ON A CONNECTION BETWEEN POWERS OF OPERATORS AND
FRACTIONAL CAUCHY PROBLEMS

VALENTIN KEYANTUO AND CARLOS LIZAMA

ABSTRACT. Many phenomena in mathematical physics and in the theory of stochastic processes
are recently described through fractional evolution equations. We investigate a general framework
for connections between ordinary non homogeneous equations in Banach spaces and fractional
Cauchy problems. When the underlying operator generates a strongly continuous semigroup, it
is known, using a subordination argument, that the fractional evolution equation is well posed.
In this case, we provide an explicit form of the solution involving special functions, one example
being the Airy function.

1. INTRODUCTION

In the last years, many phenomena in physics and in the theory of stochastic processes lead
with derivatives of non-integer order. In this paper, we are concerned with the connection between
well- posedness of the following two evolution equations:

(1.1) v'(t) = Amo(t) +g(t), t>0,

and
D}/Mu(t) = Au(t), t>0,

(1.2) u(0) =z.

Here, A is a closed linear operator with domain D(A) defined in some Banach space X and n € N.
The question of interest is: under what conditions on the operator A and the X-valued function
g(+) do the initial value x problems (1.1) and (1.2) have the same unique solution?.

This close and somewhat unexpected relationship between equations (1.1) and (1.2) has ap-
peared recently in the literature. For example, in fluids dynamics by Kulish and Lage [12] in case
A =09/0x and n = 2 or, in case A = A and n = 2 in the context of stochastic processes by
Baeumer, Meerschaert and Nane [4]. Indeed, the connections of iterated Brownian motion and
the bi-Laplacian have been found by Allouba and Zheng [1] and by DeBlassie [8]. Then Baeumer,
Meerschaert and Nane [4] proved that when A is the generator of a certain semigroup associated
to a Markov process, then the initial value problems (1.1) and (1.2) have the same unique solution
with n = 2 and n = 3 respectively (cf.[4, Theorems 3.6 and 3.9]).

Our main results show that the above connection between time and space for partial differential
equations, observed in [4] and [12] (see also [1, 2, 8] and [15]), is valid when A is the generator of
an arbitrary Cp-semigroup defined on a Banach space X, and more generally when A generates an
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a—resolvent family with v =  (see Definition 2.5). Note that, if A is a nonnegative self-adjoint
operator on a Hilbert space, then one cannot apply semigroup theory directly to solve problem
(2.9). However, our results allows us to construct a solution.

In the case n = 2 we are able to extend, and hence recover in Corollary 2.12, the main result in [4,
Theorem 3.1] (cf.also Theorem 0.1 in [1]) and, in passing, we generalize to the abstract setting the
conditions that the initial data must satisfy in order that the equations to have a strong solution.
This fact in the case of A2 = A2, the bi-Laplacian, has been analyzed and justified in [15, Lemma
3.1 and Lemma 3.3], after previous work of Allouba [2]. We show in this paper that the condition
f € D(A) on the initial data is, in fact, a consequence of better regularity of the semigroup in case

e.g. of A=A, the Laplacian. The general result reads as follows.

Theorem 1.1. Assume that A generates an analytic semigroup T(t) on X. For f € D(A), the
function

(1.3) u(t) = \/% /OQ e‘s2/4tT(s)fds, t>0.

mt Jo
solves the problems

V(t) = AP(t)+ o=Af, t>0
4 Lo -
and
D Pu(t) = Au(t), t>0

4o VP g

In addition, we will give an explicit formula for the solution of equations (1.1)-(1.2) in case
n = 3 which involves the Airy function instead of the Gaussian function in (1.3). Airy functions
commonly appear in physics, especially in optics and quantum mechanics. Our approach allows
one to solve for example the evolution equation involving the operator A which can be an arbitrary
variable coefficient second order differential operator with boundary conditions.

In particular, our analysis will show that the fractional Cauchy problem (1.2) shows a oscillatory
behavior, in the temporal variable, between a dispersive and a diffusive equation, depending on
the parity of n. This qualitative property of fractional partial differential equations seems to be
new.

The paper is organized as follows: We consider the cases n = 2 and n = 3 in Section 2. There, we
first use Laplace transform and then subordination arguments. The general case is presented in the
last section. In our main general theorem, namely Theorem 3.3, we prove that when the operator
A generates a strongly continuous semigroup in X, then one obtains the solution of (1.2) by solving

n—1 k_1q
tn,
problem (1.1) with g(¢) = E I‘(k)Akf, where f € D(A") and I'(+) is the Euler gamma function.
k=1 n
Comparing the cases n = 2,3... we observe that a smaller fractional differentiation exponent

increases the number of free constants in the ordinary differential equation. This phenomena
is related with the lack of commutativity and the non-validity of the law of exponents for the
fractional derivative.

In order to prove Theorem 3.3 we first consider in Proposition 3.1 an auxiliary ordinary differ-
ential equation related to the Wright functions, which can be of own interest. In Section 2, we
consider the cases n = 2 and n = 3 while the general case is studied and stated in Section 3.

2. THE CASES n =2 AND n = 3

There are various concepts of fractional derivatives connected with diverse areas of mathematics
and the mathematical sciences. These notions are connected with several mathematicians, among
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them Liouville, Riemann, Weyl, Griinwald, Caputo and many others. In this paper, we deal with
the Caputo fractional derivative, defined as

1 ol (r

(2.1) Diu(t) = T —a) /0 G _(T))adr, 0<ax<l,

whenever u € C*(Ry, X). In (2.1), T is the Euler gamma function. One of the main advantages
of the Caputo fractional derivative is that initial conditions are expressed in terms of initial values
of integer order derivatives. As a consequence, the Caputo fractional derivative appears more
suitable to be treated by the Laplace transform technique in that it requires the knowledge of the
initial values of the function and of its integer order derivatives. We have the following rule for the
Laplace transform (see [5, p.12] and the references therein)

(2.2) Deu(N) = A%0(A) — A* 'u(0), ReA>0, 0<a<l.

Actually, the Caputo fractional D¢ derivative can be defined for « in the range (0, o). We will
restrict our considerations to the case « € (0, 1).
The entire function

Sk

Zm >_17ZE(C7

(2.3) o(p, 3; 2)

was introduced for the first time in the case p > 0 by Wright in [19] in connection with his
investigations in the asymptotic theory of partitions.

The important special case of the Wright function, namely, the functions ®,(z) := ¢(—a,1 —
a,—z) in the case 0 < a < 1 has been considered in detail in [11] (where is denoted M (z;«)
and called the Mainardi function). For o = 1/m with an integer m > 2, these functions can be
expressed as a sum of (m — 1) simpler entire functions as follows:

m—1

1
(2.4) Dy (t) = = F ) sin( )F(t, n,m),

i

n=1
with
e + k) tmk}+n—1

2.5 t k(m+1) (nl .
(25) n,m) k;) T(Z) (mk+n—1)

Moreover, for 0 < v < 1, ®,(¢) is a probability density function, i.e. it satisfies
(2.6) o, (t) >0, t>0; / O, (t)dt = 1.
0

In the simplest cases m = 2 and m = 3 it was shown (see [11] and the references therein) that

1 2
él/g(t) = ]\4(257 1/2) = ﬁe_z /4,

Lz
Dyy5(t) = M(2;1/3) = 32/3142(@)
where Ai(z) is the the Airy function.

We give the definition of the solution operator for the general class of equations to be considered
in this paper. Let A and B be closed and linear operators in the Banach space X and 0 < o < 1.
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We consider the equations:

(2.7) {D?U(t) = Au(t), t >0

u(0) =

and

<

'(t) = Bo(t)+g(t), t >0
(28) {U(O) =z.

Definition 2.1. (1) A function u(-) is a solution of (2.7) if u(-) is continuous on [0, 00), con-
tinuously differentiable on (0, co) with u(t) € D(A) for allt > 0 and (2.7) is satisfied.

(2) A function v(-) is a solution of (2.8) if v(-) is continuous on [0, 00), continuously differ-
entiable on (0, 00) with v(t) € D(B) for allt > 0 and (2.8) is satisfied.

The notion of exponentially bounded solution is defined in a standard way. In some cases we
consider solutions obtained using subordination arguments. In these situations, the solution will
actually be analytic.

Let X4 C C denote the open sector

Yo ={AeC\{0}:|arg )| < ¢}.

For a closed linear operator B we denote by p(B) and ran(B) the resolvent set and the range of B
respectively.

Theorem 2.2. Let X be a Banach space and A a closed linear operator on X. Suppose ¥, /5 C
p(A2%). For f € D(A), the problems

(2.9) {r

A%y(t) + ﬁAf, t>0

v(0) = f
and
D}Pu(t) = Au(t), t>0
(210) R

have both a same exponentially bounded solution.

Proof. Let u be an exponentially bounded solution of (2.10), say, with ||u(t)|| < Me*“** for allt > 0
where w; > 0. Then the Laplace transform a(\) exists for all ReA > w;. Taking Laplace transform
to (2.10) we obtain using (2.2)

(2.11) (A2 — Aya(N) = A"V f

for all ReA > w;. Since f € D(A) we can apply (A\'/2 + A) to the above equation and obtain
(2.12) (A= A%)a(\) = ATV2W2+ A)f = [+ M2AS,

for all ReA > wy. Since X, /5 C p(A?) we conclude that

(2.13) a(\) = (A — AHTHIT + A\V2A)

for all Rel > w. Let v be now an exponentially bounded solution of (2.9), with ||v(¢)|] < Me~2!
for all £ > 0 where wy > 0. Taking Laplace transform we get

(2.14) (A= A%)5(\) = f+ A\Y2Af,  Rel > ws.

It follows that @(\) = 9(A) for ReA > w := max{w;, wa} and hence v = v by uniqueness of the
Laplace transform. This shows that if u solves (2.10) then u solves (2.9).
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Conversely, from (2.14) and since X, /5 C p(A?) we obtain
A2 =)o) = A2 =A)A=A) T+ AN2A)f

= AVZ(A—AY)THf 4 (A - A%) LAY
— AN = AT S N2AN - AN TLAS

)\1/2(/\_142)71.]0_/\1/2A2(>\_A2)71f

where we have used the fact that A commutes with (A — A2)~! on D(A). Then, multiplying by
A~1/2 the identity I = A(A — A%)~1 — A%2(\ — A%)~! we get that

(A2 — A)p(A) = A2,

for all ReX large enough. We conclude that if v solves (2.9) then v solves (2.10). This proves the
theorem.
]

Ezample 2.3. (1) Suppose B generates a strongly continuous group (U(t)) in X. Then A = B>
generates a strongly continuous analytic semigroup (and in fact a cosine function) (T(t)).
This semigroup is given through the abstract Weierstrass formula (see e.g. [3, Corollary
3.7.15]). Then (2.9) can be solved through the variation of constant formula:
t

v(t) :T(t)f+/0 T(t—s)Af\;i%7 t>0.

(2) Take for A a megative self adjoint operator on a Hilbert space H, so that A generates a
holomorphic semigroup of angle 5. Then A? is not the generator of a strongly continuous
semigroup on H unless A is bounded. Therefore, the solution to equation (2.9) cannot
be obtained by semigroup arguments. Moreover, although the H—wvalued function g(t) =
\/%Af belongs to L, (0, co; H), it does not belong to L7 (0, oo; H) if p > 2.

loc loc

The assumption of Theorem 2.2 can be weakened considerably. This reformulation is important
for the application to the concrete problems presented in Section 1. In particular, we will be able
to apply the result to the case where A is the generator of a strongly continuous semigroup on
X and more generally when A generates an a—resolvent family with a = % For instance, if A is
a nonnegative self-adjoint operator on a Hilbert space, then one cannot apply semigroup theory
directly to solve problem (2.9). However, the result below allows us to construct a solution, the
uniqueness of which is then guaranteed by the well-posedness of (2.10).

Theorem 2.4. Suppose S = p(A%) N Yx/2 has a limit point in X, /5. For f € D(A), the problems
(2.9) and (2.10) have both the same exponentially bounded strong solution.

Proof. Without loss of generality, we may assume that the solutions u and v satisfy ||u(t)||+||v(t)]| <
Me*t t >0 where M > 1 and w > 0. In fact, if u is a solution of (2.9), then proceeding as in the
preceding proof, we obtain

(2.15) a(N) = (A — AH)THIT + A\V2A)
for all A € S. Similarly, we get that the solution v of (2.9) satisfies
(2.16) B(A) = (A= AL T +A124)f,

for all A € S. Therefore, the two functions @(A\) and ¥(\) which are analytic on {\, ReX > w},
coincide for A € S. Since S has a limit point in X /5, it follows that the two functions must coincide
for ReA > w.



6 VALENTIN KEYANTUO AND CARLOS LIZAMA

The converse assertion is handled in a similar manner.
O

Applying functional analytical methods the solvability of the problem (2.7), by means of the
properties of solution operator families, was systematically investigated in [5]. This operator
theoretical framework will be very important for our purposes.

Definition 2.5. Let A be a closed linear operator with domain D(A) defined on a Banach space
X and a > 0. We call A the generator of an a-resolvent family if there exists w > 0 and a strongly
continuous function Sy : Ry — B(X) such that {\* : ReA > w} C p(A) and

(o)
XTI\ —A) Ty = / e NS, (t)xdt, Rel>w, z¢€X.
0

In this case, S, (t) is called the a-resolvent family generated by A.

Because of the uniqueness of the Laplace transform, a 1-resolvent family is the same as a Cy-
semigroup whereas a 2-resolvent family corresponds to the concept of cosine family. The concept
of a-resolvent family was explicitly introduced by Bazhlekova [5]. It was already implicitly present
in the paper [13] and in the monograph [18].

As in the situation of Cy-semigroups we have various relations between an a-resolvent family
and its generator. We denote

t>0, [B>0.

For convenience, we may set gy = g, the Dirac measure concentrated at the origin. The following
result is a direct consequence of [13, Proposition 3.1 and Lemma 2.2].

Proposition 2.6. Let 0 < a < 2 and let S, (t) be an a-resolvent family on X with generator A.
Then the following holds:

(a) So(t)D(A) C D(A) and ASy(t)x = Sa(t)Azx for all x € D(A),t > 0;
(b) Let x € D(A) and t > 0. Then

(2.17) Sat)z =2+ /0 go(t — 8)ASy(s)xds.

t
(¢c) Let x € X and t > 0. Then / ga(t — 8)Su(s)zds € D(A) and
0

¢
So(t)r =z + A/ Jo(t — 5)Sa(s)xds.
0
In particular, So(0) = 1.
Assume that A is the generator of a 1/2-resolvent family S;/5(¢). Then (2.11) shows that
(2.18) u(t) = S12(t) f

is the unique solution of (2.10) for f € D(A) (see also [5, p.20] or [18]), but not at first glance
of (2.9) or by using e.g. Theorem 2.2, since the condition ¥/, C p(A?) may not be satisfied.
However, we are able to prove the following result.



WELL-POSEDNESS 7

Theorem 2.7. Assume that A generates a 1/2- resolvent family Sy/5(t) on X. For f € D(A?),
the function

ult) = Sua0)f, >0
solves the problems (2.9) and (2.10).

Proof. We know that for all 2 € D(A), the function u(t) = Sj,2(t)z solves (2.9), and that is
satisfies

t
(2.19) D28, 1 (t)a :/ 61/2(5)S5(t — 5)ads = AS, p(t)z, >0
0
for all € D(A). Hence, for f € D(A?) we have ASy5(t)f = S1/2(t)Af € D(A) and
(2:20) A28y o(t)f = ASyya(t)AS.
Using (2.19) with 2 = Af we obtain
(2.21) A28y () f = D> S1 2 (D) AF.
On the other hand, by Proposition 2.6,
t
(2.22) Sippt)f=f +/ 91/2(8)S12(t — s)Afds,
0
and hence
DS = S, f

= 91/2(t)51/2(0)Af+/0 91/2(5)Sy ot — 5)Afds

(2.23) t ,
= gi2(t)Af + / g1/2(s)Sl/2(t —s)Afds
0
- L f+ A28 a(t) f
- \/H 1/2 )
where in the last equality we have used (2.42). The proof is complete. O
Remark 2.8.

1) Ezamples of operators generating 1/2-resolvent families but not generating a Cy-semigroup are
given in [5].

2) Observe that we cannot proceed beyond the case n = 2 with the above argument, because S, (t)
with o € (0,1) 4s not differentiable at t = 0%, and hence the proof in case n > 3 breaks down in
the analog part of the step (2.23).

3) We note that, in contrast with the case of equation (2.10), in general the solutions of the equation
(2.9) are not necessarily unique. An example is given in [4].

In order to obtain an explicit representation of the solution, we note that by the subordination
principle for a-resolvent families ([5, Theorem 3.1] or [18, Theorem 4.2 and Corollary 4.5]), we
have: If A is the generator of a B-resolvent family Sz(t), then A is the generator of a a-resolvent
family S, (t) for all 0 < a < 8 < 2 and the following representation holds

(2.24) Sa(t)x = /0 t_a/ﬁcl)a/ﬁ(st_“/ﬂ)Sg(s)xds, zeX, t>0.
In particular, if A is the generator of a Cyp-semigroup T'(t), we have

(2.25) 51/2(t)x:/ t7YV20, o (st V)T (s)ads, x€ X, t>0.
0
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Recall that @ /o(st~1/2) = #6_52/“. We conclude that

1 2
2.26 S tm:—/ e /M(s)ads, xe X, t>0.
( ) 1/2() \/ﬁ 0 ()

The previous observations give an immediate consequence of the above theorem that we state in
the following result.

Theorem 2.9. Assume that A generates a Co-semigroup T(t) on X. For f € D(A?), the function

1 o0
(2.27) u(t) = ﬁ/ e~ /T (s) fds, t> 0.
0
solves the problems (2.9) and (2.10).

Proof. We give an alternative proof. Is clear that (2.27) solves (2.10). It remains to show that the
function u(-) solves (2.9). Define ¢(t,s) = \/%6_82/‘“ and note that Zq(t,s) = g—;q(t,s). Then
we can proceed as in [1] (see also [4, Remark 3.5]): Using integration by parts we obtain

0 <0
GSaf = [ St
00 2
_ /0 %q(t,s)T(s)fds

0

— ) T+ [ 5T ot s)ds.

ds?
Since f € D(A?) we have %T(s)f = A?T(s)f and therefore

a o0
S0 = at0AT+ [ ATt 5)ds
0
= \/%Af‘*‘AQSlm(t)f»
where the last step is justified because the operator A is closed.
|
Remark 2.10. Note that the Riemann Liouville fractional derivative has the property that % =

\/%, so that in certain sense the fractional derivative is present in the formula of (2.27).

Remark 2.11. Let L, be the generator of a continuous Markov semigroup T (t)f(x) = E.[f(X:)]
and take f € D(L2), the domain of the generator, then we recover [4, Theorem 3.1] (see also
[15, Theorem 2.1]). However, note that in [4] the condition f € D(L,) instead of f € D(L2) is
assumed. This fact in the case of the bi-Laplacian has been analyzed and justified in [15, Lemma
3.1 and Lemma 3.3], after previous work of Allouba [2]. We remark here that such situation is, in
fact, a consequence of better reqularity of the semigroup in case e.g. of the Laplacian. We clarify
the situation in what follows.

We note that if A generates a strongly continuous semigroup T'(¢) such that
(2.28) ran(T(t)) C D(A) for all t > 0,

then the map t — T'(t)f € X is infinitely often differentiable for all ¢ > 0 and f € X and we have
(cf. [9, p.104)):

(2.29) T(t)f € D(A")
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and

dk
(2.30) AMT()f = ST,

for all f € X, k € N and ¢t > 0. Hence, we obtain the following important result, corresponding to
Theorem 1.1 given in the introduction.

Corollary 2.12. Assume that A generates an analytic semigroup T(t) on a Banach space X. For
f € D(A), the function in (2.27) solves the problems (2.9) and (2.10).

Proof. By [5, Theorem 3.3] the solution operator Sy ,5(t), obtained by subordination of the semi-
group T'(t) and given in (2.26), admits an analytic extension to the sector ¥ ,,. Hence by [5,
Proposition 2.15], Sy /5(t) enjoys the following regularity

(2.31) Sy2(t)x € D(A) for all z € X.

As a consequence we have by Proposition 2.6,

(2.32) ASy/o(t)f = S12(t)Af € D(A) for f € D(A).
Hence, for f € D(A)

(239 481 3(0)f = AS:a(0A] = 4 | [T(6)ASlatt5)ds.

Note that for an analytic semigroup on a Banach space X one always has that ran(T(t)) C
D(A),t > 0 (see e.g. [9, Theorem 4.6]) implying that (2.29) and (2.30) holds. In particular,
T(s)Af € D(A), s > 0 and since A is closed, we obtain

(2.34) A%S () f = /OOo A[T(s)Af]q(t,s)ds, t > 0.

Finally, since AT(s)Af = A?T(s)f we obtain the assertion from (2.34), using (2.30) and following
the alternative proof of Theorem 2.9.
O

Remark 2.13. We note that we cannot go further the case n = 2 with the argument of the proof of
Corollary 2.12 because, in contrast to analytic semigroups, we cannot proceed beyond the regularity
(2.81) in case of a-resolvent families. This lack of regularity has been observed in [5] and proved
in [18, Theorem 2.2(iii)] in the context of evolutionary integral Volterra equations.

Example 2.14. Consider in X = LP(RY), 1 < p < oo the diffusion semigroup:

(2.35) T(t)f(z) = (47Tt)N/2/ e~le=sP /4t p(9)ds, >0,z eRY, feX.
]RN

~N/2,

By putting pi(x) = (4mt) ~|21*/4t this can be written as

(2.36) T()f(x) = pe* f(x)

It is well known that T'(t) is a bounded analytic semigroup with generator A. Hence, for f € D(A)
the function

1 oo
(2.37) u(t,x) = \/7Tt/() 6782/4tT(5)f(1‘)d5, t>0.
solves simultaneously the partial differential equation
(2.38) { Lo(t,x) = A%(tz)+ \/%Af(x), t>0
v(0,2) = f(z)
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and the fractional partial differential equation

{;?;Ciuw) = Ault,z), t>0
u(0,z) = f(x)

Ezample 2.15. Suppose that X (t) = x + Xo(t) where Xo(t) is a Lévy process starting at zero. If
L, is the generator in [4, (2.8)] of the semigroup T(t)f(x) = E.[f(X:)] on L'(R?), then L, is the
generator of a bounded analytic semigroup, because T (t) is obtained by subordination of another
semigroup (compare [4, formula (2.7)] and [6, formula (2)]). Hence, by Corollary 2.12, for any
f € D(L;) we recover [4, Theorem 3.6].

(2.39)

Ezxample 2.16. In fluids dynamics, the momentum equation for a one-dimensional time-dependent
viscous-diffusion problem of a semi-infinite fluid bounded by a flat plate, is
OF (z,t) O?F (z,t)

(2.40) o =V

(see Kulish and Lage [12]). Here one assumes constant and uniform viscosity and neglects con-
vective media (advection). The function F(x,t) is the fluid vorticity, or the fluid velocity in case
of negligible pressure effect, t is the time, v is the fluid kinematic viscosity and x is the spacial
coordinate normal to, and with origin at, the plate. It is also assumed that the fluid is initially at
equilibrium, so that F(x,t < 0) = Fy, with Fy being a constant value. Using the properties of the
fractional calculus, in [12] it was observed that equation (2.40) can be rewritten as

OV2F(x,t) OF (z,t)
—1/2 ’ _ —1/2 _ ’
! T A i e

where %1//22 indicates the Riemann-Liouville half derivative. Therefore, the viscous-diffusion equa-
tion (2.40), which is a classical partial differential equation of first order in time and second order
in space, is transformed into a partial differential equation of fractional order order in time and
first order in the space variable. This transformation is general and not restricted by any additional
assumptions on the physics of the process in question.

We observe that (2.40) and (2.41) can be written as

(2.41)

F(x,t
(2.42) OF@t) _ y2piy )
ot
and
OV2F(x,t) 1
) _ — /2
(2.43) i = (mt) "/ Fy + A F(x,t).
respectively, where Ay := —01/22 is the generator of a translation Cy-semigroup. As remarked,

%//22 is the Riemann-Liowville fractional derivative instead of the Caputo fractional derivative

considered in this paper. However, both fractional derivatives of a function g are in general related
by the formula:

31/2 1/2
W(g(t) —9(0)) = D, "g(t),
or, since %1 = \/%, we obtain in our case
81/2F(f£,t) 1 1/2
W-F(Sﬁ,o)ﬁ:l)t F(l’,t),

where F(x,0) = Fy. Hence (2.43) is equivalent, in terms of the Caputo fractional derivative to
(2.44) D}?F(2,t) = A F(x,1),
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with F(x,0) = Fy. In particular it shows that A, F(xz,0) = 0. Consequently, (2.42) is equivalent to

OF (x,t)

1
A F(z,0).
< SF(2,0)

(2.45) 7=

= A2F(x,t) +

Therefore Theorem 2.9 applies in this case, recovering the results in [12].
Concerning the case n = 3, we prove:

Theorem 2.17. Assume that A generates a Co-semigroup T(t) on X. For f € D(A3), the function

(2.46) u(t) = % /0 " Ai(s) V)T () fds, ¢ >0,

where Ai(x) denotes the Airy function, solves the problems

) +—2/3 +—1/3 )
(2.47) u((é; i A3u(t)+r(1/3)Af+F(2/3)Af
and
D3u(t) = Au(t)
(2.48) { w0) = f

Proof. Since A is the generator of a Cy-semigroup, by the subordination principle A is the generator
of a 1/3-resolvent family given by

(2.49) Sl/g(t)f:/OOOt_l/3<I>1/3(st_1/3)T(s)fds, fex

and is clear that u(t) = Sy/3(t)f solves (2.48). We know that ®,/5(t) = ¢(—1/3,2/3,~t) =
32/3 Ai(t/3'/3) (see [11, p.10]). In particular, Y 5(1) = 1t®; /5(t). Denote p(s, t) = t~1/3®, ;5(st=1/3).

Using the fact that the Airy function satisfies the differential equation y”(z) — zy(z) = 0, we
deduce that

ap(s,t) _ pls,t)

ot 0s3
4—1/3 " +—2/3 2,00 ¢
We note also that p(0,t) = T2/3)’ Gpg: ) = “T/3) an 9 gg’ ) = 0. This, together with

the fact that e**p(s,t) — 0, e“""’% — 0 and e‘“% — 0 as s — oo for every w € R (cf. [16,



12 VALENTIN KEYANTUO AND CARLOS LIZAMA

p.288-289] or [19]) and using integration by parts, we obtain

0

<9
&51/3(75)]0 = /0 ap(s,t)T(s)fds

= 7/0 @p(s,t)T(s)fds

82
~ 52!

(5, 0T () I + 2ol DAT() 1|7 = pls, AT () |
o0 63

[ 5T lp(s. s

9? o -
= —5aP0.DAf = —-p(0. ) Af +p(0,) A% + /0 AP[T(s) flp(s, t)ds
1—2/3 +—1/3

B F(1/3)Aer I'(2/3)

AP+ A28, () f,

Remark 2.18. 1. Note that for the Riemann-Liouville fractional derivative we have o1 _ til/g)

ati/s — T(2/3
92/31 _ ¢—2/3
and 3575 = 173y
2. As remarked in the introduction, comparing the cases n = 2 and n = 3 we observe that a
smaller fractional differentiation exponent increases the number of free constants in the ordinary
differential equation. This phenomena is related with the lack of commutativity and the non-validity

of the law of exponents for the fractional derivative, i.e. in general D?Df # DED?.

Ezample 2.19. Suppose that X (t) = x + Xo(t) where Xo(t) is a Lévy process starting at zero. If
L, is the generator in [4, (2.8)] of the semigroup T(t)f(x) = E.[f(X;)] on L*(R?) then, for any
f € D(L32), we recover [4, Theorem 3.9].

We observe that in [4] no explicit formula, like (2.46) in terms of the Airy function, was given.

3. THE GENERAL CASE

In this section we clarify the role played by the different actors in the previous results. In order
to do this, the following result is fundamental.

Proposition 3.1. For all m = 2,3, ..., the ordinary differential equation

3.1 FD() = (=)™ (1),

with initial conditions

_ /)R-l
(3.2) FE=D(0) = (F(l\%, k=1,2,...m—1

has the unique solution
(3:3) F8) = @4t /).

Proof. Let m > 2 be fixed. By simplicity of the notation, we define
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then a direct calculation, and also using the fact that ﬁ =0, gives

(3.4) y*F(0) = ﬂ, k=1,2.m—1, y™Y(0)=0.
P -
Then we obtain
m _1)k71)\m7k
AM1y(0) + A2y (0) + ... +ymTD(0) = (
O+ N O) O = 3
B m—1 (_l)m—p—l)\p
2 (D)
m—1
m— (_1)k)‘k
= (=" Z Ky
= TGa)
and, since I'(£ +1) = ED(£) we get
(3.5)
m—1 (_l)k)\k
ATGA) = A"y (0) = A2y (0) — =y T(0) = ATH(A) + (—1)"™ K
k=1 F(E)
I G i W GOV
= )"ny()‘)+ 3
= 1+ 7)

On the other hand, we note that

is the Mittag-Leffler function (see e.g. [5]). Then

ok
NGOy =Y A

and

Hence, combining with (3.5), we obtain

(D)™ & k(=A)F
(m) -
(3.6) ym) m ; r1+£)

13

From the above, by uniqueness of the Laplace transform, and taking into account the fact that

y™m=1D(0) = 0, we get that y(t) satisfy the equation

(5) st = CI )
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Now, define

(3.8) ft) = y(t ¥/m).
Then f(t) satisfies
m _1\ym+1
Fm00) = e i) = S ) = (1)),
and
k1) = K -1 gy WM
FE=10) = Wyk Y(0) = - L) kE=1,2,..

Remark 3.2. In case m = 2 the equation
f1@) =tf(t)
with initial condition f(0) = ﬁ = ﬁ has the solution f(t) = %e‘trzm which, in this case, can

be calculated directly. In particular, we get ®q/5(t) = f(t/V2) = L e=t*/4 45 established in the
previous section.
In case m = 3 the equation is

(3.9) fI(E) = tf(t) =0

Equation (3.9) is known as the Airy equation or the Stokes equation. This is the simplest second-
order linear differential equation with a turning point (a point where the character of the solutions
changes from oscillatory to exponential). With the initial conditions f(0) = % and f'(0) =
—%, equation (3.9) has the solution f(t) = 3*/3Ai(t) = ®1/3(tV/3), where Ai(x) denotes the
Airy function.

The general case appears to be studied only very recently in the literature (cf. [10] where our
equations (3.1), except by the term (—1)™*1 is called a higher order Airy equation). As proved in
[10], equations (3.1) are linked, by the Cole-Hopf transformation, to certain nonlinear differential
equations that, in case of the Airy function, corresponds to a equation of Riccati type.

Our main result is the following.

Theorem 3.3. Let m > 2 be fized. Assume that A generates a Cy-semigroup T(t) on X. For
f € D(A™), the function

(3.10) u(t) = Tl/z/ooo By j(s) VOT(s)fds, t> 0.

solves the problems

DY™Mut) = Au(t)
(3.11) { wo) = f.
and
/ m — t%il
(3.12) u'(t) = A™u(t) + ]; F(%)Akf
u(0) = f

Proof. Define
(3.13) p(s,t) = t7mPy ), (st™H™).
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Since A is the generator of a Cy-semigroup, by the subordination principle A is the generator of a
1/m-resolvent family given by

(3.14) Simt)f = / (s,)T'(s)fds, feX
and is clear that u(t) = S/ (t)f solves (3.11). To prove that solves (3.12) we observe that
ak _ k41 k m
(3.15) SaP(st) =t el (st7Um), k=12,..m
and
0 e
(3.16) (1) 5p(5,8) = ———[@aym (st™1/™) + 571Dy (571/7)].

By Proposition 3.1 we have ®;,,,(v) = f(v/ §/m) where f is the solution of equation (3.1). In
consequence, we have

m m _1 m—+1
B0 = et ] i) = Sy )+ g ) )
(3.17)
— ﬂ[@ (v) + o ()]
= = 1/m (V) + 0@y, (v)].
We conclude that
am m—+1 8 m 6
(315) bl t) = ()™ (1) S, 1) = (~1)™ (s, 1),
Using the above relation in (3.14) and integration by parts, we obtain
0 <9
’ _ Y _ v
WO = GSmOf = [ ST
w [Z
= (=1 /0 &S—mp(s,t)T(s)fds
(3.19)
m om—
m—+k— k—
= 2 U e 0TSy
+ /OO (s,t) o T(s)fds
0 pis; Os™ !
v (3.15) and (3.4) we have
6k—1 k/m (k—1) —k/m( 1)k—1
and .
aTmp(O’t) — t—(1+1/m)q>§7121(0) —0.
On the other hand, by (3.15)
ok ki1 5 st=t/m
3.20 = — ¢tk (g1/my = (k)
( ) 8skp(s’t) t (pl/m(St ) (W)kf ( W)
where f is defined in (3.8) and satisfies (3.1). Therefore
ok =5 st=l/m gp=1/m =5
3.21 — = k _ 1Yk 4—1/m —1/m
(320 Fp(st) = Fmr (D = () = e (S st (st
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By the asymptotic expansion of the function ®,(v) in case 0 < v < 1, (cf. [5, p.14], [11, Theorem
2.1.3] or [19]), we have for v > 0

M-1
(3.22) D, (v) =Y 1/2e7YY Z ALY POV} as Y — oo
k=0
with Y = (1 —7)(y v)l/(l ", where Ay, are certain real numbers. In the particular case v =1/m

we have Y,,, = m=L(L)l/(m=1) y v7-T, where 1 < - < 2. We deduce that e“*®;,,(v) — 0 as
v — oo for all w € R. Hence, by (3.21) we get

m—k

(s,)T* D (s)f = 0

l -
Jim 2P

for all 1 < k < m. Using the above facts in (3.19), we obtain

m m—k 0o
u'(t) = Z m+k =p(0, 1) AR~ 1f+/0 p(s,t)A™T(s) fds
— - m ktT_ _1\ym—k pgk—1 m >~ s s s
- kz::l( 1) " F(k:ml)( ]‘) A f+A /0 p( 7t)T( )fd

(3.23)

- ZQF(”;)A’@ f+Am / p(s,t)T(s)fds

3

—1 %_1
— ( AR f o+ A™u(t),
1

~

>

Il
—

3=

proving the theorem.

Remark 3.4. In passing, we note that we have proved the following identity

m

(3.24) bl t) = (1)

which is the key in the argument of the previous theorem. Note that a similar relation has been
observed in [15, Lemma 3.2 and Lemma 4.3]. Performing the Ansatz:

p(z,t),

(3.25) p(x,t) = ethzew®?

where w(k) is the dispersion relation, we obtain w(k) = k™ if m is odd and w(k) = —k™ if m
is even. Hence (3.24) changes the behavior between a dispersive equation in case m is odd and
a diffusive equation in case m is even. Note that (3.24) corresponds to the heat equation in case
m = 2 and to the homogeneous Airy equation in case m = 3. Observe that the last is the linear
part of many KdV equations.

Since

u(t) = Sim(t)f = / (s,6)T'(s)fds,

solves (3.11) (and (3.12)) we note that, in terms of the temporal variable, equation (3.11) oscillate
between a diffusive and dispersive behavior when the fractional exponent 1/m changes between m
odd and m even.
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Remark 3.5. We have in (3.17) established the identity

_1\ym+1 ,
(3.26) o o) = "V 0, ) 400, 0)

This formula appears to be new for the Mainardi functions of rational order.

Remark 3.6. From our results and those in [10], we can deduce explicit representation of the
functions <I>1/m(x), for some numbers m > 3, in terms of the improper integral

L[~ e +at)dt, k N
— — t)dt .
77/0 cos(k(m) xt)dt, k(m) e
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