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Abstract. The goal of this work is to introduce the two-parameter conformable fractional semigroups
and provide a definition of its infinitesimal generator. For such generators, we develop multiple results.
In addition, we show that the two-parameter conformable fractional semigroups provide a solution for
two-parameter conformable fractional abstract Cauchy problems.

1. Introduction

Fractional differential equations are well known for their importance in the exploration of many phe-
nomena and processes in various branches of science such as physics, chemistry, control systems, electro-
dynamics and aerodynamics (see [7],[8],[12],[13],[14],[17] and [20]). For more history on fractional calculus
and recent developments we refer to [15], [16] and [18].

In [11], Khalil introduced a derivative called the conformable fractional derivative, which is a natural
extension of the classical derivative. It is defined as follows:

Given a function f : [0,+∞[→ R. Then the conformable fractional derivative of order α ∈ ]0, 1] at t > 0
(abbreviated α-derivative) is defined by

Tα
(

f
)

(t) = lim
ε→0

f
(
t + εt1−α

)
− f (t)

ε
.

If this limit exists, then the function f is called α-differentiable at t. If f is α-differentiable in some ]0, b[
where b > 0 and the limit lim

t→0+
Tα

(
f
)

(t) exists, then theα-derivative at 0 is defined as Tα
(

f
)

(0) = lim
t→0+

Tα
(

f
)

(t).

This topic has sparked a lot of debate in the scientific community, and a lot of research papers (see
[1],[16]).

In [2], Abdeljawad, Al Horani and Khalil introduced a one-parameter semigroup called the conformable
fractional semigroup (abbreviated α-semigroup) associated with the α-derivative. They showed that this
semigroup is a solution for the one-parameter conformable abstract Cauchy problems (abbreviated α-ACP).

Throughout this paper, we take α ∈ ]0, 1].

2020 Mathematics Subject Classification. Primary 34G10 ; Secondary 26A33
Keywords. α-Semigroups, abstract Cauchy problems, α-infinitesimal generator.
Received: 15 March 2022; Accepted: 28 July 2022
Communicated by Dragan S. Djordjević
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Let X be a Banach space on a field K (K = R or K = C) with norm ∥.∥, we will denote by L (X) the
Banach algebra of all bounded linear operators on X. A two-parameter family (T (s, t))s,t≥0 of bounded
linear operators inL (X) is called a two-parameter semigroup of bounded linear operators on X if it satisfies
the following conditions:

1. T (0, 0) = I (I is the identity operator on X).
2. T ((s1, t1) + (s2, t2)) = T (s1, t1) T (s2, t2) for all s1,s2,t1,t2 ≥ 0.

The theory of two-parameter semigroups was studied in [4]. The authors considered in [5] and [6] a
special class of two-parameter semigroups. Two-parameter semigroups proved to be an effective tool to
solve the two-parameter abstract Cauchy problems (see [10]).

In this paper, we introduce the two-parameter conformable fractional semigroups (Tα (s, t))s,t≥0. The
problem is to define the infinitesimal generator for such semigroups and develop multiple proprieties
for such generators, which will permit in the following to treat the two-parameter conformable fractional
Cauchy problems.

To resolve this problem, we have organized our paper as follows:
In section 2, we present some preliminaries about the theory of the one-parameter conformable fractional

semigroups of operators.
In section 3, we review the multi-variable conformable fractional calculus of vector-valued functions

with values in Banach space. We also define the α-differentiability at 0 and present a relation between the
α-derivative and the corresponding partial α-derivatives.

The two-parameter α-semigroup is defined in section 4, and multiple continuity relations are examined
in this section.

In section 5, we define the α-infinitesimal generator of the two-parameter α-semigroups as the α-
derivative at (0, 0) of Tα (., .) x for a given x ∈ X. We use two methods to describe this generator, and we
develop some essential properties regarding the α-generators.

In section 6, we apply the previous results to study the two-parameter α-ACP. We show that the two-
parameter α-semigroup provides a solution for the two-parameter α-ACP.

2. Preliminaries

Definition 2.1 ([2]). Let f be a vector-valued function defined by f : [0,+∞[→ X where X is a Banach space. Then
the conformable fractional derivative of order α ∈ ]0, 1] at t > 0 is defined by

Dα f (t) = lim
ε→0

f
(
t + εt1−α

)
− f (t)

ε
.

If this limit exists then we say that f is α-differentiable at t, Dα f (t) is called the α-derivative of f at the point t.
If f is α-differentiable in some ]0, a[ where a > 0, and lim

t→0+
Dα f (t) exists, then Dα f (0) = lim

t→0+
Dα f (t).

For more details about the conformable fractional derivative see [3].
Now we give some reminders on the α-semigroups of one parameter (see [2] for more details).

Definition 2.2 ([2]). Let α ∈ ]0, a] for any a > 0. For a Banach space X, a family (Tα (t))t≥0 ⊆ L (X) is called a
one-parameter conformable fractional semigroup (or α-semigroup) of operators if

1. Tα (0) = I,
2. Tα

(
(s + t)

1
α

)
= Tα

(
s

1
α

)
Tα

(
t

1
α

)
for all t, s ∈ [0,∞).

If α = 1, then 1-semigroups are just the usual semigroups.

Definition 2.3 ([2]). A α-semigroup (Tα (t))t≥0 is called a C0-α-semigroup, if for each x ∈ X,Tα (t) x→ x as t→ 0+.
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Proposition 2.4. 1. Let (Tα (t))t≥0 be a C0-α-semigroup. For any t ≥ 0, we set

S (t) = Tα
(
t

1
α

)
,

then (S (t))s≥0 is a one-parameter C0-semigroup.
2. Let (T (t))t≥0 be a one-parameter C0-semigroup. For any t ≥ 0, we set

Tα (t) = T (tα) ,

then (Tα (t))t≥0 is a one-parameter C0-α-semigroup.
3. Let (Tα (t))t≥0 be a C0-α-semigroup. Then there exists constants ω ≥ 0 and M ≥ 1 such that for all t ≥ 0

∥Tα (t)∥ ≤Meωtα .

Proof. 1. and 2. are easily verified.
For 3. we notice that for all t ≥ 0

∥Tα (t)∥ =
∥∥∥∥Tα

(
(tα)

1
α

)∥∥∥∥ = ∥S (tα)∥ ,

but from 1. we have that (S (t))t≥0 is a one-parameter C0-semigroup, then there exist constants ω ≥ 0 and
M ≥ 1 such that for all t ≥ 0 ∥S (tα)∥ ≤Meωtα . Hence

∥Tα (t)∥ ≤Meωtα .

Using 3. of the previous Proposition, we get the following result.

Corollary 2.5. Let (Tα (t))t≥0 be a C0-α-semigroup. Then for any x ∈ X, the map t 7→ Tα (t) x is continuous, that is
(Tα (t))t≥0 is strongly continuous.

Definition 2.6 ([2]). Let (Tα (t))t≥0 be a α-semigroup. The α-infinitesimal generator of (Tα (t))t≥0 is defined on

D (A) =
{
x ∈ X : lim

t→0+
Dα (Tα (t) x) exists

}
,

by setting

Ax = lim
t→0+

Dα (Tα (t) x) ,

for all x ∈ D (A) .

Theorem 2.7 ([2]). Let (Tα (t))t≥0 be a C0-α-semigroup, where α ∈ ]0, 1] and let A be its infinitesimal generator.
Then for x ∈ D (A), Tα (t) x ∈ D (A) and

Dα (Tα (t) x) = ATα (t) x = Tα (t) Ax.

3. Multivariable conformable fractional calculus

Definition 3.1 ([9]). Let f be a vector-valued function defined by f : R+
2
→ X where X is a Banach space and let

α ∈ ]0, 1]. We say that f is α-differentiable at (s, t), s, t > 0 if there is a linear transformation L : R2
→ X such that

lim
(h,k)→(0,0)

∥∥∥∥ f
(
s + hs1−α, t + kt1−α

)
− f (s, t) − L (h, k)

∥∥∥∥
∥(h, k)∥

= 0.

The linear transformation L if it exists, is unique and we shall denote it by Dα f (s, t) and called the conformable
fractional derivative (or α-derivative) of f of order α ∈ ]0, 1] at (s, t) .
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Definition 3.2. Let f be a vector-valued function defined by f : R+
2
→ X where X is a Banach space and let

α ∈ ]0, 1]. We say that f is α-differentiable at (0, 0) if the following assertions are satisfied

1. Dα f (s, t) exists in an open of the form ]0, a[ × ]0, b[, a, b > 0 and lim
(s,t)→(0+,0+)

Dα f (s, t) exists.

2. The one-parameter vector valued functions defined by s 7→ f (s, 0) and t 7→ f (0, t) are α-differentiable in ]0, a[
and ]0, b[ respectively.
In this case, we will take

Dα f (0, 0) = lim
(s,t)→(0+,0+)

Dα f (s, t) .

The following two theorems are proved with the same method as theorems 3.8 and 3.9 in [9].

Theorem 3.3. If a vector valued function f : R+
2
→ X is α-differentiable at (s, t) with s, t > 0 then f is continuous

at (s, t).

Theorem 3.4. Let f : R+ → R+
2 be a vector valued function defined by f (t) =

(
f1 (t) , f2 (t)

)
and let 1 : R+

2
→ X

be a vector valued function. If f is α-differentiable at a > 0 and if 1 is α-differentiable at f (a) with fi (a) > 0, i = 1, 2.
Then the composition 1 ◦ f is α-differentiable at a and

Dα1 ◦ f (a) = Dα1
(

f (a)
)
◦ f (a)α−1

◦Dα f (a)

where f (a)α−1 is the linear transformation defined by

f (a)α−1 (
x, y

)
=

(
x
[

f1 (a)
]α−1 , y

[
f2 (a)

]α−1
)

.

Definition 3.5 ([9]). Let f : R+
n
→ X be a vector valued fuction with n variables and a = (a1, .., an) be a point whose

ith component ai > 0, then the limit

lim
ε→0

f
(
a1, ..., ai−1, ai + ε (ai)

1−α , ..., an

)
− f (a)

ε

if it exists, is denoted by ∂α

∂tαi
f (a) and called the ith conformable partial derivative (partial α-derivative) of f of order

α ∈ ]0, 1] at a.

Theorem 3.6 ([9]). Let f : R+
2
→ X be a vector valued function. If f is α-differentiable at (a, b) where a, b > 0 then

∂α

∂tαi
f (a, b) exist for i = 1, 2 and

Dα f (a, b) =
(
∂α

∂tα1
f (a, b) ,

∂α

∂tα2
f (a, b)

)
.

4. Continuity of the two-parameter conformable fractional semigroups

Definition 4.1. Let X be a Banach space, and let α ∈ ]0, a] for any a > 0. A family (Tα (s, t))s,t≥0 ⊂ L (X) is called
a two-parameter conformable fractional semigroup or simply a two-parameter α-semigroup on the Banach space X if
the following conditions are satisfied.

1. Tα (0, 0) = I with I is the identity operator in L (X).
2. Tα

(
(s1 + s2)

1
α , (t1 + t2)

1
α

)
= Tα

(
(s1)

1
α , (t1)

1
α

)
Tα

(
(s2)

1
α , (t2)

1
α

)
for all s1,s2,t1,t2 ≥ 0.

Example 4.2. Let (Fα (s))s≥0 and (Gα (t))t≥0 be two commuting one-parameter α-semigroups, we easily verify that
the family (Tα (s, t))s,t≥0 ⊂ L (X) defined by

Tα (s, t) = Fα (s) Gα (t) , s, t ≥ 0

is a two-parameter α-semigroup. Indeed we have
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1. Tα (0, 0) = Fα (0) Gα (0) = I ◦ I = I.
2. We have for all s1,s2,t1,t2 ≥ 0.

Tα
(
(s1 + s2)

1
α , (t1 + t2)

1
α

)
= Fα

(
(s1 + s2)

1
α

)
Gα

(
(t1 + t2)

1
α

)
= Fα

(
(s1)

1
α

)
Fα

(
(s2)

1
α

)
Gα

(
(t1)

1
α

)
Gα

(
(t2)

1
α

)
= Fα

(
(s1)

1
α

)
Gα

(
(t1)

1
α

)
Fα

(
(s2)

1
α

)
Gα

(
(t2)

1
α

)
= Tα

(
(s1)

1
α , (t1)

1
α

)
Tα

(
(s2)

1
α , (t2)

1
α

)
.

Example 4.3. Let A and B be two bounded commuting linear operators on X, a, b ∈ R\ {0} and define for any s, t ≥ 0
T (s, t) = ea

√
sA+b

√
tB. Then (T (s, t))s,t≥0 is a 1

2 -semigroup with two parameters. In fact

1. T (0, 0) = ea
√

0A+b
√

0B = I.
2. For all s1,s2,t1,t2 ≥ 0 and a, b ∈ R\ {0},

T
(
(s1 + s2)2 , (t1 + t2)2

)
= ea
√

(s1+s2)2A+b
√

(t1+t2)2B

= eas1A+bt1B+as2A+bt2B = eas1A+bt1Beas2A+bt2B

= T
(
(s1)2 , (t1)2

)
T
(
(s2)2 , (t2)2

)
.

Remark 4.4. 1. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup. For any s, t ≥ 0 we set

S (s, t) = Tα
(
s

1
α , t

1
α

)
,

then (S (s, t))s,t≥0 is a two-parameter semigroup.
2. Let (T (s, t))s,t≥0 be a two-parameter semigroup. For any s, t ≥ 0 we set

Tα (s, t) = T (sα, tα)

then (Tα (s, t))s,t≥0 is a two-parameter α-semigroup.
3. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup. Then (Tα (s, 0))s≥0 and (Tα (0, t))t≥0 are one-parameter
α-semigroups.

Definition 4.5. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup on a Banach space X, then

1. We say that (Tα (s, t))s,t≥0 is uniformly continuous if we have

lim
(s,t)→(0+,0+)

∥Tα (s, t) − I∥ = 0.

2. We say that (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup if for all x ∈ X we have

lim
(s,t)→(0+,0+)

∥Tα (s, t) x − x∥ = 0

Proposition 4.6. 1. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup. Then (Tα (s, t))s,t≥0 is a C0-α-semigroup
if and only if (Tα (s, 0))s≥0 and (Tα (0, t))s,t≥0 are one-parameter C0-α-semigroups.

2. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup. For any s, t ≥ 0 we set

S (s, t) = Tα
(
s

1
α , t

1
α

)
,

then (S (s, t))s,t≥0 is a two-parameter C0-semigroup.
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3. Let (T (s, t))s,t≥0 be a two-parameter C0-semigroup. For any s, t ≥ 0 we set

Tα (s, t) = T (sα, tα)

then (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup.

Proof. 1. If (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup, then in particular if s = 0 and t = 0 we get
that (Tα (s, 0))s≥0 and (Tα (0, t))t≥0 are one-parameter C0-α-semigroups.
For the converse, we observe that for any s, t ≥ 0

Tα (s, t) = Tα
(
(sα + 0)

1
α , (0 + tα)

1
α

)
= Tα

(
(sα)

1
α , 0

1
α

)
Tα

(
0

1
α , (tα)

1
α

)
= Tα

(
0

1
α , (tα)

1
α

)
Tα

(
(sα)

1
α , 0

1
α

)
= Tα (s, 0) Tα (0, t) = Tα (0, t) Tα (s, 0) .

If we suppose that (Tα (s, 0))s≥0 and (Tα (0, t))t≥0 are one-parameter C0-α-semigroups, then for any
s, t ≥ 0 and x ∈ X, we have

∥Tα (s, t) x − x∥ = ∥Tα (s, 0) Tα (0, t) x − Tα (s, 0) x + Tα (s, 0) x − x∥
= ∥Tα (s, 0) (Tα (0, t) x − x) + Tα (s, 0) x − x∥
≤ ∥Tα (s, 0)∥ ∥Tα (0, t) x − x∥ + ∥Tα (s, 0) x − x∥ .

We apply the uniform boundedness principle, and we get that there exist a > 0 and M > 0 such that
∥Tα (s, 0)∥ ≤M for all s ∈ ]0, a[. Then for any t ≥ 0, s ∈ ]0, a[ and x ∈ X, we have

∥Tα (s, t) x − x∥ ≤M ∥Tα (0, t) x − x∥ + ∥Tα (s, 0) x − x∥

which tends towards zero when (s, t)→ (0+, 0+), and this shows that (Tα (s, t))s,t≥0 is a two-parameter
C0-α-semigroup.

2. It is clear that (S (s, t))s,t≥0 is a two-parameter semigroup. Let α ∈ ]0, a] for any a > 0 and let (h, k) =(
s

1
α , t

1
α

)
with s, t > 0, we have (h, k) → (0+, 0+) as (s, t) → (0+, 0+). Let x ∈ X, from the preceding

disscussion we obtain

lim
(s,t)→(0+,0+)

S (s, t) x = lim
(s,t)→(0+,0+)

Tα
(
s

1
α , t

1
α

)
x

= lim
(h,k)→(0+,0+)

Tα (h, k) x = x

3. Similar to 2.

Proposition 4.7. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup on a Banach space X. Then there exist
constants ω ≥ 0 and M ≥ 1 such that

∥Tα (s, t)∥ ≤Meω(sα+tα).

Proof. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup on a Banach space X, then by the previous result
(Tα (s, 0))s≥0 and (Tα (0, t))t≥0 are one-parameter C0-α-semigroups, so there exist constants ω1, ω2 ≥ 0 and
M1,M2 ≥ 1 such that ∥Tα (s, 0)∥ ≤ M1eω1sα and ∥Tα (0, t)∥ ≤ Meω2tα . Let ω = max (ω1, ω2) and M = M1M2.
Thus

∥Tα (s, t)∥ = ∥Tα (s, 0) Tα (0, t)∥

≤Meω(sα+tα).
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Definition 4.8. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup on a Banach space X. We say that (Tα (s, t))s,t≥0
is strongly continuous if

lim
(s,t)→(s0,t0)

∥Tα (s, t) x − Tα (s0, t0) x∥ = 0

for all x ∈ X and s0, t0 > 0 with (s, t)→ (0+, 0+) if (s0, t0) = (0, 0) .

Corollary 4.9. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup on a Banach space X, then (Tα (s, t))s,t≥0 is strongly
continuous if and only if (Tα (s, t))s,t≥0 is a C0-α-semigroup.

Proof. If (Tα (s, t))s,t≥0 is strongly continuous, then it is clear that (Tα (s, t))s,t≥0 is a C0-α-semigroup.
Conversely, let s0, t0 ≥ 0,we have to show that

∀x ∈ X, lim
(s,t)→(s0,t0)

∥Tα (s, t) x − Tα (t0, s0) x∥ = 0.

Let (s, t) ∈ [0, s0[ × [0, t0[ and x ∈ X,

∥Tα (s, t) x − Tα (t0, s0) x∥ ≤ ∥Tα (s, t)∥ ∥x − Tα (t0 − t, s0 − s) x∥

≤Meω(sα+tα)
∥x − Tα (t0 − t, s0 − s) x∥ ,

but

lim
(s,t)→(s0,t0)

eω(sα+tα)
∥x − Tα (t0 − t, s0 − s) x∥ = 0.

Hence lim
(s,t)→(s0,t0)

∥Tα (s, t) x − Tα (t0, s0) x∥ = 0.

Now, let (s, t) ∈ ]s0, s0 + 1] × ]t0, t0 + 1] and x ∈ X,

∥Tα (s, t) x − Tα (t0, s0) x∥ ≤ ∥Tα (s0, t0)∥ ∥Tα (t − t0, s − s0) x − x∥

≤Meω((s0)α+(t0)α) ∥Tα (t − t0, s − s0) x − x∥ ,

and

lim
(s,t)→(s0,t0)

∥Tα (t − t0, s − s0) x − x∥ = 0.

Hence lim
(s,t)→(s0,t0)

∥Tα (s, t) x − Tα (t0, s0) x∥ = 0.

5. The α-infinitesimal generator of a two-parameter C0-α-semigroup

Definition 5.1. Let (Tα (s, t))s,t≥0 be a two-parameter α-semigroup on the Banach space X. The α-infinitesimal
generator of (Tα (s, t))s,t≥0 is defined on

D (A) =
{
x ∈ X : Tα (., .) x is α-differentiable at (0, 0)

}
by setting for all x ∈ D (A)

Ax = Dα (Tα (0, 0) x) .

Lemma 5.2. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup on the Banach space X and let x ∈ D (A), then
we have

Ax =
(

lim
s→0+

∂α

∂sα
Tα (s, 0) x, lim

t→0+

∂α

∂tα
Tα (0, t) x

)
.
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Proof. Let x ∈ D (A), then Tα (., .) x is α-differentiable at (0, 0)

1. Dα (Tα (s, t) x) exists in some ]0, a[ × ]0, b[, a, b > 0 and

Dα (Tα (0, 0) x) = lim
(s,t)→(0+,0+)

Dα (Tα (s, t) x)

exists.
2. ∂α

∂sα (Tα (s, 0) x) and ∂α

∂tα (Tα (0, t) x) exist in ]0, a[ and ]0, b[ respectively.

Let (s, t) ∈ ]0, a[ × ]0, b[, then ∂α

∂sα (Tα (s, t) x) and ∂α

∂tα (Tα (s, t) x) exist, and we have

Dα (Tα (0, 0) x) = lim
(s,t)→(0+,0+)

Dα (Tα (s, t) x)

= lim
(s,t)→(0+,0+)

(
∂α

∂sα
(Tα (s, t) x) ,

∂α

∂tα
(Tα (s, t) x)

)
= (l1, l2) ∈ X × X

with

lim
(s,t)→(0+,0+)

∂α

∂sα
(Tα (s, t) x) = l1 and lim

(s,t)→(0+,0+)

∂α

∂tα
(Tα (s, t) x) = l2.

We have to show that

lim
s→0+

∂α

∂sα
(Tα (s, 0) x) = l1 and lim

t→0+

∂α

∂tα
(Tα (0, t) x) = l2.

First, we remark that for any (s, t) ∈ ]0, a[ × ]0, b[,

∂α

∂sα
(Tα (s, t) x) = lim

ε→0

Tα
(
s + εs1−α, t

)
x − Tα (s, t) x

ε

= lim
ε→0

Tα (0, t)
(
Tα

(
s + εs1−α, 0

)
x − Tα (s, 0) x

)
ε

= Tα (0, t)

limε→0

Tα
(
s + εs1−α, 0

)
x − Tα (s, 0) x

ε


= Tα (0, t)

[
∂α

∂sα
(Tα (s, 0) x)

]
.

Similarly

∂α

∂tα
(Tα (s, t) x) = Tα (s, 0)

[
∂α

∂tα
(Tα (0, t) x)

]
.

We have (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup, then Proposition 4.6 gives that (Tα (0, t))t≥0 is
a one-parameter C0-α-semigroup. Thus for any s ∈ ]0, a[

lim
t→0+

∂α

∂sα
(Tα (s, t) x) = lim

t→0+
Tα (0, t)

[
∂α

∂sα
(Tα (s, 0) x)

]
=
∂α

∂sα
(Tα (s, 0) x) .

Similarly, we obtain for all t ∈ ]0, b[

lim
s→0+

∂α

∂tα
(Tα (s, t) x) =

∂α

∂tα
(Tα (0, t) x) .



R. Ameziane Hassani et al. / Filomat 37:8 (2023), 2303–2319 2311

Let ε > 0, there exist 0 < δ1 ≤ a and 0 < δ2 ≤ b such that if (s, t) ∈ ]0, δ1[ × ]0, δ2[ then∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) − l1

∥∥∥∥∥ ≤ ε2
and there exist 0 < η1 ≤ b such that if t ∈

]
0, η1

[
we have for all s ∈ ]0, a[∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) −

∂α

∂tα
(Tα (s, 0) x)

∥∥∥∥∥ ≤ ε2 .

Let γ1 = inf
(
δ1, η1

)
and let t ∈

]
0, γ1

[
, then we have for all s ∈ ]0, δ1[∥∥∥∥∥ ∂α∂sα (Tα (s, 0) x) − l1

∥∥∥∥∥ ≤ ∥∥∥∥∥ ∂α∂sα (Tα (s, 0) x) −
∂α

∂sα
(Tα (s, t) x)

∥∥∥∥∥ + ∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) − l1

∥∥∥∥∥
≤
ε
2
+
ε
2
= ε,

then

lim
s→0+

∂α

∂sα
(Tα (s, 0) x) = l1.

Hence

lim
(s,t)→(0+,0+)

∂α

∂sα
(Tα (s, t) x) = lim

s→0+
lim
t→0+

∂α

∂sα
(Tα (s, t) x)

= lim
s→0+

∂α

∂sα
(Tα (s, 0) x) .

Similarly, we obtain

lim
(s,t)→(0+,0+)

∂α

∂tα
(Tα (s, t) x) = lim

t→0+
lim
s→0+

∂α

∂tα
(Tα (s, t) x)

= lim
t→0+

∂α

∂tα
(Tα (0, t) x) .

Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup, then (Tα (s, 0))s≥0 and (Tα (0, t))t≥0 are one-parameter
C0-α-semigroups.

Let A1 and A2 the linear operators defined by

D (A1) =
{

x ∈ X : lim
s→0+

∂α

∂sα
(Tα (s, 0) x) exists

}
,

D (A2) =
{

x ∈ X : lim
t→0+

∂α

∂tα
(Tα (0, t) x) exists

}
and

A1x = lim
s→0+

∂α

∂sα
(Tα (s, 0) x) for all x ∈ D (A1) ,

A2x = lim
t→0+

∂α

∂tα
(Tα (0, t) x) for all x ∈ D (A2) .

It is clear that A1 and A2 are the α-infinitesimal generators of the one-parameter C0-α-semigroups
(Tα (s, 0))s≥0 and (Tα (0, t))t≥0 respectively.
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Theorem 5.3. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup and let A be its α-infinitesimal generator, then
we have

D (A) = D (A1) ∩D (A2) ,

and we can consider the α-infinitesimal generator as a linear operator A : D (A) ⊂ X→ X × X defined by

∀x ∈ D (A) , Ax = (A1x,A2x) .

Proof. Let x ∈ D (A), then by the previous lemma lim
s→0+

∂α

∂sα (Tα (s, 0) x) and lim
t→0+

∂α

∂tα (Tα (0, t) x) exist and

Ax =
(

lim
s→0+

∂α

∂sα
Tα (s, 0) x, lim

t→0+

∂α

∂tα
Tα (0, t) x

)
= (A1x,A2x) .

Therefore, D (A) ⊂ D (A1) ∩D (A2) and Ax = (A1x,A2x) for all x ∈ D (A).
Now, let x ∈ D (A1) ∩D (A2) then lim

s→0+
∂α

∂sα (Tα (s, 0) x) and lim
t→0+

∂α

∂tα (Tα (0, t) x) exist, then ∂α

∂sα (Tα (s, 0) x) and
∂α

∂tα (Tα (0, t) x) exist on an open of the form ]0, a[, a > 0 and ]0, b[, b > 0 respectively, but we have for any
(s, t) ∈ ]0, a[ × ]0, b[,

∂α

∂sα
(Tα (s, t) x) = Tα (0, t)

[
∂α

∂sα
(Tα (s, 0) x)

]
and

∂α

∂tα
(Tα (s, t) x) = Tα (s, 0)

[
∂α

∂tα
(Tα (0, t) x)

]
,

then ∂α

∂sα (Tα (s, t) x) exists for all s ∈ ]0, a[ and t ≥ 0 and ∂α

∂tα (Tα (s, t) x) exists for all t ∈ ]0, a[ and s ≥ 0.
Let (s, t) ∈ ]0, a[ × ]0, b[ and h, k > 0, we set

J (h, k) = Tα
(
s + hs1−α, t + kt1−α

)
x − Tα (s, t) x −

(
∂α

∂sα
(Tα (s, t) x) ,

∂α

∂tα
(Tα (s, t) x)

) (
h
k

)
.

We have

J (h, k) = Tα (0, t)
(
Tα

(
s + hs1−α, 0

)
x − Tα (s, 0) x − h

∂α

∂sα
(Tα (s, 0) x)

)
+ Tα

(
s + hs1−α, 0

) (
Tα

(
0, t + kt1−α

)
x − Tα (0, t) x − k

∂α

∂tα
(Tα (0, t) x)

)
+ k

(
Tα

(
s + hs1−α, 0

)
− Tα (s, 0)

) ∂α
∂tα

(Tα (0, t) x) .

Since (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup. Then Proposition 4.6 gives that (Tα (s, 0))s≥0 and
(Tα (0, t))t≥0 are one-parameter C0-α-semigroups, then there exist constants ω1, ω2 ≥ 0 and M1,M2 ≥ 1 such
that for any s, t ≥ 0 we have ∥Tα (s, 0)∥ ≤M1eω1sα and ∥Tα (0, t)∥ ≤M2eω2tα .
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Given the fact that we have h
∥(h,k)∥ ≤ 1 and k

∥(h,k)∥ ≤ 1, we obtain the following inequalities:

∥J (h, k)∥
∥(h, k)∥

≤
h

∥(h, k)∥
∥Tα (0, t)∥

∥∥∥∥∥∥∥Tα
(
s + hs1−α, 0

)
x − Tα (s, 0) x

h
−
∂α

∂sα
(Tα (s, 0) x)

∥∥∥∥∥∥∥
+

k
∥(h, k)∥

∥∥∥∥Tα
(
s + hs1−α, 0

)∥∥∥∥
∥∥∥∥∥∥∥Tα

(
0, t + kt1−α

)
x − Tα (0, t) x

k
−
∂α

∂tα
(Tα (0, t) x)

∥∥∥∥∥∥∥
+

k
∥(h, k)∥

∥∥∥∥∥(Tα (s + hs1−α, 0
)
− Tα (s, 0)

) ∂α
∂tα

(Tα (0, t) x)
∥∥∥∥∥

≤M1eω1tα

∥∥∥∥∥∥∥Tα
(
s + hs1−α, 0

)
x − Tα (s, 0) x

h
−
∂α

∂sα
(Tα (s, 0) x)

∥∥∥∥∥∥∥
+M2eω2(s+hs1−α)α

∥∥∥∥∥∥∥Tα
(
0, t + kt1−α

)
x − Tα (0, t) x

k
−
∂α

∂tα
(Tα (0, t) x)

∥∥∥∥∥∥∥
+

∥∥∥∥∥(Tα (s + hs1−α, 0
)
− Tα (s, 0)

) ∂α
∂tα

(Tα (0, t) x)
∥∥∥∥∥ .

We have for all (s, t) ∈ ]0, a[ × ]0, b[

lim
h→0

∥∥∥∥∥∥∥Tα
(
s + hs1−α, 0

)
x − Tα (s, 0) x

h
−
∂α

∂sα
(Tα (s, 0) x)

∥∥∥∥∥∥∥ = 0

and

lim
k→0

∥∥∥∥∥∥∥Tα
(
0, t + kt1−α

)
x − Tα (0, t) x

k
−
∂α

∂tα
(Tα (0, t) x)

∥∥∥∥∥∥∥ = 0.

If we put ε = hs1−α then ε→ 0 as h→ 0, and we have (Tα (s, 0))s≥0 is strongly continuous, so we get

lim
h→0

∥∥∥∥∥(Tα (s + hs1−α, 0
)
− Tα (s, 0)

) ∂α
∂tα

(Tα (0, t) x)
∥∥∥∥∥

= lim
ε→0

∥∥∥∥∥(Tα (s + ε, 0) − Tα (s, 0))
∂α

∂tα
(Tα (0, t) x)

∥∥∥∥∥ = 0.

Finally

lim
(h,k)→(0,0)

∥J (h, k)∥
∥(h, k)∥

= 0,

which means that Dα (Tα (s, t) x) exists for all x ∈ D (A1) ∩D (A2) and (s, t) ∈ ]0, a[ × ]0, a[ and

Dα (Tα (s, t) x) =
(
∂α

∂sα
(Tα (s, t) x) ,

∂α

∂tα
(Tα (s, t) x)

)
.

We have for any x ∈ D (A1) ∩D (A2)

lim
(s,t)→(0+,0+)

∂α

∂sα
(Tα (s, t) x) = A1x

Indeed, we have for all s ∈ ]0, a[

lim
t→0+

∂α

∂sα
(Tα (s, t) x) = lim

t→0+
Tα (0, t)

[
∂α

∂sα
(Tα (s, 0) x)

]
=
∂α

∂sα
(Tα (s, 0) x) exist,
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and we have for any x ∈ D (A1) ∩D (A2)

lim
s→0+

∂α

∂sα
(Tα (s, 0) x) = A1x.

Let ε > 0, there exists 0 < δ1 ≤ a such that if s ∈ ]0, δ1[ then∥∥∥∥∥ ∂α∂tα (Tα (s, 0) x) − A1x
∥∥∥∥∥ ≤ ε2 ,

and there exists 0 < δ2 ≤ b such that if t ∈ ]0, δ2[ we have for all s ∈ ]0, a[∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) −
∂α

∂tα
(Tα (s, 0) x)

∥∥∥∥∥ ≤ ε2
Let (s, t) ∈ ]0, δ1[ × ]0, δ2[ then∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) − A1x

∥∥∥∥∥ ≤ ∥∥∥∥∥ ∂α∂sα (Tα (s, t) x) −
∂α

∂tα
(Tα (s, 0) x)

∥∥∥∥∥ + ∥∥∥∥∥ ∂α∂tα (Tα (s, 0) x) − A1x
∥∥∥∥∥

≤
ε
2
+
ε
2

≤ ε.

Thus,

lim
(s,t)→(0+,0+)

∂α

∂sα
(Tα (s, t) x) = A1x.

Similarly, we show that for any x ∈ D (A1) ∩D (A2)

lim
(s,t)→(0+,0+)

∂α

∂tα
(Tα (s, t) x) = A2x.

Hence, we have

lim
(s,t)→(0+,0+)

Dα (Tα (s, t) x) = lim
(s,t)→(0+,0+)

(
∂α

∂sα
(Tα (s, t) x) ,

∂α

∂tα
(Tα (s, t) x)

)
=

(
lim

(s,t)→(0+,0+)

∂α

∂sα
(Tα (s, t) x) , lim

(s,t)→(0+,0+)

∂α

∂tα
(Tα (s, t) x)

)
= (A1x,A2x) .

Finally, we have shown that

1. Dα (Tα (s, t) x) exists in some ]0, a[ × ]0, b[, a, b > 0 and

Dα (Tα (0, 0) x) = lim
(s,t)→(0+,0+)

Dα (Tα (s, t) x)

exists.
2. ∂α

∂sα (Tα (s, 0) x) and ∂α

∂tα (Tα (0, t) x) exist in ]0, a[ and ]0, b[ respectively.

Therefore, Tα (s, t) x is α-differentiable at (0, 0), then x ∈ D (A).
Hence D (A1) ∩D (A2) ⊂ D (A) and ∀x ∈ D (A1) ∩D (A2), Ax = (A1x,A2x).
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Theorem 5.4. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup, then we can consider the α-infinitesimal gen-
erator of (Tα (s, t))s,t≥0 as a linear transformation
A : R+

2
→ L (D (A1) ∩D (A2) ,X) defined by

A (h, k) = hA1 + kA2,

where A1 and A2 are theα-infinitesimal generators of the one-parameter C0-α-semigroups (Tα (s, 0))s≥0 and (Tα (0, t))t≥0
respectively.

Proof. Let x ∈ D (A) = D (A1) ∩D (A2) then Dα (Tα (0, 0) x) exists as a linear transformation L (., .) : R+
2
→ X

defined by

L (h, k) = Dα (Tα (0, 0) x)
(
h
k

)
= hA1x + kA2x.

Let L̂ (., .) : R+
2
→ L (D (A1) ∩D (A2) ,X) defined by

L̂ (h, k) = hA1 + kA2,

then L̂ (., .) is a linear transformation and we have for any (h, k) ∈ R+
2

and x ∈ D (A1) ∩D (A2)

L (h, k) = L̂ (h, k) x,

then we have for all x ∈ D (A1) ∩D (A2)

L (., .) = L̂ (., .) x

therefore, for any x ∈ D (A1) ∩D (A2)

Ax = Dα (Tα (0, 0) x)
= L (., .)

= L̂ (., .) x.

Thus,

A = L̂ (., .) .

Therefore, we can consider the α-infinitesimal generator A as a linear transformation as follows

A : R+
2
→ L (D (A1) ∩D (A2) ,X)

defined by

A (h, k) = hA1 + kA2.

Remark 5.5. If (Tα (s, t))s,t≥0 is a two-parameter C0-α-semigroup and A is its α-infinitesimal generator, then in the
preceding results, we have seen two approaches to define A.

The first approach is to consider A as a linear operator A : D (A) ⊂ X→ X × X defined by

Ax = (A1x,A2x) for all x ∈ D (A) .

The second approach is to consider A as a linear transformation A : R+
2
→ L (D (A1) ∩D (A2) ,X) defined by

A (h, k) = hA1 + kA2.

Next, we will denote the α-infinitesimal generator of (Tα (s, t))s,t≥0 by (A1,A2), and this notation is adopted for
the two approaches of the definition, and we will write



R. Ameziane Hassani et al. / Filomat 37:8 (2023), 2303–2319 2316

1. For the first approach :

(A1,A2) x = (A1x,A2x) for all x ∈ D (A1) ∩D (A2) .

2. For the second approach :(
(A1,A2)

(
h
k

))
x = hA1x + kA2x for all (h, k) ∈ R+

2
and all x ∈ D (A1) ∩D (A2) .

Theorem 5.6. Let (Tα (s, t))s,t≥0 be a two-parameter C0-α-semigroup, and let A be its α-infinitesimal generator then
for all x ∈ D (A)

1. For any t ≥ 0 we have Tα (0, t) x ∈ D (A1) and A1Tα (0, t) x = Tα (0, t) A1x.
2. For any s ≥ 0 we have Tα (s, 0) x ∈ D (A2) and A2Tα (s, 0) x = Tα (s, 0) A2x.
3. For all (s, t) ∈ R+2 , Tα (s, t) x ∈ D (A) and we have

∂α

∂sα
(T (s, t) x) = A1Tα (s, t) x = Tα (s, t) A1x

and

∂α

∂tα
(T (s, t) x) = A2Tα (s, t) x = Tα (s, t) A2x.

4. For all (s, t) ∈ R+2 , Tα (s, t) x ∈ D (A) and

Dα (Tα (s, t) x)
(
h
k

)
=

(
(A1,A2)

(
h
k

))
Tα (s, t) x = Tα (s, t)

(
(A1,A2)

(
h
k

))
x.

for all (h, k) ∈ R2.

Proof. 1. Let x ∈ D (A) ⊆ D (A1), then lim
s→0+

∂α

∂sα (Tα (s, 0) x) exists, so Dα (Tα (s, 0) x) exists in an open of the form

]0, a[, a > 0. Let s ∈ ]0, a[ and t ≥ 0, we have

∂α

∂sα
(Tα (s, 0) Tα (0, t) x) = Tα (0, t)

∂α

∂sα
(Tα (s, 0) x) .

Therefore,

lim
s→0+

∂α

∂sα
(Tα (s, 0) Tα (0, t) x) = Tα (0, t)

(
lim
s→0+

∂α

∂sα
(Tα (s, 0) x)

)
= Tα (0, t) A1x,

then for any t ≥ 0 we have Tα (0, t) x ∈ D (A1) and A1Tα (0, t) x = Tα (0, t) A1x.
2. The same method as 1.
3. Let (s, t) ∈ R+2

and x ∈ D (A), we have from 1. that Tα (0, t) x ∈ D (A1), then from Theorem 2.7 we have

∂α

∂sα
(Tα (s, 0) Tα (0, t) x) = A1Tα (s, 0) Tα (0, t) x = Tα (s, 0) A1Tα (0, t) x

and from 1. we have

Tα (s, 0) A1Tα (0, t) x = Tα (s, 0) Tα (0, t) A1x.

Finally, we get for any (s, t) ∈ R+2
and x ∈ D (A)

∂α

∂sα
(Tα (s, t) x) = A1Tα (s, t) x = Tα (s, t) A1x.
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With the same method, we show that

∂α

∂tα
(Tα (s, t) x) = A2Tα (s, t) x = Tα (s, t) A2x.

4. Let (h, k) ∈ R2, (s, t) ∈ R+2
and x ∈ D (A)

From 3. we have

Dα (Tα (s, t) x)
(
h
k

)
=

(
∂α

∂sα
(Tα (s, t) x) ,

∂α

∂tα
(Tα (s, t) x)

) (
h
k

)
= h
∂α

∂sα
(Tα (s, t) x) + k

∂α

∂tα
(Tα (s, t) x)

= hA1Tα (s, t) x + kA2Tα (s, t) x
= Tα (s, t) hA1x + Tα (s, t) kA2x
= (hA1 + kA2) Tα (s, t) x
= Tα (s, t) (hA1 + kA2) x

=

(
(A1,A2)

(
h
k

))
Tα (s, t) x

= Tα (s, t)
(
(A1,A2)

(
h
k

))
x.

6. Two-parameter α-Abstract Cauchy Problem

Let Ai : D (Ai) ⊆ X → X , i = 1, 2, be a linear operator. We consider the following two-parameter
α-Cauchy Problem

2-α-ACP


∂α

∂tαi
u (t1, t2) = Aiu (t1, t2) , ti > 0, i = 1, 2,

u (0, 0) = x, x ∈ D (A1) ∩D (A2) .

We mean by a solution a function u : [0,+∞[ × [0,+∞[→ X which satisfies the following :

1. u (., .) is continuous on [0,+∞[ × [0,+∞[.
2. u has continuous partial α-derivative.
3. ∀s, t ≥ 0, u (s, t) ∈ D (Ai) for i = 1, 2.
4. u satisfies the 2-α-ACP.

Theorem 6.1. Suppose that (A1,A2) is theα-infinitesimal generator of a two-parameter C0-α-semigroup (Tα (s, t))s,t≥0.
Then the 2-α-ACP has the unique solution u (s, t; x) = Tα (s, t) x for all x ∈ D (A1) ∩D (A2).

Proof. It is clear from Theorem 5.6 that u (s, t; x) = Tα (s, t) x is a solution of 2-α-ACP. It remains to show that
the 2-α-ACP has a unique solution, for that it is enough to show that the 2-α-ACP has a solution u (s, t) = 0,
for the initial value x = 0.

Based on the case of one parameter [2], we know that the systems

1-α-ACP
{
∂α

∂tα v (t) = A1v (t) , t > 0,
v (0) = 0,

and

1-α-ACP
{
∂α

∂tαw (t) = A2w (t) , t > 0,
w (0) = 0,
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have the unique solution v = 0 and w = 0.
Now, suppose that u (s, t; 0) is a solution of the 2-α-ACP for the initial value x = 0, then its clear that

v1 (s) = Tα (s, 0) u (0, t; 0) and v2 (s) = u (s, t; 0)

are two solutions of the 1-α-ACP

1-α-ACP
{
∂α

∂sα v (s) = A1v (s) , s > 0,
v (0) = u (0, t; 0) .

Indeed, we have

∂α

∂sα
v1 (s) =

∂α

∂sα
Tα (s, 0) u (0, t; 0)

= A1Tα (s, 0) u (0, t; 0)
= A1v1 (s)

and

v1 (0) = Tα (0, 0) u (0, t; 0)
= u (0, t; 0) .

On the other hand, we have

∂α

∂sα
v2 (s) =

∂α

∂sα
u (s, t; 0)

= A1u (s, t; 0)

and

v2 (0) = u (0, t; 0) .

By uniqueness of the solution, we get for any s, t ≥ 0

u (s, t; 0) = Tα (s, 0) u (0, t; 0) .

With the same method, we show that

w1 (t) = Tα (0, t) u (s, 0; 0) and v2 (t) = u (s, t; 0)

are two solutions of the 1-α-ACP

1-α-ACP
{
∂α

∂tαw (t) = A2w (t) , t > 0,
v (0) = u (s, 0; 0) .

Through the uniqueness of the solution, we obtain for all s, t ≥ 0

u (s, t; 0) = Tα (0, t) u (s, 0; 0) .

Finally, we have

u (s, t; 0) = Tα (s, 0) u (0, t; 0)
= Tα (s, 0) (Tα (0, t) u (0, 0; 0))
= Tα (s, 0) Tα (0, t) (0)
= 0.
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As an application of our discussion, we conclude with a simple example.

Example 6.2. Let A and B be two bounded commuting operators and consider the following two-parameter α-Cauchy
Problem

2-α-ACP*


∂α

∂sα u (s, t) = Au (s, t) , s, t > 0,

∂α

∂tα u (s, t) = Bu (s, t) , s, t > 0,

u (0, 0) = x, x ∈ D (A) ∩D (B) .

Then for all s, t ≥ 0 and x ∈ D (A) ∩D (B) the 2-α-ACP* has the unique solution u (s, t; x) = e
sα
α A+ tα

α Bx.
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