Arab. J. Math. H H Ch'?
https://doi.org/10.1007/540065-023-00445-w Arabian Journal of Mathematics i

Chiara Boiti®» - Jonathan Franceschi

Integral transforms suitable for solving fractional
differential equations

Received: 2 November 2022 / Accepted: 31 August 2023
© The Author(s) 2023

Abstract The purpose of this article is to obtain appropriate tools for solving fractional differential equations
that are flexible enough to adapt to different purposes. We thus look for a very general fractional Fourier
transform with a phase function which can be appropriately chosen according to the problem you want to face.

Mathematics Subject Classification 42A38 - 26A33 - 35A22 - 47G10 - 33E12

1 Introduction and preliminaries

In the current literature, there are many different definitions of fractional Fourier transforms, employed for
instance in the fields of optics, sound, or signal processing (see [6]). Nevertheless, these definitions are not
always suitable for solving fractional differential equations, similarly as for partial differential equations by
means of the classical Fourier transform. Hence, the idea of looking for an integral operator of the form

+00
Fru(§) = / u(x)Kr(x, §)dx, (1.1)
—00
withakernel K 7 (x, &) depending ona function f: R — Cappropriately chosen, so that .7 s satisfies properties

similar to those of the Fourier or Laplace transforms usually needed for solving partial differential equations.
In particular, we require that for all u, v sufficiently regular and £ € R

() Fyu*v)(&) = Fru§) - Frv§),
(i) Zp(Z{u) &) = f"(€) - Fru), VneRT,
(iii) Z is left-invertible, i.e., there exists G, such that Gy o F ru(x) = u(x) forallx e R

where @_’Lu is the Riemann-Liouville derivative of fractional order n on the half-line, defined by

Definition 1.1 For all real positive n, the Riemann—Liouville fractional integral on the half-line is defined by

1

fﬁu(x) = Tn)

f (x — )" Yu(ndr,
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where I'(n) = f0+°° x"~le™*dx is the Gamma function. Set ffr)u =u.
The Riemann—Liouville fractional derivative on the half-line is then defined by

Pu = g (ﬂ_{n]_nu),

where 2" is the classical derivative of integer order [n] (here [n] is the smallest integer greater than or equal
to n).

We refer for instance to [7] for more details about fractional integrals and derivatives.

To understand how to define the kernel function K ¢ (x, &) and which assumptions to require for the function
f or for the space of functions where the operator .% ¢ acts (assumptions on u in (1.1)), let us first formally
impose condition (ii) for n = 1, that is

(Fru) &) = fE) - (Fru)©). (1.2)

Assuming thatu and K ¢ (-, §) are sufficiently regular, so that we can integrate by parts, and assuming, moreover,
that x — u(x)K r(x, &) vanishes for x — 400, we have that

+00

(Fru)E) = / u' (X)K f(x, §)dx

—00

oo
=) Ks(x, 917X — / ”(X)de

+o00
= — / u(x)—aKf(x’E)dx,
ax

which is equal to

+00
FE(Fru)(E) = f(§) f u(x)Ky(x, §)dx

if the kernel K  satisfies the differential equation

KO ek ),
0x ‘

whose general solution is of the form

Ky(x, &) = g€e ),
for some function g: R — C.
Remark 1.2 If g(§) = 1 and f(§) = i&, we get the kernel of the classical Fourier transform

+00

(Fu)(§) =0() = / u(x)e "5 dx,

—00

which is defined for u in L' (R) and, in particular, in the Schwartz class of rapidly decreasing functions

Z(R) := {f € C®: sup [x*Z2Pu(x)| < +o0, Va, B € N},
R

with standard extensions to other classes of functions such as LZ(R) or the space ./ (R) of tempered distri-
butions.
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We shall then assume u € .%’(R) in the following.

Remark 1.3 Condition g(£) = 1 is necessary to obtain property (i) for u, v € ./(R) and a phase function of
the form i f (£) for a real-valued function f. Indeed, applying Fubini’s Theorem, we have that

400
9f(u *v)(&) = / (u * U)(X)g(f)e_ixf(g)dx

i +oo / +0o0
=g() /u(t)v(x—t)dt e E) gy
_+OO+oo
=g(§)/ /u(t)v(x—t)e—i(X—f)f(%‘)e—itf(é)dtdx
7""007 +o0
=g8(@) / u(tye " /v(x—t)e‘i(x‘f)~f<5)dx dr
_JFOO +o00
=g(§)/”(f)eiitf@) /v()’)efiyf@)dy dr. (1.3)
This is equal to
+o0 +o0
(Fru)E) - (Frv)E) = / u(n)g§)e" Edr - / v(y)gEe O dy

only for g(&) = 1 (we clearly exclude g(§) = 0).

Remark 1.4 Iterating (1.2) recursively, we get (it is trivial for n = 0)

T P"w)E) = f'¢E) - (Fru)), VneN (1.4)

2 General fractional Fourier transforms

By all the considerations of Sect. 1, we now define the following:

Definition 2.1 Let f: R — R be a C*° function with polynomial growth, i.e., such that for all n € N, there
exists k € N and ¢, > 0 which satisfies

12" fE)| <en(1+1ED* VxeR (2.1)
and
Eé_izl — 400, as |&] = 400, 2.2)

for some o > 0.
Then, we consider on . (R) the integral operator .7 defined by

+00
(Zru)(€) == / u(x)e " ®dx. (2.3)

—00
Proposition 2.2 Let f and .7y be as in Definition 2.1. Then, 7 s is a well-defined operator
Fru: SR) - L (R).

@ Springer
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Proof Clearly, .7 r is well defined on .7 (R), since f () is real valued, and hence, the integral (2.3) is convergent
foru € ./ (R).
Moreover, the operator .7  can be related to the classical Fourier transform by

(Fru)(€) = (Fu)(f(&) = o f)E). (2.4
It is well known that Zu € (R) for u € .(R) and therefore (#u) o f € .#(R) by the assumptions
2.1)-(2.2) on f. O

By (1.3) with g(§) = 1, we already proved that .7 ; satisfies property (i):
Theorem 2.3 Let .7 ¢ be the integral transform defined in (2.3). Then

Fruxv) = (Fpu) - (Frv), VYu,veSR).

Moreover, .7 ¢ satisfies property (ii) for n € N by (1.4). To prove (ii) for real positive orders of fractional
derivatives, we first need some remarks and lemmas.

Remark 2.4 The Gamma function I': C — R is defined in general on the half complex plane {z € C : Rez >
0} by

+00
I'(z):= /xz_le_xdx, Rez > 0.
0

The integral is indeed convergent at infinity for all z € C because of the factor e™*, and it is convergent for
0 < x < 1ifRez > 0, since |e *x*~ 1| < xRez—1,

We shall also need the following (see [7, (7.5)] or [3] for more details):
Lemma 2.5 Let 0 < Rez < 1 and a € C\ {0} with Rea > 0. Then

+00

f e dt = T (2)a 2. (2.5)

0

Let us now prove:
Lemma 2.6 If0 <n < 1 andu € (R), then for all ¢ € R with f (&) # 0, we have that
Fp(ILu)€) = (fEN" - (Fru)(®).

Proof Let us first express the Riemann-Liouville integral via a convolution product

Shu(x) = ﬁ /(x — 0" u(r)dr

+00
1 —
“Th) /(x — )" X0, 400) (x — Du(t)dt

_ ! ! t t 2.6
= m( X(0,+00) (1) % u(1)) (x), (2.6)

where x(0,+00)(f) is the characteristic function of the half-line (0, 4-00), that is

1, t>0

1) =
X(0,+00) (1) {O, ¢ <0.
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Let us now remark that to prove (1.3), we did not really need u, v € . (R). Property (i) holds also foru € . (R)
and v(r) = 1" (0, 400) (1) € 7/ (R). We thus obtain

1
Fr(IMU)(E) = ——F (1" %0, +00) () % u (1)) (§)

I'(n)
1 p—
- F(n)ng'(t" 1X(O,Jroo)(t))(<§) (Fru)(&)
1 +00
= nle-itf® g | (7,
~\ T ft e W | (T ).
0

We can now apply Lemma 2.5 with z = n € (0, 1) and a = i f (¢) (hence, Rea = 0) and obtain that
Fr(Iiu)E) = (f (&) " (Fru)).

O
Theorem 2.7 Letn € RT \ Nand u € .7 (R). Then, for all ¢ € R with f (&) # 0, we have that
F(DMu)E) = (if E)(Fru)(©).
Proof By Definition 1.1, Remark 1.4, and Lemma 2.6, for 0 < [n] —n < 1, we have that
F (D) E) = Fp( @M (s T uE) = GrEN™ - Fr (T eE)
= GfENMGFE)T(F ) E) = (f ) (Fru)(E).
O

From Remark 1.4 and Theorem 2.7, we finally have property (ii):
Corollary 2.8 Letn € RY and u € .#(R). Then, for all £ € R with f(£) # 0, we have that
Fp(Ziu)(€) = (i f )" (Fru)(§).
Let us now prove property (iii):

Theorem 2.9 Let f be as in Definition 2.1. Then, F ¢ admits a left inverse operator given by

+00
1 .
G =5 / V) fE)dE,  ve SR),

ie,Gr(Fru)=uforalue s R).

Proof Let us first remark that by the assumptions on f in Definition 2.1, the derivative f’(£) has polynomial
growth, and hence, v(§) f'(§) € L'(R) and G 7 is well defined, being f(§) real valued.
Moreover, .Z ru € 7 (R) for u € . (R) by Proposition 2.2 and, therefore, G ¢ (% ru) is also well defined

+o0 / 00
67 =5 [ | [ ueoet@ax ) @ e

By the assumption (2.2) on f, we have that f(§) — 400 for§ — 4ooand f(§) > —oofor&é — —oo0. It
follows that we can consider the change of variables y = f (&) and obtain:

| +00 / +00
Gy (Fru)x) = / u(x)e " dx | eVdy
ACH -

—00 (o)

| +00
T 2r / a(y)e*dy = u(x),
2
—00

by the inversion formula for the classical Fourier transform. O
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Let us now prove other useful properties of .#

Proposition 2.10 Letu € ./ (R) and h € R. Then, for all ¢ € R, we have that

(Fpu(x —)(E) = e MO (T ru(x)) ().

Proof By the change of variables s = x — h, we have

+00 o0
(Frux —m)(E) = / u(x — e Edx = / u(s)e IO ds = oM E (F 1) (8).

O
Proposition 2.11 Let u € . (R) and A > 0. Then, for all £¢ € R, we have that
1
(Fru(rx))(§) = X(ﬁf/w(X))(E)-
Proof By the change of variables s = Lx, we have
+00 | +00 |
)@ = [ uGne ™ Oar = [ e Ods = L(F0©).
—00 —00
O
Proposition 2.12 Let u € . (R) and n € N\ {0}. Then, for all ¢ € R, we have that
D" (Fpu(x))(€) = n! Zh(é)(gf(—iX)ku(X))(f),
k=1
where
901 £(&) Gk
e =+ Y 1€ ZIE), @.7)
. 1! Of -
o1+...0k=n
UjZl

Proof Since (Fru)(&) = (Fu)(f(§)) = (Fu) o f)(&), the proof follows from the analogous one for the
classical Fourier transform .%:

+00
DE(F pu)(E) = D /u(x)e Py = /u(x)@" O dx, (2.8)

—00

Note that we could differentiate under the integral sign, since u € ./ (R).
Let us now compute the nth derivative of the composite function e~*/ &) by means of the Faa di Bruno
formula

(@kw)(f(é)) 27 (&) TH[fE)

op! oy!

P"(po NHE) =

o1+...0k=n
O'_/'Zl

; = @ Springer
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with ¢(y) = e ™Y

@k —ixy

y=,© Z

I TS

@"(e—le(é)) —n! Z

k=1 k! o1+...0k=n 01! Uk!
szl
e—ixf(€) ZFE D fE
_”'Z( lx)k Z
o1 +...0k=n Ul! Gk!
(szl

n N 0] Ok
ey CE g IO A
’ k! o1! '
k=1 o1+...0k=n
oj>1

oy!
Substituting into (2.8), we get

+00
Qn(qu)(é) — Z Z 2° (&) o D% £ (&) M(X)(—ix)keiixf(é)dx

k! o1+.op=n (71! O’k!
oj=1 -
=n!y hE(Fr(—in) u(x))(E),
k=1
for h(&) defined as in (2.7). |

Remark 2.13 The assumptions considered in this section of rapidly decreasing functions « in the domain of
F ¢ for a function f with polynomial growth may be modified in such a way that all the integrals converge.

3 An example of application

In this section, we shall apply the results of Sect.?2 to solve a linear partial differential equation of fractional
order (similar to a diffusion-type fractional differential equation considered in [4, Sect. 5]), where the Riemann—
Liouville fractional derivatives and the Caputo fractional derivatives are involved. We shall work again in the
Schwartz class . for the sake of simplicity, but more general spaces may be considered.

Letus firstintroduce the Caputo fractional derivatives. These are related to the Riemann—Liouville fractional
integrals and derivatives on an interval [a, b] for n € R™

1 X
I f(x) = ) f(x —0)" Y fde,  x €la,bl,

2 f(x)=2M g (x),  x €la,b).

The Caputo fractional derivative of order n € R™ can be defined by (there are other equivalent formulations,
see [2, Thm. 3.1])

L f =g
If a = 0, we denote .9 = " and 7, = 7.
For a function of two variables u(x, t), we denote by Z¢ u(x, t) its Riemann-Liouville fractional deriva-

tive of order « € R on the half-line with respect to the x-variable and by 95 ,u(x, t) its Caputo fractional

derivative of order 8 € R™ (for a = 0) with respect to the z-variable.
Let us then consider the following fractional Cauchy problem, for , 8 € R*:

Qi,xu(x, 1) = @ﬁ,u(x, 1, xeR,t>0

u(x,0) = go(x) (3.1)
*u(x,0) _ _
T_gk(x), k=1,...,[B1—1,x€eR

@ Springer
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for giveng; € S (R),0 < j < [B] — 1.
To solve the Cauchy problem (3.1), we shall also make use of the Laplace operator, defined for u € . (R)
by

“+o0o
(ZLu)(s) == / u(t)e *'dt, seC, Res > 0.
0

We refer, for instance, to [1] or [8] for the Laplace transform on more general spaces of functions, or for further
details (the Laplace transform will be then defined for Res > «, where « is the abscissa of convergence and
depends on the function u). We recall here some basic properties of the Laplace transform. If u, v € ./ (R)
with support in [0, +-00), the convolution operator takes the form

t
(u*v)(t) = /u(r)v(t — 1)drt
0
and for all s € C with Res > 0

LW *xv)(s) = (ZLu)(s) - (Lv)(s). (3.2)

Moreover, the following relation between integer-order differentiation and Laplace transform is well known,
for all s € C with Res > 0 (cf. [1,8]):

n—1
(LP"u)(s) = s"(Lu)(s) = Y _ sFu"*D(0)
k=0

n—1
=s"(Lu)s) = Y " u®©0), neN (33)
k=0
A similar formula holds also for the Caputo fractional derivative (cf. [2])
Proposition 3.1 Letn € R and u € .7 (R). Then, for all s € C with Res > 0

n]-1
(LD (s) = s"(Lu)(s) = Y "1 FRu(0).
k=0

Proof From (2.6), (3.2), (2.5), and (3.3), we get forn € RT \ N
L(D"u)(s) = L7 Mgy (s)

1
=2 (—rf’”‘”‘] X(0,+00) (1) * 9“%0)) (s)

I([n] —n)
1
= mg(l r"-\—ﬂ—lx(o’-}-oo) (I))(s) . (g@[n]u)(s)
1 +00
=t | ] e ) (22
o (]
([n] —n) J

= s~ [MHn 2y (s)
fn]-1
=" sz - Y s )
k=0
fm]-1
=s"(Lu)(s) — Y " FRu0).
k=0
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We are now ready to solve the Cauchy problem (3.1). Assume that u € .#(R?) and choose any f as in
Definition 2.1, so that .7 ; satisfies all properties (i)—(iii) of Sect.2. Applying .7 to both sides of the given
equation, by Theorem 2.7, we have

G EN (T ru )E. 1) = DL (Fpu)E. ). (3.4)

Applying now the Laplace transform to both sides of (3.4), we have, for s € C with Res > 0

) (LT pu)E. 5) = L(TE(Fru)E. s)

[B1—1
=P L FruyE )= Y P GH T E, 0)
k=0
[B1-1
=P L FruyE ) - Y SFNTra0@)
k=0
by Proposition 3.1. Therefore
[B1-1 B—k—1
LT ) = Y o (Frg0) ). (3.5)
| =P —if @)
Here, we follow [4] (cf. also [2]) to invert the Laplace transform: the Mittag—Leffler function
+00 Zn
E = _ C, 0,6 eR
.8(2) ,,2:(:) N E)) zeC,y > €

is an entire function of z, related to the Laplace transform by
y—48

s
Y < 1.

(LAVE, s(7))(s) = ., ¥,8>0,%5eC, Res >0,

s

Substituting in (3.5) fory = 5,8 =k + 1,and A = (if(£))*, we have, forx € R and ¢z > O (cf. [1])

[B1-1
(FrE.0 =Y FEpi(f @)°1F) - (Frg0(©). (3.6)

k=0

Applying G 7 to both sides of (3.6), by Theorem 2.9, we finally obtain the solution of the Cauchy problem
(3.1)

p1—1  +®
1 .
ue,n=— > 1 f O f1E) Ep i1 ((f EN*1F)(Frer) (§)dE, 3.7)
k=0 _

forx e Randt > 0.

Example 3.2 Let us consider the fractional Cauchy problem (3.1) for @ = % and 8 = %

@_}_/iu(x, 1) = .@,:/tzu(x, ), xeR,t>0
: : (3.8)
u(x, 0) = go(x).
Note that [8] = 1, and from (3.7), we get the solution

+00

1 .
u(x, 1) = — / TOLGE) ()12 Fpg0))dé. (3.9)

—00

; = @ Springer
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Choosing f(£) = £3, we have that
Ey (Gf @)1 = By | (—ig /i) = e erfe(ig V), (3.10)

where erfc(z) is the complementary error function defined by

+00

erfc(z) = % / edr.
i

Z

Taking for instance
g(x) =e 72, G.11)

we have that go(§) = «/Zne_sz/z, and hence, .7 (g0)(§) = v/ 2716_%f2(§) =~ 2716_%56. Substituting it into
(3.9), together with (3.10), we finally get the solution

+o0o
u(x,t):\/% / £2ei76 =26 8 e (6. /1) dE. (3.12)

4 Conclusions

We have considered a very general fractional Fourier transform

+00

(Fru)E) = f u(x)e @y @.1)

—00
for any smooth real phase function f (&) with polynomial growth satisfying

J(&)
glg|e!

for some o > 0, and studied its properties useful for applications to fractional differential equations, such as its
left inverse transform or its behavior with respect to convolution, translations, dilatations, and the Riemann—
Liouville fractional derivatives and integrals.

This approach has the advantage of the large freedom in the choice of the phase function f (&), easily
adaptable to different problems. Example 3.2 shows that for a fractional differential equation as in (3.8)—
(3.11), the choice of f (&) = g3 gives rise to the solution (3.12) by a straightforward calculation.

Further developments could be achieved by looking for an integral transform similar to (4.1) suitable for
the Griinwald—Letnikov fractional derivative, in view of numerical approximations useful for applications.

— 400, as |&] — 400,
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