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Abstract

The object of this article is to present the computational solution of one-
dimensional space-time fractional Schréodinger equation occurring in quan-
tum mechanics. The method followed in deriving the solution is that of
joint Laplace and Fourier transforms. The solution is derived in a closed
and computational form in terms of the H-function. It provides an elegant
extension of a result given earlier by Debnath, and by Saxena et al. The
main result is obtained in the form of Theorem 1. Three special cases of
this theorem are given as corollaries. Computational representation of the
fundamental solution of the proposed equation is also investigated.
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1. Introduction

Feynman and Hibbs [8] reconstructed the Schrédinger equation by mak-
ing use of the path integral approach by considering a Gaussian probability
distribution. This approach is further extended by Laskin [16, 17, 18] in for-
mulating the fractional Schrodinger equation by generalizing the Feynman
path integrals from Brownian-like to Levy-like quantum mechanical paths.
The Schrodinger equation thus obtained contains space and time fractional
derivatives. In a similar manner, one obtains a time fractional equation if
non-Marcovian evolution is considered. In a recent paper, Naber [22] dis-
cussed certain properties of time fractional Schrodinger equation by writing
the Schrdinger equation in terms of fractional derivatives as dimensionless
objects. Time fractional Schrodinger equations are also discussed by Deb-
nath [4], Bhatti [1], and Debnath and Bhatti [6].

In a recent paper [29], the authors investigated the solution of the fol-
lowing generalized one dimensional fractional Schrodinger equation of a free
particle of mass m defined by

8aN—('h/2 )iﬁN( t) <r<oo,t>0, 0<a<l, >0, (1.1)
Gpa = (h/2m) 55 N(z,1), 00 < < 00, , a<l, , (1.

N(z,0) = No(z), —oo<x <00, (1.2)

N(z,t) -0 as |z] — oo, (1.3)

where g% is the Caputo fractional derivative defined by (2.7) and aa% is

the Liouville fractional space derivative [26], N (z,t) is the wave function,
h =2rh = 6.625 x 10" ergsec = 4.14 x 107 MeV sec. (1.4)

is the Planck constant and Ny(x) is an arbitrary function.

The probability structure of time fractional Schréodinger equation is dis-
cussed by Tofight [31]. Some physical applications of fractional Schrodinger
equation are investigated by Guo and Xu [9] by deriving the solution for
a free particle and an infinite square potential well. This has motivated
the authors to investigate the solution of one-dimensional space-time frac-
tional generalization of the Schrédinger equation (3.1) occurring in quantum
mechanics containing a fractional generalization of the ordinary Laplace op-
erator A2, defined by (2.14).

Fractional reaction-diffusion equations are solved by Haubold et al. [10],
Saxena et al. [26, 27, 28], and Henry and Wearne [11].
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2. Mathematical prerequsites

The definitions of the well-known Laplace and Fourier transforms of a
function N(z,t) and their inverses are described below:

The Laplace transform of a function N(z,t) [continuous or partially
continuous and of exponential order as ¢ approaches infinity] with respect
to t is defined by

L{N(z,t)} = N~ (x,s) = /000 e S'N(z,t)dt, (t>0, z€R) (2.1)

where R(s) > 0, and its inverse transform with respect to s is given by

— ~ 1 Voo st
LN (:L‘,s)}:N(x,t):m[/ SIN(z s)ds,  (2.2)

—1400
~ being a fixed real number.

The Fourier transform of a function N (z,t) with respect to x is defined
by

oo .
FN(z, )} = N*(k,t) = / ek N (1) d, k>0),  (23)
—00

and the inverse Fourier transform with respect to k is given by the formula

FYN*(k, )} = N, 1) = % / TNtk dk. (2.4)

—00

The space of functions for which the transforms defined by (2.1) and
(2.3) exist is denoted by

LF = L(R.) x F(R).

The right-sided Riemann-Liouville fractional integral of order v is defined
by Miller and Ross [21, p. 45], Samko et al. [25]:

t
RLD7VN(2,t) = / (t —u)" " 'N(z,u)du, (t > a), (2.5)
rw) J,
where Re(v) > 0. The right-sided Riemann-Liouville fractional derivative

of order p is defined as

BN o) = (1) (I #N@0) (Rel) > 0, n = |Re(u)+1), (26)
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where [z] represents the integral part of the number .
The following fractional derivative of order ov > 0 is introduced by Ca-
puto [3] in the form (if m —1 < a <m, Re(a) > 0,m € N):

topm) (g, 7)dr
$D0 f(at) = — /Of (z,7)d (2.7)

I'(m—a) Jy (t—r1)otl-m’
and: = w, it a=m. (2.8)

where gt% f is the m'" partial derivative of order m of the function f(x,t)
with respect to ¢. The Laplace transform of this derivative is given in [15,
19, 20, 21, 24] in the form:
m—1
L{GDY f(z,t); s} = s*F(x,s) — Z s (2, 04), (m— 1 < a < m).
r=0
(2.9)
The above formula is useful in deriving the solution of differential and in-

tegral equations of fractional order governing certain physical problems of
reaction and diffusion. In this connection, one can refer to the monograph
by Podlubny [24], Samko et al. [25] and Kilbas et al. [15], Haubold et al.
[10], and Saxena et al. [26, 27, 28].

A generalization of the Riemann-Liouville fractional derivative operator
(2.6) and Caputo fractional derivative operators (2.7) is given by Hilfer [12],
by introducing a right-sided fractional derivative operator of two parameters
of order 0 < 4 < 1 and type 0 < v < 1 in the form

v v(l— 8 1-v)(1—
oDV N (2, 1) = (1,11 W%(m ) *”N(x,t))), (2.10)

It is interesting to observe that for v = 0, (2.10) reduces to the classical
Riemann-Liouville fractional derivative operator (2.6). On the other hand,
for v=1 it yields the Caputo fractional derivative operator defined by (2.7).
The Laplace transformation formula for this operator is given by Hilfer [12]

L{, DI N(x,t);5} = s*N(z,s) — s @ DM N (@ 04) (0 < p< 1),
(2.11)
where the initial value term

1IN (2, 04), (2.12)

involves the Riemann-Liouville fractional integral operator of order (1 —
v)(1 — p) evaluated in the limit as ¢ — O+. It being understood that the
integral
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N(z,s) = /000 e *'N(x,t)dt (2.13)

where R(s) > 0, exists.

In the study of fractional diffusion equations, there often occurs a sym-
metric fractional generalization of the Laplace operator. Following Brock-
mann and Sokolev [2, p.419] its one-dimensional variant can be defined as

Aa/Q _ 1

- D%4,D%V, <9, 2.14
2 cos(ma/2) { v +aDsh, 0<a (2.14)

where the operators on the right of (2.14) are defined by

n T () (u
D2 f(z) = F(nl_a) d‘in/ (xfu)iﬁl_ndu, (n = [a]+1), (2.15)
and
n 00 (n) ”
D) = ot [T =4, 210

The Fourier transform of the operator A%/2 is given by [2, p.420]
F{A®2N(x,t);k} = —|k|*N(k,t), 0<a<2 (2.17)

NoOTE 1. The operator, defined by (2.10) also occurs in recent papers
by Hilfer [13, 14] and Srivastava et al. [30].

NoTE 2. Applications of fractional calculus in the solution of applied
problems can be found in the works [15, 20, 21 23, 24, and 25].

The H-function is defined by means of a Mellin-Barnes type integral in
the following manner [26, p.2]:

H(2) = HI [z

(avap)]
(bthq)

~gmn [ (@A) a4y L _
= Hpg [Z (bll,Bll),...,(bZB:)} = Qm-/L@(f)Z S, (2.18)

where i = (—1)/2,

T2 Dby + Bi&)| [Ty (1 = 0 — A;€)
|:H;1':m+1 F(l - bj - ng)} [ f:n+1 F(aj + Ajf)]

o(¢) = L (219)
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and an empty product is always interpreted as unity; m,n,p,q € Ny with
0<n<pl<m<c<yg, A,Bj € Ry, a;,bj e Ror C (i =1,...,p;j =
1,...,q) such that

Ai(bj—i-k) #Bj(ai—é— 1),<k,€€N0;i= 1,...,n;5 = 1,...,m), (2.20)

where we employ the usual notations: Ng = (0,1,2...); R = (—o0,0); Ry =
(0,00), and C being the complex number field.

3. Space-time fractional Schrodinger equation

In this section, we will investigate the solution of the one-dimensional space-
time fractional Schrédinger equation (3.1). The main result is given in the
form of the following Theorem 1.

THEOREM 1. Consider the following one dimensional space-time frac-
tional Schrédinger equation of a free particle of mass m, defined by

h
oD N (1) = (3 AN (r,), 0 <a <200 <z <00t >0, (31)
m

with initial conditions

(Iéi_y)(l_“)’o) N(z,04+) = No(z) ; —co<z<oo, 0<pu<l 0<v<l1,
(3.2)

and .
m  N(z,t) =0, (3.3)

|z|—o0

where (D}"" is the generalized Riemann-Liouville fractional derivative op-
erator, defined by (2.10),

1IN (2, 04), (3.4)

involves the Riemann-Liouville fractional integral operator of order (1 —
v)(1 — p) evaluated in the limit as t — 0+. A®/? is the fractional general-
ization of the Laplace operator, defined by (2.14) h is the Planck constant
defined by (1.4). Ny(x) is an arbitrary function, and N(z,t) is the wave
function. Then for the solution of (3.1), subject to the above constraints,
there holds the formula

N(z,t) = /00 Gi(x — 7,t)No(7)drT,
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trtvA=m=1 o[z |1/a) (utv(—p)/e),(1,3)
Gl(m’ t) B a‘$| 3’3 |:’[71/atu‘/a (1,1/01),(1,1),(1,%) ’
ih
(a > 0577 - %)’ (35)

where H. g; (.) is the familiar H-function (see [19]).

P r o o f. If we apply the Laplace transform with respect to the time
variable ¢ and Fourier transform with respect to space variable x and use
the initial conditions (3.2)-(3.4) and the formulas (2.9) and (2.11), then the
given equation (3.1) transforms into the form

SN~ (k,ys) — "INy (k) = —nlk[* N~ (k,5), (n= %), (3.6)
where according to the convention followed, the symbol ~ will stand for
the Laplace transform with respect to time variable ¢t and * represents the
Fourier transform with respect to space variable z. Solving for N~*(k, s),
it yields

_ No(k)s*+=1)

N~ (hys) = =5 (3.7)

On taking the inverse Laplace transform of (3.7) by means of the formula

s8-1

)t =t Eaa g (—at®), (38)

LY
where R(s) > 0, R(a) > 0, R(aw — B) > —1, it is seen that
N* (k1) = No(k)# 07 B o (-t k), (39)

where E, g(z) is the Mittag-Leffler function [7]

o0 n

Eap(z) =Y m, (o, B € C;min{R(a), R(B)} > 0).  (3.10)

n=0
Taking the inverse Fourier transform of (3.9), we find that

v

1—p)—1 poo
| Mol Bpgeaia i, (0t exp(—ike)

N(z,t) 5

il
(n=-—

=) (3.11)
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If we now apply the convolution theorem of the Fourier transform to (3.11)
and make use of the following inverse Fourier transform formula given by
Haubold et al. [10]:

|z
al/atB/a

(1,1/a),(v.8/a),(1,3)
(1,1/),(1,1),(1,5) ’

(3.12)
where min{R(a), R(3) > 0,R(7)} > 0, > 0, it gives the solution in the
form

_ O
F B (—at?|k]"); 2| = s [

N(z, 1) = /_ T i — ) No(r)dr,

where
tutr(Q—p)—1  poo .
Gi(z,t) = 271-/ exp(—ika) B, (1) (—nt"|k|*)dk
A S I I (R V2O KOS SR NSNS ih
o] Has [nl/atu/a (1,1/a),(L1).(1.1) > 0m=50),
(3.13)
where min{R(«), R(p), R(p +v(1 —p)} > 0, > 0.
This completes the proof of the theorem. [

4. Special cases

If we set v = 0, then the Hilfer fractional derivative (2.10) reduces to
a Riemann-Liouville fractional derivative (2.6), and the theorem yields the
following:

COROLLARY 1.1. Consider the following one dimensional space-time
fractional Schrédinger equation of a free particle of mass m, defined by
ih
BLDEN (2,1) = (;%)Aa/%v(x,t), o<z <o t>00<a<?2, (4.1)

with the initial conditions

FEDP YN (2,0)=No(); [F* D" P N(2,0)] =0, 0o <z <o0,1<p<2,
(4.2)
and
fm  N(z,t) =0, (4.3)

|z|—o0
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R

where FEDI' is the Riemann-Liouville fractional derivative operator of or-

der p defined by (2.6), [(?LDt(“*l)N(m, 0)] means the Riemann-Liouville frac-
tional partial derivative of N(x,t) with respect tot of order (u—1) evaluated
att = 0. Similarly [0D§“72)N(:1;, 0)] means the Riemann-Liouville fractional
partial derivative of N(x,t) with respect to t of order (i — 2) evaluated at
t =0, A%? js the fractional generalization of the Laplace operator defined
by (2.14), h is the Planck constant Ny(z) is an arbitrary function, and
N(z,t) is the wave function. Then for the solution of (4.1), subject to the
above constraints, there holds the formula

N(z,t) = /_OO Gao(x — 7,t) No(T)drT,

where
(1,1/), (/) (1,5)

1
Gale,t) = ——Hi; [ -

O[|£L" 3,3 nl/atu/a (1,1/0‘)7(171)’(1’%) ’
th
(a>0,n= %) (4.4)

When v = 1, then the Hilfer fractional space derivative (2.10) reduces
to a Caputo fractional derivative operator (2.7), and it yields the following
result obtained by the authors in a slightly different form [29]:

CoOROLLARY 1.2. Consider the following one dimensional space-time
fractional Schrodinger equation of a free particle of mass m, defined by

R
DIN (x,t) = ;—mAa/QN(x,t), 0<pu<l,0<a<2 —o00<xz<oot>0,
(4.5)
with initial conditions
N(z,04+) = Ny(x), —oo <z < 00, (4.6)
and .

where §D}' is the Caputo fractional derivative operator, defined by (2.7),
A2 jg the fractional generalization of the Laplace operator, defined by
(2.14), h is the Planck constant defined by (1.4), No(z) is an arbitrary
function, and N(z,t) is the wave function. Then for the solution of (4.5),
subject to the above constraints, there holds the formula

N(z,t) = /00 Gs(x — 7,t) No(7)drT,
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where

t
Gatot) = ot |

alzl

|z
nl/atu/a

(1,1 /e, (/). (1,3) _in
ey | (@>0mn=5"). (4.8)

For No(z) = d(x), where d(z) is the Dirac-delta function, Theorem 1
yields the following:

COROLLARY 1.3. Consider the following one dimensional space-time
fractional Schrédinger equation of a free particle of mass m, defined by

ngfN(:c,t) = (;—h)Aa/2N(a:,t); —o <z <oo,t>0,0<a<2 (4.9)
m

with the initial condition

(Iéi_y)(“_l)’o) N(z,04+) =6d(z), —co<z <00, 0<pu<1,0<r <1,
(4.10)
and
lim  N(z,t) =0, (4.11)

|z|—o0

where oD} is the Hilfer fractional derivative, defined by (2.11), A*/? is
the fractional generalization of Laplace operator defined by (2.14), h is the
Planck constant defined by (1.4), and 6(x) is the Dirac-delta function. Then
for the fundamental solution of (4.9) with the initial conditions (4.10)-(4.11)
there holds the formula

Nty = P paa [ el e eei-puie o
’ a’l’| 33 nl/atlt/a (1,1/&)7(1,1),(1,%) ’
ih
NoTE 3. We note that for « = 2,v = 1, (4.12) gives
1 o] 7] (1,1/2) ih
N(x,t) = ’ 0,n=— 4.13
)= gt} [y | (1)) ]+ @ om=gn

which is the explicit form of the solution discussed by Debnath [4, p.152].

NoOTE 4. It is interesting to note that if weset a =2. v =1,u=1in
(3.5), then the classical Gaussian density [5, p.118] is recovered:

! v (4.14)
ex —_ 1. .
Vamat P\ " dat
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5. Computational representations
of the fundamental solution (4.12)

In this section, we will derive the computational representation of the
fundamental solution (4.12), which can be expressed in terms of the Mellin-
Barnes type integral with the help of the definition of the H-function (2.18)
as

T 21

Nz, 1) = itu+u(1—u)—1 / L(s)I'(1 — s)I(1 — s«) sin {ﬂ'sa} [xa] s 5
L Pp+v(l—p) —sp) 2 1 [ner
(5.1)
where L = Li: (7 € R) is an infinite contour, which extends from 7—ico to
T+1i00, and separates all the poles of I'(1—s) at the points s = 14+n (n € Np)
and I'(1 — sa) at the points s = 1% (a > 0l,n € Ny) to the left and all the
poles of I'(s) at the points s = —n (n € Np) to the right of it.

Let us assume that the poles of the gamma functions in the integrand
of (5.1) are all simple. Now evaluating the sum of residues in ascending
powers of % by calculating the residues at the poles of I'(1—s) at the points
s=1+mn, (n € Np) and I'(1 — s«), at the points s = (1 + n)/a, (n € Nyp),
we obtain the following representation of the fundamental solution (4.12) in
terms of two convergent series in ascending powers of z¢:

pptv(l—p)—1 I'(1 —an) nra) [z "
(z,t) . §:( ) D(p+v(l—p—nu) sm[ 2 } [nt“}

n=1

N trtv=m=1 2 (1 —n/a)(1+4n/a) g (0<z<1)
mea A nll(p+v(l = p) —np/a) | ot ’ ’
(5.2)
where { ;% }<1,77:%,a>0.

Finally, if we calculate the residues at the poles of I'(s) of the integrand
of (4.1) at the points s = —n, (n € Np), it gives

v (l—p)—1 (1 — —pal "
N(z,t) = (1+an) “in [ mra] [ x }
T = D(p+v(l—p) +np) 2 ntH
(0 <z < o0), (5.3)
where { ;% } >1n= %,a>0.
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