et?L‘Z‘COS(0)|Z|_1 |dZ|
S’N\Fg.m
= c[|Gollm (o) etnreos®p=1qpr  (use (2.26))
< c||Gollam(o) O (use the change of variable s = ¢,,r)
7 sin(6)

< || Gollar (o) e* 0 ds < ¢||Gollrayty '

Tt tn
n )

In order to estimate ||.J2]|p7(q) in (3.30) we need to use the following lemma, whose
proof is deferred to the next subsection.

— GO”(Z)
z —ipU

‘ B2 (n(z) — &)~ (mz)l
= B () - &) (e ST T

(3.31) < c||GollvryT Vzelyp,.

LEMMA 3.4.
. GonT(Z)Tef'r(zfipU) > H
M(Q)

By using Lemma 3.4, we have

HJ2||M(Q) < CHGOHM(Q)T/ etn\z\cos(arg(z))|dz|
0,k

T sin(8) ] o
< CHGOHM(Q)T/ 6t”TCOS(9)dT + C”GO”M(Q)T/ eln (SO)Hd(p
0

K —

Ttn
Tsin(0)

0
< CHGOHM(Q)t;lT/ e* 0 ds + C||Go||M(Q)7'f€/ e"rdep
—0

Kty
< l|Gollareey (t, + we" )T
(3.32) < er||Gollmoytn ' (note that ke"T < xTer Tt 1).

This completes the proof of Theorem 3.3 in view of (3.30). d
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3.5. Proof of Lemma 3.4. In this subsection we prove Lemma 3.4, which is
used in the proof of Theorem 3.3 in the last subsection. To this end, we note that

s - &) (ser-» 1)
et =) (e S

< H(ﬁ(z)a_l — Be(2)* ) (n(2) —A) (ﬁ(z - >H

z —ipU

B2 (((2) = &) = (e (2) —A>‘1>(ﬁ<z>l o fnsz)HM(g

+ ﬁ‘r(z)ail(n‘r(z) — A)il (6(2)17& - 57( ) ) G077 )HM(Q)

z —ipU

1—a Go(n(z) — nT(Z))>
z —ipU

M(Q)

+1Br () (e (2) = A) 7

(
|82 e () — ) (m)
(

8.0 Gone () (=~ 1 )|
- - c—ipU  T—e w0 )|
=L +L+I;+I;+1I7.
(3.33)
To estimate 8(2)*~! — B,(2)* ! in I and B(2)!7® — B,(2)!7 in I3, we denote
w=z+ A —ipU(x) and use the Taylor expansion

1 1
e =1—Tw+ 57211)2/ e 0T (1 — 0)d6.
0

Then we have

3(a)" — pr(a)"1 = [0 - (2]

T

= ‘5(@7 - (6(2) —7B(2)? 1e—W<Z><1 —6)d9>7

1- (1 —78(2) /01 e 0P (1 — 9)019)V :

If 7|B(2)| < 3, then the following Taylor expansion holds:

=B

(1_;75(2)/ e“’”"(l—&)de) — 140 (rB(2) [ e =07 (1 = 6)d0) = 1+0(7|8(2)))-
0

In this case, the last two identities imply

(3.34) 1B8(2)" = B-(2)"| < |B(2)["er|B(2)| < er|2|*  (here we use (3.8)).
If 7|3(2)| > 3, then (3.8) and (3.28) imply

(3.35) Tlz| > er|B(2)] > ¢ Vzely,,

(3.36) 1B(2)" — B (2)7] < clz|” < er|z|TY Vzelyp,

In either case, we have
(3.37) B(2)7 = Br(2)7| S erl2|'T7 V2 eTy,,
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which further implies

(3.38) 1B(2)"7 = Br(2)* 7 < er 2| Vzelp,,
(3.39) 1B(2)% = B (2)7 < er|z)* Vzely,,
(3.40) [1(2) = nr(2)] = [B(2)* = Br(2)°] < erl2|'F° Vzely,,
and

1) = A) ™ = (=) = &) L arienoarcer
= [[(n(z) = &) (n(2) = 1-(2)) (- (2) = B) sy sarcer

< c/[(n(2) - A)71}|M(Q)—>M(Q)||n(z) — (@ (7 (2) — A)AHM(Q)—»M(Q)
< clz| 7 er|z|*T ¢|z|7*  (use Proposition 3.1(2), Proposition 3.2(2), and (3.40))
< erlz|t 7>

(3.41)

By using (3.38)-(3.40) and (3.41), we have

e H(ﬁ(z)al —B-(2)"")(n(z) - &) (5(2 zGEnsz> H

clz|*

ol

< cr|z|%c|z] 7 (cz|1 o )”GO”M(Q) (use (3.38), (3.8), and (3.11))

(3.42) < c[|Gollar(ayT

< 2| ter)z|t (cz|1°‘

o Gon(2) )

z —ipU

B () (1(2) — A) " — (me(2) — A) ) (ﬁ(z)l-

M(Q)
clz|”
p, Gollar)  (use (3.8) and (3.41))

(3.43) <cllGollmeyT

< c\z|°‘_1c|z\_“ (CT|Z|2_a

z —ipU

()" () = )7 (30 =) 2 ) HM@

CC||Z||> Gollar) (use (3.39), (3.8), and (3.11))

(3.44) < ¢llGollm(eyT

= |t - a7 (e O |

z —ipU
< cfz]* ez (c|z|1-a

etz

ol >||Go||M(Q) (use (3.40), (3.8), and (3.11))
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Finally, to estimate I5, we denote £ = z — ipU and use the Taylor expansions

1
(3.46) 1—e ™ =76 — 7'252/ e 978(1 — 6)de,
0
1
(3.47) Tée”TE = 16 — 7262 / e~ 97840.
0
In the case 7|¢| < 3 we have
1 e~ T(z=ipl) _ 1 Te Té
z—ipU 1 —eTGE=wU) || ||& 1—e ¢
1= e”TE — 1leTTE
g —eme)
B 7262 [} e 078040 H
T€2(1 — 7€ [, e07E(1 — 0)do)

(3.48) <ecr.

In the case 7|¢| > 1 we have

1
ApllUN e
“TEEPU) | < erlz] (just as e|z| < |Br(2)] < ¢|z| proved in (3.28)),

when 7 <

=

) 1
Tlz| > 7€+ ipU(z)| > 3~ T|P|||UHC(§) 2
etz <1 —e

|z —ipU| <c for z €Ty,

which implies

1 Te—T(z—ipU) 1 Te—T(z—ipU)
- , < A
zZ — ZpU 1 — e—7(z—ipU) ‘ |z — ZpU H H 1 — e—7(z—ipU) ‘

c c
< —+—
ENES

3.49 = < oer

(3.49) S

In either case, we have

1 Tefr(zfipU)

(3.50)

— < crT.
z—ipU 1 — e T(z—ipl) ‘ =7

Then we have

50 ) = 217 (G0 (o~ T >)HM(Q)

z—ipU 1— e 7(z=ipU)

5|

< cfz|* el 2|7 (elz| T elz|%er) |Gollarey  (use (3.8), (3.11), and (3.50))
< cl|GollmoT
(3.51)

Substituting the estimates of I7, j = 1,...,5, into (3.33) yields the result of
Lemma 3.4. ]

Remark 3.3. Let F(w) = w* Y w® — A — A)"lw!=%(w® — \¥) and g(t) =
Go(z)eM, which satisfies ||F(w)| ar()—am@) < ¢ Intuitively, the following estimate

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



Downloaded 03/12/21 to 158.132.161.185. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

3266 WEIHUA DENG, BUYANG LI, ZHI QIAN, AND HONG WANG

of CQ discretization is a consequence of [19, Theorem 3.1] with y = 0:

L) - Lt | (5 )g)

- < ||Gollmt ',

(3.52) ‘
M(Q)

where L' denotes inverse Laplace transform with respect to the variable w. The
estimate of Jy in (3.32) is analogous to (3.52) but not exactly the same. The gap
between (3.32) and (3.52) includes
—Tw AT
(i)g= %(I/\) is further approximated by § = %;
(ii) if U(x) =const, then

Jp = TP (LﬁF(w)@] - L' [F(l_j_w)a] )

However, since w = z+ A —ipU|(x) is a function of z (instead of a complex constant),
it follows that

J # Ly [F(w)g] - Ly [F(l_j_w)g]

Therefore we have to prove (3.32) and Lemma 3.4 instead of applying [19, Theo-
rem 3.1] directly;
(iii) [19, Theorem 3.1] was proved for u > 0.

Remark 3.4. In Theorem 3.3 we have proved the convergence of the numerical
solutions under the measure norm. The error estimate presented in this paper can
be easily adapted to the case Gy € L*(2) by changing both the norms || - || 37(q) and
I| - ||C(§) to || - |z2(o) in the proof. In this case we would have the following estimate:

(3.53) IG(tn) = Gull2@) < erl|GollL2) ty ', n=12,...,N.
4. Technical proofs.

4.1. Proof of Proposition 3.1. In the analysis of (1.1), the analyticity and
estimates of the integrands in (2.23) and (2.24) are immediate consequences of the
angle property (2.15) and [1, Theorem 3.7.11]. In the analysis of (1.5), however, the
analyticity and estimates of the integrands in (3.6) and (3.27) require more technical
analysis. In particular, we need to show that

1 e—T(z-i—A—ipU(:v)) o
n(x,z) = (z+A—ipU(2))*=A* € g, nr(z,2) = < - ) —-A* ey

for some ¢ € (%, 7) in order to apply [1, Theorem 3.7.11]. To this end, we need the
following technical lemma, which differs from (2.15) by allowing [Im(z)| to exceed T.
The proof of Lemma 4.1 is presented in Appendix A. Roughly speaking, the lemma
says that arg(1=<—") can be controlled by |arg(z)| up to O(7).

T

LemMA 4.1. Let L= A+ [pl[|U||¢(m)- There exist positive constants 0o € (7, &,
To, and co such that if 0 € (5,00) and T € (0, 7], then

(4.1)
1 _ Tz
— larg(2)] —cor < arg(f) < Jarg(2)] + co7
if 12| #0, |arg(z)| <0, and [Im(z)| < il + L.
-

Let 6 € (%,00) be a fixed angle. We summarize the results of this section in the
following proposition.
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Proof of Proposition 3.1(1). For all z € ¥y ., and z € Q, we have

arg(5(2)) - arg(2)] = gz + A~ ipU () — avg(2)] < ancsin (227

| <A| + p|||U||c<Q))

< arcsin
K

When & is large enough compared with |A| + [p|||U]|¢ @), the angle above is smaller
than $ and
3
[+ A= ipU ()] > k= ]\ —ipU(a)| > =
Consequently, we have
(4.2) 2+ A—ipU(z) € gz se and (2 4+ A —ipU(2))" € By grz) (2x)n -

4

This proves §(z) € Ysx x. Similarly, we have

larg[(z + A —ipU (2))™ — A%] — arg[(z + A —ipU (z))°]|
. A% . A
< arcsm<|z . sz(x)|a) < arcsm(W).

When & is large enough, the angle above is smaller than M and (3£)® — 2> >
(5)*. Consequently, we have

(4.3) nz)=(z+A—ipU(z))* - A" € X

3(1— w C Yan we.
3A-m (£)a o

a(6+3)+

(3.8) is a consequence of the fact that |z| dominates A and U(z) (due to the largeness
of k). 0

Proof of Proposition 3.1(2). Choose a fixed o € € and note that Proposition
3.1(1) implies (z + X —ipU(z))* — A\* € Yar wo. Hence, the operator
(24 A —ipU(x0))* = A* = A) "' : C(Q) = C(Q) N HA(Q)
is well-defined, satisfying the following basic resolvent estimate:
(4.4)
| ((z 4+ X = ipU (20))* — A* — A)_lﬂc(ﬁ)_w(ﬁ) < ¢|(z 4+ A —ipU(xo))* — )\a‘_l,

which is a consequence of the analytic semigroup result [30, Theorem 3.3] and the
resolvent estimate [1, Theorem 3.7.11]. Since the equation

(4.5) (=4 A= ipU(@)* = X =~ A)g = f
can be reformulated as
((z4+ A= ipU(x0))* — A" — A)¢
(4.6) = f+((z+ A= pU(@0))" = (2 + A = ipU(2))") b,
applying (4.4) to (4.6) yields
(2 + X = ipU(20))* = A9l oo
<clfleg +el(z+ A —ipU(z0)* = (2 + A = ipU(2))*[ 16l ¢
< C||ch(ﬁ) + C|U($O) - U($)|a||¢||c(§) < C||f”c(§) + CH¢||O(§)'

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



Downloaded 03/12/21 to 158.132.161.185. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

3268 WEIHUA DENG, BUYANG LI, ZHI QIAN, AND HONG WANG

Since |z| 2 & and  can be chosen to be large compared with A and [p[ - [|U|| o), it
follows that

|(z+ A = ipU(w0))™ = A%| = [2]% = X — c|U(wo)[* >

L

N =

The last two inequalities imply [|¢llc@) < clzI7*flc@) + clzI™*1dllo(m)- Again,
when || is larger than some constant, |z| is sufficiently large so that the second term
on the right-hand side can be absorbed by the left-hand side. Consequently, we have
proved that the solution of (4.5) satisfies [|¢||oq) < cl2|~%||fl c@)- This proves the

well-definedness and boundedness of the operator (n(z) — A)~! : C(Q2) — C(Q) for
A 29,5 with

(4.7) | (n(z) — A)_ch(ﬁ)—m(ﬁ) <clz|7* Vz€ X

The duality between M(Q) and C(Q)) immediately implies the extended map
(n(z) = A)~1: M(Q) — M(Q) as well as the resolvent estimate (3.11).
By using (3.11), we have

—1 —1
[A(n(2) = A) m@—m@) = I = T +n0(z)(0(2) = A) @)=
-1
<1+ [n(2)(n(2) = A)lar@)—m@)

<142l (n(z) = A) " ) smy  (use (3.8) here)

(4.8) c (use (3.11) here).

IN

This proves (3.10). The proof of Proposition 3.1(2) is complete. |
Proof of Proposition 3.1(3). Note that

IG(, )l (e
< C/ etll cos(arg(2)) GO(m)n(Z)) H <
= 2= ipU(x) ) || pre

z| cos(ar: z o— -1
< C/r el o@D 5(2) | oy 1 (m(2) = A) ™ llar)—mr()
0,k

A=) n(2)
z —ipU(x)

‘(ﬂ(z)a_l (n(z) — A)_l (5(2)1—(1

X

- 1Gollaroldz]
c(9Q)

< C/ et\z\cos(arg(z))c|z|a—lc|z‘—acldz‘
T w
(use (3.8) and (3.11); |z| dominates A and U(x))

< C/ et\z\cos(arg(z))lz|—1‘dz|
Lo,

o 0
< C/ etrcos(e),}nfldr_’_c/ etrcos(ga)ﬂflﬁdw
K —0

e} 0
< C/ escos(@)sfldS +C/ etncos(go)dgp
Kt —0

<c+ce™;
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and similarly,
ID:G ()|l ar

:‘ ! /Fe,ne%(z)“(n(z)—A)_l(ﬂ(@l_am)dz

2mi
<c / et|z| cos(arg(z))
FS,N

Z| cos(ar, z « -1
< C/F etl#| cos(are( ))||5(Z) Hc@)”(ﬁ(z) - A) ||M(Q)—>M(Q)
0,k

B(2)'""n(z)
z —ipU(x)

M(Q)

66 0te) - ) (e 2LIEY | g

M(Q)

X _ 1Gollarcoyldz|

c©)

< C/ et|z|cos(arg(z))c‘z|ac|z|—ac|dz|
o, x
(use (3.8) and (3.11); |z| dominates A and U(x))

< C/ et|z|cos(arg(z))‘dz|
Ty

N

oo 0
< C/ etrcos(@)dr + C/ etTcos(w)lid(p
K —0

0 0
< Ct71/ €SCOS(6)dS+C/ etncos(tp)ﬁdw
Kt —0

< et + creT.
Similarly, we also have

IAD;=*G( )l are)

C/ ot cos(arg(2)) —a Go(m)n(z)>

‘A(n(z) —A)7 <6(z) T—ipU(2)
C/ et\z\cos(afg(z))HA(n(z) - A>_1||M(Q)~>M(Q)
Ty

IN

dz
M(Q)

IN

K

B(Z)l—a 77(2)

. z —ipU(x)

] 1Gollaren 2]
c@)

<c etlzlcosare(2)) o\ G dz here we used (3.10) and (3.8
M(Q)
IO,N

oo (4
< C/ el cos(G)d,r, + C/ etr cos(cp)Kd@
K —6

) 0
< Ctil/ escos(e)sfad5+6/ etﬁcos(@)nd(p
Kt —6
<t 4 ke,
In the same way, one also can prove ||D; " “G(-, )| s < c(t*~! + rerT).

Applying the differential operators to the integral representation (3.7) yields that
the solution G(z,t) satisfies (1.5) with each term well-defined in M (). d

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



Downloaded 03/12/21 to 158.132.161.185. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

3270 WEIHUA DENG, BUYANG LI, ZHI QIAN, AND HONG WANG

4.2. Proof of Proposition 3.2. We start with proving (3.28). Let w = z+ A —

, . ; . . -
ipU (), with z € ¥ . For sufficiently small step size 7 < rUTom, Ve have

3
(4.9)  7lm(w)] <7(Im(2)| + A+ [pl|Ullc@) <7+ 70+ plIUllc@) < 57
Hence, 1 —e™™ =0 only when w = 0. In particular,
(4.10) if T|lw| > ¢, then |1 —e™ ™| > c.

For z € ¥, we have 7[Im(z)| < 7 and 7|Re(2)| < 7(k +1) <7 when 7 < 75,
Consequently, we have

(4.11) 7|z] < 7|Im(2)| + 7|Re(z)| < 2,

(4.12) Tlw| < 7zl + A+ Pl Ul 0@) =

N ot
A

By choosing & > 2(A + |p|[|U|| ), Taylor’s expansion yields, for z € X7 .,

(4.13)  [B-(2)] =

’ 1—e TV

< cw| < ezl + A+ [pl[Ullo@)) < ellzl + 5) < 2],

where the last inequality is a consequence of |z| >  for z € X} . This proves the
inequality |B;(2)] < ¢|z] in (3.28).

To prove c|z| < |B;(z)] for z € 37, we consider two cases below.

If 7|w]| is smaller than some constant, then we can use Taylor’s expansion (with
|O(Tw)| < 3, due to the smallness of 7|w| assumed):

= [w(1+ O(rw)| > Sl > 5

6(2)| = >

’1 — e W

T

2] = A — \p|||UHc(ﬁ))
(4.14) > L(le = w2 > L
. = 2 A I = 4 Z,

where we have used & > 2(A + |p[||U]|q,) again and noted that |z > & for z € X ..
If 7|w| is larger than the constant, then (4.10) and (4.11) imply
(4.15) |B-(2)| =

>

1 _ e—T'UJ
‘ > clz].

T

N0

Overall, under the conditions £ > 2(A+|p[|U]|¢g)) and 7 < 77, we have proved

1— e—T(z—i-/\—ipU(ac))

<eolz| VzeXp,
u :

(416)  erle] < |8(2)] = ]

for some positive constants ¢; and cy. The last inequality further implies

< eolz]® 4+ A

1— e—T(z+)\—ipU(:c)) o
(4.17) c)z|C = A < ’( > — A

T

By choosing £ larger than some constant (depending on A and [p|[|U||¢(g,), we have
A < SR < Gz, Consequently, (4.17) implies
C1
< (2 @
< ( 5 62> |2]

¢ N 1_e—T(z+>\—ipU(x)) « N
w19 Ler<inei-|( ) -

T

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



Downloaded 03/12/21 to 158.132.161.185. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

DISCRETIZATION OF FRACTIONAL FEYNMAN-KAC EQUATION 3271

The proof of (3.28) is complete. Next, we prove 3;(z),7-(2) € ¥sx for z € ¥

Lemma 4.1 implies N

e—T(z+>\—ipU(9c)))

1
—larg(z + A — ipU(x)] — coT < arg(
-

(4.19) < larg(z + A —ipU(x))| + coT,

7T(z+kf7‘pU(T)) )

which together with (4.2) implies —; —co7 < arg(1= < %% +¢or. This
proves 3-(z) € Yz when the step size 7 is smaller than some constant. Furthermore

by choosing large enough and using (4.16) we have

1— e—r(z+)\—ipU(:c))

(4.20) . ‘ =|B:(2)| > clz| 2 cn VzeXg,

The last two inequalities yield

1— —7(z4+A—ipU(x)) 1
(4.21) ¢ € Xsx .. and (
= ,

e*T(er)\fipU(w))

- ) € EBZW?CQK(X,

which further implies that (by choosing x to be large enough and using the same
argument for (4.3))

(4.22) m(z) =

1— —7(z+A—ipU(x))
( ¢ ) ~ A" € Sz e C Sax .
T 4
This completes the proof of Proposition 3.2(1"). Using the results 5,(z),n,(z) €
Ysx, Proposition 3. 2(2") can be proved in the same way as (2) of Proposition 3.1.
The details are omitted. 0

5. Numerical tests. In this section, we test the convergence of the time dis-
cretization method (3.23) numerically. We solve (1.5) in the one-dimensional domain
Q= (0,1) by the proposed method up to time 7' = 1, with the following parameters:

(5.1) A=001, p=1, Uzx)=u=,

where the choice of the function U(z) = x physically corresponds to the distribution
of the time average of the particles’ trajectories. The numerical results with smooth
initial data G(z,0) = 10z(1 — ) and measure data G(x,0) = é(x —1/4) are presented
in Tables 1 and 2, respectively, where GY denotes the numerical solution with step
size T at time ¢ = 1. Since the exact solutions of these problems are unknown, the
order of convergence of the numerical solutions are computed by the formula

In (IGY. — GV /1GY — GY, 1)
In2 '

To investigate the convergence in time and eliminate the influence from spatial
discretization, we use the P1 finite element method with a sufficiently small mesh size
h = 1/500 so that the error due to spatial discretization can be omitted (roughly 10~°
based on numerical tests). Since the two norms [ - ||a7(q) and || - ||11(q) are the same
for finite element solutions, the norm ||GY — G]TV/QH M) can be calculated via inte-

order of convergence in the norm || - || =

gration (with 5-node Gauss quadrature on each subinterval, which yields sufficiently
accurate results). From Tables 1-2 we see that the proposed method has first-order
convergence, which is consistent with the theoretical analysis presented in Theorem
3.3.
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TABLE 1
Order of convergence when the initial data are smooth: G(x,0) = 10z(1 — z).

| IGN =GN, |1z 165 =672 | ey
T T/21L2(Q) \|G£_V—G7]Y/2HL2<Q>

1/8 1.609E-03 — —

a=0.25 1/16 7.913E-04 2.034 1.02
1/32 3.923E-04 2.016 1.01

1/64 1.953E-04 2.008 1.00

1/8 2.733E-03 — —

a=0.5 1/16 1.310E-03 2.085 1.06
1/32 6.419E-04 2.041 1.03

1/64 3.177E-04 2.020 1.01

1/8 3.381E-03 — —

a=0.75 1/16 1.535E-03 2.202 1.14
1/32 7.328E-04 2.095 1.07

1/64 3.582E-04 2.046 1.03

TABLE 2

Order of convergence when the initial data are a measure: G(z,0) = §(xz — 1/4).

T IGN —GN | 165 G ey Order
T /2/1M () IGN =GY ,llmo)

1/8 1.058E-03 — —

a=0.25 1/16 5.194E-04 2.037 1.03
1/32 2.574E-04 2.018 1.01

1/64 1.281E-04 2.009 1.01

178 1.553E-03 — —

a=0.5 1/16 7.452E-04 2.083 1.06
1/32 3.653E-04 2.040 1.03

1/64 1.808E-04 2.020 1.01

1/8 1.772E-03 — —

a=0.75 1/16 8.061E-04 2.198 1.14
1/32 3.852E-04 2.093 1.06

1/64 1.884E-04 2.045 1.03

6. Conclusion. In this article, we have developed time discretization method for
approximating the mild solution of the tempered fractional Feynman—Kac equation
based on convolution quadrature approximation of the fractional substantial deriva-
tive. We have proved first-order convergence of the numerical method with U € C(Q)
and the initial data G being a finite measure.

If U(z) is second-order continuously differentiable, then by letting w(z,t) =
etO=U (@) G(x,t) and using (3.13), the tempered fractional Feynman-Kac equation
can be rewritten as

2 A
6.1 O — AD " u— =V f-97Vu — [\ + af o u=F
t f t f t
with
(6.2)

f(x,t) = e " A=PU@) and F(x,t) = —Go(x)(A%0} = — N)eM = 0t ) as t — 0.
It is worth mentioning that a uniform-in-time O(7%) convergence of a time discretiza-

tion method for (6.1) can be proved analogously to [16, Theorem 4.4] in the case
o€ (3,1
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Appendix A. Proof of Lemma 4.1. It is clear that if |z| # 0 and arg(z) = 0,
then arg(%) = 0.

If |z| # 0 and arg(z) = ¢ € (0,0] and 0 < Im(z) < 7/7+L, then w := 7|z|sin(p) €
(0,7 + L7] and it is easy to see that

Case 1: if w € (0, 7], then arg(%) € [0,7);

Case 2: if w € (w, 7w+ L], then 3 a constant ¢y such that arg(

In Case 2, (4.1) holds automatically.

In Case 1, if w = 7, then arg(}:=¢"") = 0 and (4.1) holds. If w € (0,), then

T

1—e~ T3
T

) € [—coT,0).

we have arg(#) € (0,7) and we prove arg(#) < ¢ below (then (4.1) follows
immediately).
Note that

cot (arg(l - e”)) _1- eIzl eos(9) cos(72] sin(g)p))
T

e~z cos(¢) sin(7 |z sin(y)

eTI#1e0s(#) — cos(72| sin(p))

sin(7|z| sin(p))

1+ 7|z| cos(p) — cos(7|z| sin(p)) _1tw cot(yp) — cos(w)
sin(7|z| sin(p)) sin(w) ’

where we have used Taylor’s expansion in the last inequality and set w = 7|z|sin(p) €

(0, 7). We shall prove cot(arg(1=<")) > cot(y) for w € (0, 7), so that 0 < arg(1:=2")
< ¢ = arg(z). To this end, we consider the function

fw) := 14 wcot(p) — cos(w) — sin(w) cot(p), w € [0, ]
with fixed ¢ and variable w (due to the change of |z]). The derivative of f is

F'(w) = sin(w) + (1 - cos(w)) cot ()
= 25in (“;) cos (‘;) + 2sin? (‘;) cot(y) = 2sin? (‘;) <cot (“;) + cot(gp)).

If € (0, 5], then f’(w) > 0 for w € (0,7), which means that the minimum value of f
is achieved at f(0) = 0. If p € (5, 0], then f'(w) >0 for w € (0,7 — ) and f'(w) <0
for w € (m — @, 7|, which means that the minimum value of f is achieved at either
f(0)=0or f(r) =24 wcot(p). In either case, the minimum value of f is achieved
at one of the two end points, w = 0 and w = 7 with

f(0)=0 and f(r) =2+ mcot(yp).

s

By choosing ¢ € (7, ) sufficiently close to

us

2
f(w) >0 for all w € (0, 7). This proves cot(arg(%)) > cot(yp) for all w € (0,7),

l—e~ 7%

which yields arg(-=%—) < ¢, completing the proof of Case 1.
Overall, we have proved (4.1) in the case arg(z) € [0, 0]. The case arg(z) € [—6,0)
can be proved in the same way.

we have f(m) > 0. Consequently,
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