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Abstract: In this article, we investigate a class of measure differential inclusions of evolution type involving
non-autonomous operator with nonlocal condition defined on the half-line. By fixed point theorem, we first
obtain some sufficient conditions to ensure the solution set is nonempty, compact, and Rδ-set on compact
interval. Subsequently, by means of the inverse limit method, we generalize the results on compact interval to
noncompact interval. Finally, an example is given to demonstrate the effectiveness of obtained results.
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1 Introduction

When dealing problems in control theory, economics, or game theory, one has to consider set-valued func-
tions, and consequently, the models may involve multivalued differential equations (i.e., differential inclu-
sions). Differential inclusions play a crucial role in the theory of differential equations with discontinuities on
the right-hand side. The investigation of such equations is of great importance since they model the perfor-
mance of various mechanical and electrical devices as well as the behavior of automatic control systems.
Differential inclusions are also used to describe some systems with hysteresis [1–3]. In recent decades, the
theory of differential inclusions is highly developed and constitutes an important branch of nonlinear analysis.

Recently, the study of measure differential inclusions has become popular because it encompasses special
cases such as differential and difference inclusions, as well as impulsive and hybrid problems [3–5]. Measure
differential inclusions have become important in recent decades in mathematical models of real processes,
and they arise in hybrid systems which with dry friction, processes of controlled heat transfer, obstacle
problems, and others can be described with the help of various differential inclusions, both linear and
nonlinear.

Since differential inclusions often have multiple solutions at a given starting point, topological properties
of solution sets have also attracted more and more attention. In the study of the topological structure of
solution sets for differential inclusions, an important aspect is the Rδ-property [6–11]. Today, the topological
structure of the solution set continues to arouse research enthusiasm. It is important not only from the
viewpoint of academic interest, but also has a wide range of applications in practice. It is known that an
Rδ-set is acyclic and particular, nonempty, compact, and connected. The topological structure of solution sets
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of differential inclusions on compact intervals has been investigated intensively by many authors (please see
Bothe [12], Deimling [13], Hu and Papageorgiou [14], De Blasi and Pianigiani [15], Zhou and Peng [16] and
references therein). Moreover, one can find results on the topological structure of solution sets for differential
inclusions defined on non-compact intervals (including infinite intervals) from Andres et al. [17], Gabor [18],
Wang et al. [19], and references therein.

Zhou and Peng [16] studied the topological properties of solution sets for partial functional evolution
inclusions on a compact interval:
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where ( )⋅x is the take value in Banach space X with norm ∣ ∣⋅ , A is the infinitesimal generator of a C
0
-semigroup

{ ( ) }≥T t t: 0 of contractions on a Banach space X , which is uniformly continuous on ( )∞0, and [ ] ( )→F b P X: 0,

is a multimap. For any continuous function x defined on [ ]−τ b, and any [ ]∈t b0, , we denote by xt the element of
([ ] )−C τ X, 0 , defined by ( ) ( ) [ ]= + ∈ −x θ x t θ θ τ, , 0t . Here, ( )⋅xt represents the history of the state from time −t τ

up to the present time t. It is shown that the solution set is nonempty, compact, and an Rδ-set.
Chen and Wang [8] studied the topological properties of the following nonlinear delay differential evolu-

tion inclusion on noncompact interval using the inverse limit:
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where ( ) ⊂ →A D A X: 2

X is an m-dissipative operator and ( ) [ ] ( )× × − →+F R D A C τ D A: , 0 , 2

X is multi-valued
function with convex, closed values for which ( )⋅ ⋅F t, , is weakly upper semi-continuous (weakly u.s.c., see
Definition 2.4) for a.e. ∈ +t R and and ( )⋅F x v, , has a strongly measurable selection for each
( ) ( ) ([ ] ( ))∈ × −x v D A C τ D A, , 0 ; , and every ([ ] ( ))∈ −ϕ C τ D A, 0 , , ([ ] ( ))∈ −u C τ D A, 0 ,t is defined by

( ) ( ) [ ]= + ∈ −u s u t s s τ, , 0t for every ([ ] ( ))͠∈ − ∞u C τ D A, , and ∈ +t R , in which ([ ] ( ))͠ − ∞C τ D A, , is a subset
of Frechet space ([ ] )͠ − ∞C τ X, , .

Studies on the theory for nonlinear evolution inclusion of different types have many research achieve-
ments [20,21]. However, to the best of our knowledge, there are few works investigating the topological
properties of solution sets for measure evolution inclusion of autonomous type with nonlocal condition. In
this article, we apply the inverse system method, which was introduced in [22] for analyzing the topology of
fixed point sets in function spaces. This method was developed in [17] and then also in [6]. It is observed that
differential problems on noncompact intervals can be reformulated as fixed point problems in Frechet (func-
tion) spaces, which are inverse limits of Banach spaces that appear when we consider these differential
problems on compact intervals.

We point out that among the previous studies, all of the researchers focus on the case that the differential
operators in the main parts are independent of time t, which means that the problems under considerations
are autonomous. However, when dealing with some parabolic evolution equations, it is often assumed that the
partial differential operators are time-dependent because these types of operators frequently arise in practical
applications; for more information, see references [23–25]. Therefore, it is interesting and significant to
investigate non-autonomous evolution equations, i.e., the differential operators in the main parts of the
considered problems are dependent of time t.

Therefore, based on the aforementioned study, in this article, we will study the following inclusion on non-
compact intervals:

( ) ( ) ( ) ( ( )) ( ) [ )
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(1.3)

where ( )A t is a family of (possibly unbounded) linear operators depending on time and having the domains
( ( ))D A t for every [ )∈ ∞t 0, , [ )∞ →g R: 0, is a left continuous and non-decreasing function. [ )∞ ×F : 0,
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([ ) ) ( )∞ →G X P X0, , , where ( )P X is the subset of X . The set ([ ) )∞G X0, , is a space of regulated functions on
[ )∞0, , which will be defined the nonlocal function [ ) ([ ) )∞ × ∞ →H G X X: 0, 0, , , and ([ ) ) [ )∞ → ∞σ G X: 0, , 0,

are both specified functions.
Evolution equations with nonlocal conditions were motivated by physical problems. It is observed that

nonlocal condition in (1.3), which was proposed and discussed in [26], is clearly more general than the ones
[27]. Actually, as pointed out in [26,28], the nonlocal function H in (1.3) is state-dependent and generalizes
several types of nonlocal conditions considered in the literature mentioned earlier [27]. Moreover, from the
mathematical point of view, some initial and boundary conditions, such as integral initial condition and
periodic boundary condition, are also special cases of the nonlocal condition in (1.3).

The motives and highlights in this article are as follows:
(1) The result is extended to study topological properties of non-autonomous evolution inclusion system with

nonlocal conditions. As far as we know, there are few works that have studied the topological structure of
the measure evolution inclusion systems.

(2) Using the fixed point theorem and the concept of Rδ-set, we have established the topological properties of
(1.3) within the compact interval [ ]=I T0, . Our results indicate that the solution set is nonempty, compact,
and an Rδ-set. As far as we know, there are few articles investigating this property.

(3) Another result of this article is proved the Rδ topological structure of solution sets for (1.3) on noncompact
intervals [ )= ∞∞I 0, by inverse limit.

The rest of this article is organized as follows. In Section 2, some notations and preparation are given. A
suitable concept on mild solution for our problem is introduced. In Section 3, on the one hand, it is devoted to
proving that the solution set for inclusion (1.3) is nonempty and compact in the case that the evolution system
of non-autonomous operator is compact on compact interval I , then proceed to study the Rδ-structure of the
solution set. On the other hand, it is provided that the solution set for inclusion (1.3) is nonempty compact and
the Rδ-structure of the solution set of (1.3) on noncompact interval by inverse system. Finally, an example is
given to illustrate the obtained theory.

2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts that are used throughout this article.
Let ( ‖ ‖)⋅X , be a Banach space, denote by ( )L X the space of bounded linear operators from X to X , and

refer the reader to [29] or [30] for necessary notions of operator theory. In particular, the operator norm‖ ‖⋅ is
defined on ( )L X , and ( [ ] )L dg T X, 0, , stands for the Banach space consisting of all Bocher integrable functions
w.r.t. g (with respect to g ) from [ ]T0, to X equipped with the norm

‖ ‖ ‖ ( )‖ ( )∫=f f s dg s .

T

0

2.1 Regulated functions

Definition 2.1. [31] If a function [ ] →f T X: 0, satisfies the limits

( ) ( ) ( ] ( ) ( ) [ )= ∈ = ∈
→

−
→

+
− +
f s f t t T f s f t t Tlim , 0, and lim , 0, ,

s t s t

then the function f is called regulated function on [ ]T0, . It was proved that the set of discontinuous points of a
regulated function is at most countable, regulated functions are bounded, and the space ([ ] )G T X0, , of
regulated functions is a Banach space when endowed with the norm

‖ ‖ ‖ ( )‖
[ ]

=∞
∈

f f tsup .

t T0,
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In order to obtain compactness in ([ ] )G T X0, , , we need the concept of equiregulated sets.

Definition 2.2. [32] A setA ([ ] )⊂ G T X0, , is said to be equi-regulated, if for every >ε 0 and every [ ]∈t T0,
0

,
there exists >δ 0 such that:
(1) for any ‖ ( ) ( )‖− < ′ < ′ − − ≤t δ t t x t x t ε: 0

0 0 0
,

(2) for any ‖ ( ) ( )‖− < ″ < + ″ − + ≤t δ t t δ x t x t ε: 0
0 0 0

,
for all ∈x A.

Definition 2.3. [33] If [ ] →f T X: 0, is called Kurzweil-Stieltjes integrable with respect to [ ] →g T R: 0, if there
is a function denoted by ( ) ( ) ( ) [ ]∫ →f s dg s T XKS : 0,

0

.

such that, for every >ε 0, there exists a gauge δε on [ ]T0,

with

( )( ( ) ( )) ( ) ( ) ( )∫∑ − − <
=

−f ξ g t g t f s dg s εKS ,

i

n

i i i

T

1

1

0

for every δε-fine partition {( [ )) }=−ξ t t i n, , : 1, 2,…,i i i1
of [ ]0, 1 . A partition {( [ )) }=−ξ t t i n, , : 1, 2, …,i i i1

is δε-fine
if for all =i n1, 2,…, , [ ] ( ( ) ( ))⊂ − +−t t ξ δ ξ ξ δ ξ, , .i i i ε i i ε i1

Lemma 2.1. [33] Consider the functions [ ] →f T X: 0, , g is regulated and [ ] →g T R: 0, such that Kurzweil-

Stieltjes integral ( ) ( )∫ f s dg s
T

0

exists. Then, for every [ ]∈t T0, , the function ( ) ( ) ( ) [ ]∫= ∈h t f s dg s t T, 0,

t

0

, is
regulated and satisfies

( ) ( ) ( ) ( ) ( ]

( ) ( ) ( ) ( ) [ )

= − △ ∈
= + △ ∈

− −

+ +
h t h t f t g t t T

h t h t f t g t t T
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, 0, ,

where ( ) ( ) ( ) ( ) ( ) ( )△ = − △ = −+ + − −g t g t g t g t g t g t, , ( )+g t , and ( )−g t denote the right and left limits of function g
at point t.

Now, we present a short overview on Kurzweil-Stieltjes integration on compact intervals, but the same
definition works on unbound intervals as well, as it can be seen in [34].

The Kurzweil-Stieltjes integral is a generalized form of integration that offers certain advantages over
other forms of integration. Specifically, the advantages of the Kurzweil-Stieltjes integral may be reflected in the
following aspects: the Kurzweil-Stieltjes integral allows for discontinuities in both the integrand and the
integrator at certain points. This is because it can handle functions with common points of discontinuity,
which might not be possible with other forms of integration. Besides, the Kurzweil-Stieltjes integral has
applications in functional analysis, distribution theory, generalized elementary functions, and various gen-
eralized differential equations including those on time scales. These characteristics make the Kurzweil-Stieltjes
integral a useful tool in both theoretical research and practical applications due to its ability to handle
discontinuous functions, applicability to bounded variation functions, and its wide range of applications [34].

Proposition 2.1. [35] A set K of regulated functions is relatively compact in the space ([ ] )G T X0, , if and only if
it is equi-regulated, and for every [ ]∈t T0, , { ( ) [ ]}∈f t t T, 0, is relatively compact in X.

Proposition 2.2. [35] A sequence ( ) ([ ] )⊂u G T X0, ,n n is weakly convergent to a function ([ ] )∈u G T X0, , if and
only if is (norm) bounded, and for any [ ]∈t T0, , the sequence ( )un n is weakly convergent to ( )u t in X .

Lemma 2.2. [35] Let ( )un n be a sequence of functions from [ ]T0, to X. If ( )un converges pointwisely tou
0
as → ∞n

and the sequence ( )un n is equiregulated, then ( )un n converges uniformly to u
0
.

Lemma 2.3. [35] Let X be a Banach space and μ be a finite measure. Then, a bounded, uniformly integrable subset
� of ( )L μ X,

1 such that for each [ ]∈t T0, , �( )t is relatively weakly compact in X, is weakly relatively compact.
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Theorem 2.1. [36] Let [ ] →T Rg : 0, be a function of bounded variation. Assume that �[ ] → ∈f f T R n, : 0, ,
n

,
satisfy the following conditions:

(i) The integral ( ) ( )∫ f s sgd

T

n
0

exists for every �∈n ;

(ii) For each [ ] ( ) ( )∈ =→∞τ T f τ f τ0, , lim ;n n

(iii) There exists a constant � > 0 such that for every division = < <⋯< =σ σ σ T0 l0 1
of [ ]T0, and every

finite sequence �∈m m,…, ,l1
we have

�( ) ( )∫∑ ≤
=

−

f s sgd .

i

l

σ

σ

m

1

i

i

i

1

Then, the integral ( ) ( )∫ f s sgd

T

0

exists and

( ) ( ) ( ) ( )∫ ∫=
→∞

f s s f s sg gd lim d .

T

n

T

n

0 0

Theorem 2.2. [37] Let D be a nonempty, compact, and convex subset of a Banach space, and let the correspon-
dence ( )→N BD D: an upper semi-continuous (u.s.c.) multi-valued mapping with contractible values. Then, the
set of fixed points of N is nonempty.

2.2 Multi-valued analysis and properties of non-autonomous operator

Let X and Y be two metric spaces. We denote by ( )P Y the family of all nonempty subsets of Y , and we set:
( ) { ( ) }= ∈P Y A P Y , closedcl ,

( ) { ( ) }= ∈P Y A P Y , closed and convexcl cv,
,

( ) { ( ) }= ∈P Y A P Y , compactcp ,
( ) { ( ) }= ∈P Y A P Y , compact and convexcp cv,

.
We say that a multivaluedmap ( )→F X P X: is convex (closed) valued if ( )F x is convex (closed) for all ∈x X . A
map F is bounded on bounded sets if ( ) ( )= ⋃ ∈F B F xx B is bounded in X for all ( )∈B P Xb (i.e.,

{ {∣ ∣ ( )}}∈ < ∞∈ y y F xsup sup :
x B

). The mapping F is u.s.c on X if for each ∈x X
0

, the set ( )F x
0

is a nonempty
closed subset of X , and for each open set N of X containing ( )F x

0
, there exists an open neighborhood N

0
of x

0

such that ( ) ⊂F N N
0

. The mapping F is completely continuous if ( )F B is relatively compact for each ( )∈B P Xb .

Definition 2.4. [38] A multi-valued mapping ( )→F X P X: is called weakly u.s.c. if ( )−F B̄1 is closed for each
weakly closed set ⊂B X¯ .

Evidently, u.s.c. is stronger than weakly u.s.c., and simple examples show that a weakly u.s.c. function with
compact convex values may fail to be u.s.c.

Let us recall the definition of evolution family below, sometimes also called an evolution process or
evolution system. For a detailed account and bibliographic references, see, e.g., the survey by Acquistapace
[29], Acquistapace and Terreni [30], Engel and Nagel [39], and Goldstein [40].

Let [ ]T0, be a fixed interval of real line, {( ) [ ] [ ] }△ = ∈ × ≤ ≤ ≤t s T T s t T, 0, 0, : 0 , {( )△ =∞ t s,

[ ) [ ) }∈ ∞ × ∞ ≤ ≤s t0, 0, : 0 . Let us recall that two-parameter family { ( )}( )∈△T t s, t s, , { ( )}( )∈△∞T t s, t s, ,
( ) →T t s X X, : bounded linear operator, ( ) ∈ △t s, , (( ) )∈ △∞t s, is called an evolution system if the following

lemma of conditions are satisfied:

Lemma 2.4. [29] The family of the linear operator { ( )}( )∈△T t s, t s, satisfies the following properties.
(i) ( ) ( ) ( ) ( )= =T t r T r s T t s T t t I, , , , , for ≤ ≤ ≤s t T0 ;
(ii) The map ( ) ( )→t s T t s x, , is strong continuous for all ∈x X and ≤ ≤ ≤s t T0 ;
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(iii) ( ) (( ) ( ))⋅ ∈ ∞T s C s L E, , ,

1 , ( ) ( )
( ) =∂
∂ A t T t s,

T t s

t

, for >t s, and ‖ ( ) ( )‖ ( )≤ − −A t T t s M t s,

k k for < − ≤t s0 1

and =k 0, 1;

(iv) ( ) ( )
( ) = −∂
∂ T t s A s x,

T t s

t

, for >t s and ( ( ))∈x D A s with ( ) ( ( ))∈A s x D A s .

Definition 2.5. [29] An evolution family { ( )}( )∈△T t s, t s, is said to be compact if for all ≤ ≤ ≤s t T0 , ( )T t s,

is continuous and maps bounded subsets of X into precompact subsets of X .

Lemma 2.5. [29] Let { ( )}( )∈△T t s, t s, be a compact evolution family on X. Then, for each [ ]∈s T0, , the function
( )→t T t s, is continuous by operator norm for ( ]∈t s T, .

Lemma 2.6. [41] For each [ ]∈t T0, and some ( ( ))∈λ ρ A t , if the resolvent ( ( ))R λ A t, is a compact operator, then
( )T t s, is a compact operator whenever ≤ ≤ ≤s t T0 .

From now on, what will be assumed throughout is that ‖ ( )‖ ≤T t s, 1 for all > ≥t s 0.

Lemma 2.7. [38] Let ( )→F X P X: cl cv,
be a closed and quasi-compact multi-valued mapping. Then, F is u.s.c.

Recall that a subset � ⊂ X is called a retract of X if there exists a continuous function �→γ X: , such that
( ) =γ x x , for every �∈x . � is called a neighborhood retract of X if there exists an open subset ⊂U X such
that � ⊂ U and � is retract ofU . If we have two spaces X andY , then every homeomorphism →ψ X Y: such
that ( )ψ X is a closed subset of Y is called an embedding. We say that X is an absolute retract (is an absolute
neighborhood retract) if and only if for any spaceY and for any embedding →ψ X Y: , the set ( )ψ X is a retract
of Y ( ( )ψ X is a neighborhood retract of Y ) . We write ∈X AR (resp. ∈X ANR). Obviously, if Y is an AR-space,
then it is an ANR-space. Any absolute retract is contractible.

The following hierarchy holds for nonempty subsets of a metric space: compact + convex ⊂ compact
AR-space ⊂ compact + contractible ⊂ Rd-set.

Definition 2.6. [42] A nonempty subset D of a metric space is said to be contractible if there exists a point
∈y D

0

and a continuous function [ ] × →h D D: 0, 1 such that ( ) =h y y0,
0

and ( ) =h y y1, for every ∈y D.

Definition 2.7. [42] A subset D of a metric space is called an Rδ-set if there exists a decreasing sequence Dn of
compact and contractible sets such that

= ⋂
=

∞
D D .

n

n

1

Let X be a Banach space and ( )B X the family of all bounded subsets of X . Then, the function ( ) → +β B E R:

defined by

( ) { ∣ }= >β A r A rinf 0 can be covered by finitely many balls of radius

is called the (Hausdorff) measure of noncompactness. It is monotone, nonsingular, real, and regular [43].

The following characterization of Rδ-sets, which develops the well-known Hyman theorem [42], was
shown by Bothe.

Theorem 2.3. [12] Let X be a complete metric space, β denote the Hausdorff measure of noncompactness in X,
and let ∅ ≠ ⊂A X˜

.

Then, the following statements are equivalent:
(a) A˜ is an Rδ-set,
(b) A˜ is an intersection of a decreasing sequence { }A˜n of closed contractible spaces with ( ) →β A˜ 0,n

(c) A˜ is compact and absolutely neighborhood contractible, i.e., A˜ is contractible in each neighborhood
in ∈Y ANR, where A˜ is embedded.

6  Yuhua Ma et al.



2.3 Inverse limit

Let us recall that an inverse system of topological spaces is a family { }= ∑S X π, ,α α

β , where ∑ is a directed set
ordered by the relation ≤“ ”, Xα is a topological (Hausdorff) space, for every ∈ ∑α , and →π X X:α

β
β α

is a continuous mapping for each two elements ∈ ∑α β, such that ≤α β. Moreover, for each ≤ ≤α β γ,
the following conditions should hold: =π idXα

α
α and =π π π .α

β

β

γ

α

γ

A subspace of the product ∈ ∈∑π XΠα α α is called a limit of the inverse system S , and it is denoted by ←Slim

whenever

( ) ∣ ( )=
⎧
⎨
⎩

∈ = ≤
⎫
⎬
⎭∑

←
∈S x X π x x α βlim Π , for all .α α α α

β
β α

Consider two inverse systems { }= ∑S X π, ,α α

β and { }′ = ∑′′
′
′

S Y π, ,α α

β . Let us recall (see [17]) that by a multi-
valued map of the system S into the system ′S , we mean a family { }( )′σ φ,

σ α
consisting of a monotone function

∑ → ∑σ : , i.e., ( ) ( )′ ≤ ′σ α σ β for ′ ≤ ′α β , and of multivalued maps ( ) ( ) →′ ′ ′φ X Y:
σ α σ α α with nonempty values,

defined for every ′ ∈ ∑′α and such that

( ) ( )
( )=′ ′ ′

′
π φ φ π ,α

β

σ β α σ α

σ β

for each ′ ≤ ′α β .
A map of systems { }( )′σ π, σ α induces a limit map → ′← ←φ S S: lim lim defined as follows:

( ) ( )( ) ( )∏= ⋂ ′
∑∈ ←′ ′

′ ′φ x φ x Slim .

α

σ α σ α

In other words, a limit map is the one such that

( ) ( )=′ ′ ′π φ φ π ,α σ α σ α

for each ′ ≤ ′α β .
Now, we summarize some useful properties of limits of inverse systems.

Proposition 2.3. [44] Let { }= ∑S X π, ,α α

β be an inverse system. If for every ∈ ∑α , Xα is compact and nonempty,
then ←Slim is compact and non-empty.

Proposition 2.4. [22] Let �{ }=S X π, ,n n

p be an inverse system. If for every �∈n , Xn is an Rδ-set, then ←Slim

is Rδ-set, as well.

Theorem 2.4. [6] Let { }= ∑S X π, ,α α

β be an inverse system and → ′← ←φ S S: lim lim be a limit map induced by a
map { }id φ,

α
, where →φ X X: .

α α α Then, the fixed point set of φ is a limit of the inverse system generated by the
sets ( )φFix

α
. In particular, if the sets ( )φFix

α
are compact acyclic (resp. Rδ), then it is compact acyclic (resp. Rδ),

as well.

Below, we introduce the following two inverse systems and their limits. For more details about the inverse
system and its limit, we refer the reader to [22,45].

Let ∈a R and � �( ) { { } }= ∈ >a m m a\ 0 ; . For each �( )∈p m a, with ≥p m, let us consider a projection
([ ] ) ([ ] )→π G a p X G a m X: , , , ,a m

p

,
, defined by

( ) ∣ ([ ] )[ ]= ∈π u u u G a p X, , , .a m

p
a m, ,

Then, it is readily checked that �{ ([ ] ) ( )}G a m X π a, , , ,a m

p

,
is an inverse system and its limit is

�([ ) ) { ([ ] ) ( )}∞ =
←

G a X G a m X π a, , lim , , , , .a m

p

,

Non-autonomous measure evolution inclusions on the half-line  7



Let ( [ ) )∞L dg X, 0, ,
loc

be the separately locally convex space consisting of all locally Bocher integrable
functions w.r.t. g from [ )∞0, to X endow with a family of seminorms �{‖ ‖ { }}⋅ ∈m; \ 0m

1 , defined by

�‖ ‖ ‖ ( )‖ ( ) { }∫= ∈u u t dg t m, \ 0 .m

m

1

0

In a similar manner as earlier, we also obtain that �{ ( [ ] ) { }}L dg m X π, 0, , , ˙ , \ 0a m

p

,
is an inverse system, where

≥p m and
( ) ∣ ( [ ] )[ ]= ∈π f f f L dg p X˙ , , 0, , .a m

p
m, 0,

Moreover,

�( [ ) ) { ( [ ] ) { }}∞ =
←

L dg X L dg m X π, 0, , lim , 0, , , ˙ , \ 0 .m

p

0,

Remark 2.1. [46] Let us recall that by a Frechet space, we mean a locally convex space, which is metrizable
and complete. Every Banach space is Frechet space, and every Frechet space is the limit of an inverse system
of Banach spaces.

3 Topological structure of solution sets

In this section, we will study the existence result of the mild solution and the Rδ-set of solution set for system
(1.3) on I . Further, we will study the Rδ-set for system (1.3), which is defined on ∞I . Before stating and proving
the main results, we introduce some assumptions:
(H0) { ( )} ∈A t t I is a family of linear not necessarily bounded operators ( ( ) ( ) ⊂ → ∈A t D A X X t I: , , ( )D A

a dense subset of X not depending on t) generating an evolution operator ( )△ →T L X: , where ( )L X

is the space of all bounded linear operators in X .
(H1) The multivalued ( ) ( )× →F I G I X P X: , cl cv,

satisfies ( )⋅F t, is weakly u.s.c. for a.e. ∈t I , and ( )⋅F u, has
strongly measurable selection for every ( )∈u G I X, .

(H2) There exists a constant >b 0, a function ( ) ( )∈ +a t L dg I R, ,

1 , and a compact set ⊂S X such that
( ) ( )( ‖ ‖)⊆ +F t u a t b u S, 1 for a.e. ∈t I and ( )∈u G I X, .

(H3) The nonlocal function ( ) [ ) ( )⋅ ⋅ ∞ × →H G I X X, : 0, , and ( ) ( ) [ )⋅ → ∞σ G I X: , 0, are both continuous.
( ( ) ) ( )⋅ ⋅ →H σ G I X X, : , is a compact mapping, and there is a constant >K 0 such that, for ( )∈u G I X, ,

‖ ( ( ) )‖ ‖ ‖≤H σ u u K u, .

For each ( )∈u G I X, , let us denote

( ) { ( ) ( ) ( ( )) }= ∈ ∈ ∈u f L dg I X f t F t u t t ISel , , : , , for a.e. .F
1

Definition 3.1. A regulated function →u I X: is called a mild solution on I of system (1.3) if it is a solution
of the integral equation

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + + ∈u t T t u H σ u u T t s f s dg s t I, 0 , , , for ,

t

0

0

where ( )∈f uSelF .

When maintaining fundamental properties (including continuity, local boundedness, local maxima and
minima, etc.); mapping compact sets to compact sets as well as mapping connected sets to connected sets;
degree of smoothness; monotonicity preservation, etc., the contents that can be established for general con-
tinuous functions can also hold for regular functions. Therefore, Lemma 3.1 can be deduced from [6] (Lemma
3.3) as being obviously true.

8  Yuhua Ma et al.



Lemma 3.1. Let Hypothesis (H1) and (H2) be satisfied. Then, there exists a sequence { }Fn with
( ) ( )× →F I G I X P X: ,n cl cv,

such that
(i) ( ) ( ) ( ) ( ( ( )))⊂ ⊂ ⊂ ⊂ ≥+ −F t u F t u F t u co F t B u n, … , , … , , 1,n n1 3

n1 for each ( )∈u G I X, ;
(ii) ‖ ( )‖ ( )( ‖ ‖)≤ + ≥F t u α t u n, 3 , 1,n for each ( )∈u G I X, ;
(iii) There exists ⊂E I with mes( ) =E 0 such that for each ∈ >x X ε* *, 0, and ( ) ( )∈ ×t u I E G I X, \ , , there

exists � > 0 such that for all �≥n ,

( ( )) ( ( )) ( )⊂ + −x F t u x F t u ε ε* , * , , ;n

(iv) ( ) ( ) ( )⋅ × →F t X G I X P X, : ,n cl cv,
is continuous for a.e. [ ]∈t T0, with respect to Hausdorff-Pompeiu metric

for each ≥n 1;

(v) For each ≥n 1, there exists a selection [ ] ( )× →g T G I X X: 0, ,
n

of Fn such that ( )⋅g u,
n

is strongly measur-
able for each ( )∈u G I X, and for any compact subset � ( )⊂ G I X, , there exist constants >C 0V and >δ 0

for which the estimate

‖ ( ) ( )‖ ( )(‖ ‖)− ≤ −g t u g t u C α t u u, ,
n n V1 2 1 2

holds for a.e. [ ]∈t T0, and each ∈u u V,
1 2

with � ( )≔ +V B 0 ;d

(vi) Fn verifies the condition (H2) with Fn instead of F for each ≥n 1, provided that X is reflexive.

3.1 Topological structure on compact intervals

Lemma 3.2. Let conditions (H1) and (H2) be satisfied. Then, ( )uSelF is nonempty.

Proof. Let us show that ( ) ≠ ∅uSelF for each ( )∈u G I X, . For this purpose, we assume that ( )∈u G I X, and { }un

is the sequence of step functions from I to ( )G I X, such that

‖ ( ) ( )‖− → → ∞
∈

u t u t nsup 0, .

t I

n (3.1)

By (H1), we can see that for each n, ( )⋅F u, n has a strongly measurable selection ( )⋅f
n

. Furthermore, by (3.1), for
each > ∈n t I0, , there exists >M 0, such that ‖ ( )‖ ≤u t M .n It follows from (H2) that f

n
is integrably bounded

in ( )L dg I X, ,

1 . Making use of Lemma 2.3, one can conclude that this family is weakly relatively compact, and
so, we can find a subsequence f

n
(which we do not relabel), which is weakly ( ( ) ( ))∞σ L dg I X L dg I X, , , , ,

1

convergent to some dg -measurable function f , i.e., for every ∈x X* *, we have

⟨ ⟩ ⟨ ⟩→ → ∞x f x f n*, *, , .
n

And using Lebesgue controlled convergence theorem, we obtain

( ) ( ) ( ) ( )∫ ∫→ → ∞x f s dg s x f s dg s n*, *, , .

t

n

t

0 0

Therefore, for { ( ) ( )}∫≥n f s dg s1,

t

n
0

is relatively weakly compact.
By Mazur’s theorem, there exists a sequence of convex combinations convergent in the norm of

( )L dg I X, ,

1 , i.e., for every ≥n 1, { }∈ ≥f co f k n˜
;

n k
, and ( ) ( )→f t f t˜

n
for a.e. ∈t I .

The hypotheses of Theorem 2.3 are satisfied by the sequence { }f˜
n
. It follows that f is KS-integrable w.r.t. g

and

( ) ( ) ( ) ( )∫ ∫→ → ∞ ∀ ∈f s dg s f s dg s n t I˜
, , .

t

n

t

0 0

It is sufficient to check ( ) ( ( ))∈f t F t u t, for a.e. ∈t I . Let J be a set and ⊆J I such that ( ) ( )→f t f t˜

n
and

( ) ( ( ))∈f t F t u t,
n n for all ∈t I . For all ≥n 1, let ∈ >x X ε* *, 0, and ∈t I fixed, from (H1), which implies that

( ( ))∘ ⋅ →x F t X* , : 2

R is an u.s.c. and with convex valued. To see this, let us write that for every ∈s J , and
>ε 0, there exists ∈n Nε s, such that

Non-autonomous measure evolution inclusions on the half-line  9



( ( ( ))) ( ( ( ))) ( )⊂ + − ∀ ≥x F s u s x F s u s ε ε n n* , * , , , .n ε s,

Since for every ( ( )) { ( ( )) } ( ( ( )))∈ ∈ ≥ ⊂n N x f s co x f t k n x F s u s, *
˜

* ; * ,
n k n , it comes that

( ( )) ( ( ( ))) ( )∈ + − ∀ ≥x f s x F s u s ε ε n n*
˜

* , , , ,
n ε s,

take the limit from both sides, the arbitrariness of x*, and F has convex valued, so ( ) ( ( ))∈f s F s u s, , for every
∈t I . Hence, we obtain ( )∈f uSelF . □

Next, in order to obtain the compactness of the solution set, we will consider the integral equation of the form

( ) ( ) ( ) ( ( )) ( ) [ ]∫= + ∈u t φ t T t s k s u s dg s t a T, , , , ,

a

t

(3.2)

where [ )∈a T0, and ( )∈φ G I X, .

Lemma 3.3. Assume that for every ([ ] ) ( )∈ ⋅u G a X k u0, , , , is ( [ ] )L dg a X, 0, ,

1 -integrable, { ( )}( )∈△T t s, t s, is com-
pact. Suppose, in addition, that

(i) for any compact subset ([ ] )⊂D G a X¯ 0, , , there exists >δ 0 and ( [ ] )∈ +L L dg T R, 0, ,D̄
1 and ( ) ( )∫< <L s dg s0 1

a

t

D̄

such that‖ ( ) ( )‖ ( )‖ ‖− ≤ −k t u k t u L t u u, , ,D1 2 ¯ 1 2
for a.e. [ ]∈t T0, , each ( )∈u u B D, ¯ ;δ1 2

(ii) there exists ( ) ( [ ] )∈ +r t L dg T R, 0, ,
1

1 such that ‖ ( )‖ ( )( ‖ ‖)≤ +k t u r t c u, ¯1
, for a.e. [ ]∈t T0, and each

([ ] )∈u G a X0, , , where c̄ is arbitrary, but fixed.

Then, Problem (3.2) admits a unique solution for every ( )∈φ G I X, . Moreover, the solution to (3.2) depends
continuously on φ.

Proof. The proof process is divided into several steps. Set the operator W defined by

( )( ) ( ) ( ) ( ( )) ( ) [ ]∫= + ∈Wu t φ t T t s k s u s dg s t a T, , , , ,

a

t

there exists a ξ arbitrarily close to a such that ∣ ( )∣ ( )‖ ‖[ ] [ ]≥ + +∈ρ φ t ρ c rsup ¯ .
t a ξ L a ξ

,
1 ,

Let

( ) ([ ] ) ∣ ( )∣
[ ]

=
⎧
⎨
⎩

∈ ≤
⎫
⎬
⎭∈

B ξ u G ξ X u t ρ0, , ; sup .ρ

t ξ0,

Step I. We will prove ( ( )) ( )⊂W B ξ B ξ .ρ ρ According to assumptions, we obtain

‖( )( )‖ ( ) ( ) ( ( )) ( ) ∣ ( )∣ ( )‖ ‖
[ ]

( [ ])∫= + ≤ + + ≤
∈

Wu t φ t T t s k s u s dg s φ t c ρ r ρ, , sup ¯ .

a

t

t ξ

L

0,

1

g a ξ, ,

1

Therefore, ( ( )) ( )⊂W B ξ B ξ .ρ ρ

Step II. We will show that the operator ( ( ))W B ξρ is an equiregulated family of functions on [ ]ξ0, .
For [ )∈t ξ0,

0
, we have

‖( )( ) ( )( )‖ ∥ ( ) ( )∥ ∥( ( ) ( )) ( ( ))∥ ( ) ∥ ( ) ( ( ))∥ ( )∫ ∫− ≤ − + − +

≔ + +

+ + +

+

+

Wu t Wu t φ t φ t T t s T t s k s u s dg s T t s k s u s dg s

A A A

, , , , ,

,

a

t

t

t

0 0 0

1 2 3

0

0

where

∥ ( ) ( )∥

∥( ( ) ( )) ( ( ))∥ ( )

∥ ( ) ( ( ))∥ ( )

∫

∫

= −

= −

=

+

+

+

+

A φ t φ t

A T t s T t s k s u s dg s

A T t s k s u s dg s

,

, , , ,

, , .

a

t

t

t

1 0

2 0

3

0

0
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The combination of compactness of { ( )}( )∈△T t s, t s, and strongly continuity of ( )T t s, in the uniform
operator topology, and applying dominated convergence theorem, we can derive that A

1
and A

2
tend to

zero independently of u as → +
t t

0
. Let ( ) ( ) ( )∫=ω t r s dg s ,

t

0

1
from Lemma 2.1, ( )ω t is regulated function on

[ ]ξ0, . Thus, ∥ ( ) ( ( ))∥ ( ) ( ) ( ) ( ) ( )( ( ) ( ))∫ ∫= ≤ + ≤ + − +
+ +A T t s k s u s dg s c ρ r s g s c ρ ω t ω t, ,

¯
d

¯
.

t

t

t

t

3 1 0

0 0

So, when → +
t t

0
,

we have →A 0
3

also independently of u.
Similar to the aforementioned analysis, we can also derive that ‖( )( ) ( )( )‖− →−

Wu t Wu t 0
0

, as →−
t t

0
, for

every [ ]∈t ξ0, . So ( ( ))W B ξρ is equiregulated on [ ]ξ0, from Definition 2.2.
Step III. We will prove that the operator ( ) ( )→W B ξ B ξ: ρ ρ is continuous. To this end, let { } ⊂=

∞
un n 1

( ) ([ ] )⊂B ξ G ξ X0, ,ρ be a sequence such that =→∞u ulimn n in ( )B ξρ .

‖( )( ) ( )( )‖ ( )‖ ‖ ( )∫− ≤ − → → ∞Wu t Wu t L s u u dg s n0, as .n

a

t

D n

In addition, the same analysis as Step II demonstrates that { } =
∞

Wun n 1
is equiregulated on [ ]ξ0, . This property

combined with Lemma 2.2 implies that { }Wun converges uniformly to { }Wu as → ∞n , namely,

‖( ) ( )‖ ‖( )( ) ( )( )‖
[ ]

− ≤ − → → ∞∞
∈

Wu Wu Wu t Wu t nsup 0, as .n

t ξ

n

0,

Therefore, the operator ( ) ( )→W B ξ B ξ: ρ ρ is continuous.
Step IV. We demonstrate that the operator ( ) ( )→W B ξ B ξ: ρ ρ is compact. To prove this, we show that

( ) {( )( ) ( )}= ∈V t Wu t u B ξ: ρ is relatively compact in X , for [ ]∈t ξ0, . It is easy to see that for every
( ) ( )∈ ∈u B ξ u V t, ˜ρ , such that

( ) ( ) ( ) ( ( )) ( )∫= +u t φ t T t s k s u s dg s˜ , , .

a

t

For an arbitrary ( )∈ε t0, , define an operator ( ) →I V t X:ε by

( )( ) ( ) ( ) ( ) ( ( )) ( )∫= + − −
−

I u t φ t T t t ε T t ε s k s u s dg s˜ , , , .ε

a

t ε

From the compactness of { ( )}( )∈△T t s, t s, and ( ) ( ( )) ( ) ( )‖ ‖
[ ]

∫ − ≤ +
−

T t ε s k s u s dg s c ρ r, , ¯ ,

a

t ε

L1

g a t, ,

1 we obtain that the
set ( ) {( )( ) ( )}= ∈V t I u t u V t˜ : ˜ε ε is relatively compact in X for each ( )∈ε t0, . Moreover, it follows

∣( )( ) ( )( )∣ ( ) ( ( )) ( ) ( ) ( ) ( )∫ ∫− ≤ ≤ + → →
− −

u t I u t T t s k s u s dg s c ρ r s dg s ε˜ ˜ , , ¯ 0, 0.ε

t ε

t

t ε

t

1

Therefore, there is a relatively compact set arbitrary close to the set ( )V t . Thus, the set ( )V t is also relatively
compact in X . According to Lemma 2.3, we know that ( ) ( )→W B ξ B ξ: ρ ρ is a compact operator. And by the
Schauder fixed point theorem, we obtain that operatorW has a fixed point ( )∈u B ξρ , which is local solution to
equation (3.2).

Step V. We prove that the solution is unique. Let u
1
be another local solution to equation (3.2). Then,

∣ ( ) ( )∣ ( )( ( ( )) ( ( ))) ( ) ∥ ∥ ( ) ( )∫ ∫− ≤ − ≤ −u t u t T t s k s u s k s u s dg s u u L s dg s, , , .

a

t

a

t

D1 1 1

Namely, ( ) ( )∫ ≥L s dg s 1

a

t

D for [ ]∈ ξ0, , which is contradicts our assumption.
Next, we continue the solution for ≥t ξ . For [ ]∈t ξ ξ,

1
, where <ξ ξ

1
, we say that a function ( )u t˘ is a

continuation of ( )u t to the interval [ ]ξ ξ,
1
, if

(a) ( ) ([ ] )∈u t G ξ X˘ 0, ,
1

, and

(b) ( ) ( ) ( ) ( ( )) ( )∫= +u t φ t T t s k s u s dg s˘ , , ˘ .

ξ

t
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By the observation that if we define a new function ( )v t on [ ]ξ0,
1
by setting

( )
( ) [ ]

( ) [ ]
= ⎧

⎨
⎩

∈
∈v t

u t t ξ

u t t ξ ξ

, 0, ,

˘ , , ,
1

( )v t is a mild solution to (3.2) on [ ]ξ0,
1
. The existence and uniqueness of the mild continuation ( )u t˘ are

demonstrated exactly as earlier with only some minor changes, so omitted. Repeating this procedure and
by the a priori estimate of the solution, one continues the solution till the time =ξ ξm max

, where [ ]ξ0,
max

is the
maximum interval of the existence and uniqueness of a solution, and ú denotes the solution on the interval
[ ]ξ0,

max
. We prove =ξ T .

max
If this is not the case, then <ξ T .

max
Put

( ) ( ) ( ) ( ( )) ( )∫= +φ t φ t T t s k s s dg s¯ , , ú ,

a

ξ
max

with ( ) ([ ] )∈φ t G ξ T X
¯

, ,
max

. We consider the following integral equation:

( ) ( ) ( ) ( ( )) ( )∫= +u t φ t T t s k s u s dg s¯ , , .

ξ

t

max

One can use the previous arguments to extend the solution beyond ξ
max

, which is a contradiction.
Step VI. Let →φ φ

n 0

in ( )G I X, as → ∞n , and un be the solution to equation (3.2) with the perturbation
φ ,

n
i.e.,

( ) ( ) ( ) ( ( )) ( ) [ ]∫= + ∈u t φ t T t s k s u s dg s t T, , , for 0, .n n

a

t

n (3.3)

Obviously, from the compactness of { ( )}( )∈△T t s, t s, , it follows that the set

( ) ( ( )) ( )∫
⎧
⎨
⎩

≥
⎫
⎬
⎭

T t s k s u s dg s n, , : 1

a

t

n

is relatively compact in ([ ] )G a T X, , . Now, we should prove the set

( ) ( ) ( ( )) ( )∫
⎧
⎨
⎩

− ≥
⎫
⎬
⎭

u t T t s k s u s dg s n, , : 1n

a

t

n

is relatively compact in ([ ] )G a T X, , , we only prove that →∞ulimn n exists in ([ ] )G a T X, , . On the contrary,
if →∞ulimn n does not exist in ([ ] )G a T X, , , then for any �∈n , we have n n, and

1 2
with n

1
, >n n

2
such that

‖ ‖[ ]− >u u εn n T0, 0
1 2

(ε
0
is a constant), i.e., there exists t

*

such that

‖ ( ) ( )‖[ ]− >u t u t ε
* *

.n n T0, 0
1 2

Let ( ) ( ) ( ) ( ( )) ( )∫= −u t u t T t s k s u s dg sˆ , ,n n

t

n
0

, we can estimate

∣ ( ) ( )∣ ∣ ( ) ( )∣ ( )( ( ( )) ( ( ))) ( )

( ) ( )

( ) ( )

∫

∫

∫

− ≥ − − −

≥ −

=
⎛

⎝
⎜ −

⎞

⎠
⎟

u t u t u t u t T t s k s u s k s u s dg s

ε L s dg s ε

L s dg s ε

ˆ

*

ˆ

* * * *

, , ,

1 ,

n n n n

t

n n

t

D

t

D

0

0

0

0

0

0

*

*

*

1 2 1 2 1 2

which contradicts the compactness of ûn in ([ ] )G a T X, , . Hence, →∞ulimn n converges in ([ ] )G a T X, , and →u un .
Therefore, taking the limit in (3.3) as → ∞n , one finds, again by (H2) and Lebesgue-dominated convergence
theorem, that u is the solution to equation (3.2) with the perturbation φ

0

. This completes the proof. □
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Theorem 3.1. If the assumptions (H0)–(H3) hold, in addition, suppose that { ( )}( )∈△T t s, t s, is compact in X, then
the solution set of system (1.3) has at least one mild solution with

‖ ‖ ( ) ( )

( ( ))
( )∫∫

∫
⎪

⎪

⎪

⎪
≥

⎧
⎨
⎩

+

− −

⎫
⎬
⎭

⎛

⎝
⎜ − −

⎞

⎠
⎟ >r

u c a s dg s

k bc dg s

M and k bc dg smax

1

, ¯ 1 0.

T

T

T

0

0

0
0

Proof. We denote the operator ( ) ( ( ))→N G I X P G I X: , ,T ,

( )( ) { ( ) ( ) ( ) ( ( )) ( )}= ∈ ∈ ∈ ∈N u t v t G I X v t S u t I u G I X, : Sel , , , ,T T F

( )( ) ( )[ ( ( ) )] ( ) ( ) ( )∫=
⎧
⎨
⎩

+ + ∈
⎫
⎬
⎭

S f t T t u H σ u u T t s f s dg s t I, 0 , , , .T

t

0

0

Let set

{ ( ) ‖ ‖ } ( )= ∈ ≤ ⊂∞B u G I X u r G I X¯ , : , .r

We seek for solutions in B̄r . It is clear that we will obtain the result if we shows that NT admits a fixed point
in B̄r . The proof process is divided into some steps.

Step I.We prove that ( ) ⊂N B B¯ ¯ .T r r Since S is compact, it is bounded, and let us say by some >c 0. For every
∈u B̄ ,r by Lemma 3.2, ( ) ≠ ∅uSelF , taking ( )∈f uSelF with ∈u B̄ ,r it follows that

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + +v t T t u H σ u u T t s f s dg s, 0 , , ,

t

0

0

for all [ ]∈t T0, . Then,

‖ ( )‖ ‖ ‖ ‖ ‖ ( ( ) ‖ ( )‖) ( )

‖ ‖ ( ( ) ) ( )

∫

∫

≤ + + +

≤ + + +

≤

v t u k u a s b u s cdg s

u kr a s br cdg s

r.

T

T

0

0

0

0

Hence, ‖ ( )‖ ‖ ( )‖= ≤∞ ∈v t v t rsup
t I

, for every ( )∈v N uT , namely, ( ) ⊂N B B¯ ¯ .T r r

Step II. In order to achieve the u.s.c. of NT on B̄r , applying Lemma 2.7, it is sufficient to show that is quasi-
compact and closed.

Let ⊂B B̄r r be a bounded set of ( )G I X, . We will prove that for each ∈t I , ( ) { ( )( ) }= ∈V t N u t u B: ¯T r

is relatively compact in X.
Obviously, for ( ) { ( ( ) )}= = +t V u H σ u u0, 0 ,

0
is relatively compact in X. Let [ ]∈t b0, be fixed, and for

∈u B̄r and ( ) ( )∈v t V t , there exists ( )∈f uSelF such that

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + +v t T t u H σ u u T t s f s dg s, 0 , , .

t

0

0

For an arbitrary ( )∈ε t0, , define an operator ( ) →J V t X:
ε

by

( ) ( )[ ( ( ) )] ( ) ( ) ( ) ( )∫= + + − −
−

J v t T t u H σ u u T t t ε T t ε s f s dg s, 0 , , , .
ε

t ε

0

0

From the compactness of { ( )}( )∈△T t s, t s, , we obtain that the set ( ) { ( ) ( ) ( )}= ∈V t J v t v t V t:ε ε
is relatively com-

pact in X for each ( )∈ε t0, . Moreover, it follows

Non-autonomous measure evolution inclusions on the half-line  13



( ) ( ) ( ) ( ) ( ) ( ( ) ) ( )∫ ∫− ≤ ≤ +
− −

v t J v t T t s f s dg s a s br cdg s, .
ε

t ε

t

t ε

t

Therefore, there is a relatively compact set arbitrarily close to the set ( )V t . Thus, the set ( )V t is also relatively
compact in X , which yields that ( ) { ( )( ) }= ∈V t N u t u B: ¯T r is relatively compact in X for each ∈t I .

Thus, we obtain ( )N BT r is relatively compact, which implies that NT is quasi-compact. Next, we will show
that the operator ( )N BT r is an equiregulated family of functions on [ ]T0, .

For [ )∈t T0, ,
0

we have

‖( )( ) ( )( )‖

∥ ( ) ( )∥‖ ‖ ∥ ( ) ( ( ) ) ( ) ( ( ( )) ( ))∥

∥( ( ) ( )) ( )∥ ( ) ‖ ( )‖ ( ) ( )∫ ∫

−
≤ − + −

+ − +

≔ + + +

+

+ + + +

+

+

+

N u t N u t

T t T t u T t H σ u u T t H σ u t u t

T t s T t s f s dg s T t s f s dg s

I I I I

, 0 , 0 , 0 , , 0 ,

, , ,

,

T T

t

t

t

0

0 0 0 0 0

0

0

1 2 3 4

0

0

where

∥ ( ) ( )∥‖ ‖

‖ ( ) ( ( ) ) ( ) ( ( ( )) ( ))‖

∥( ( ) ( )) ( )∥ ( ) ‖ ( )‖ ( ) ( )

‖ ( )‖ ( ) ( )

∫ ∫

∫

= −
= −

= − +

=

+

+ + +

+

+

+

+

I T t T t u

I T t H σ u u T t H σ u t u t

I T t s T t s f s dg s T t s f s dg s

I T t s f s dg s

, 0 , 0 ,

, 0 , , 0 , ,

, , , ,

, .

t

t

t

t

t

1 0 0

2 0 0 0

3

0

0

4

0

0

0

The combination of compactness of { ( )}( )∈△T t s, t s, , strongly continuity of ( )T t s, in the uniform operator
topology and from (H3), applying dominated convergence theorem, we can derive that I

1
, I

2
, and I

3
tend to

zero independently of u as → +
t t

0
. Let ( ) ( ) ( )∫=ω t r s dg s¯ ,

t

0

1
from Lemma 2.1, ( )ω t¯ is regulated function on

[ ]T0, . Thus,

‖ ( )‖ ( ) ( ) ( ) ( ) ( )

( ) ( ( ) ( ))

∫ ∫ ∫

∫

= ≤ +

= + − +

+ + +

+

I T t s f s dg s cbr dg s c a s g s

cbr dg s c ω t ω t

, d

¯ ¯
.

t

t

t

t

t

t

t

t

4

0

0 0 0

0

So, when → +
t t

0
, we have →I 0

4
also independently of u. Therefore, from Lemma 2.1, NT is u.s.c. on B̄ .r

Next, we will prove that NT is closed on B̄ .r To this aim, let un be a sequence of elements of NT , which
converges to a regulated function u and shows that u is also the element of NT . There exists a sequence of
measurable functions { ( )} ( ( ) ‖ ( )‖)∈ +f t a t b u t S

n n for every [ ]∈t T0, and for each n:

( ) ( )[ ( ( ) )] ( ) ( ) ( ) [ ]∫= + + ∈u t T t u H σ u u T t s f s dg s t T, 0 , , for all 0, .n n n

t

n0

0

Because the sequence ( )f
n n satisfies the assumptions of Lemma 2.3, there exists a subsequence ( )f

n k
k

, which is
( ( ) ( ))∞σ L dg X L dg X, , , *

w

1

*
-weakly convergent to some integrable w.r.t. g function f , and it can be seen that for a

fixed [ ]∈t T0, , the operator

( ) ( ) ( ) ( ) ( )⋅ ∈ ↦ ⋅ ⋅ ∈f L dg I X T t f L dg I X, , , , ,

1 1

is linear and continuous, since
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∥ ( ) ( )∥ ∥ ( ) ( )∥ ( ) ∥ ( )∥ ( ) ‖ ‖∫ ∫⋅ ⋅ ≤ ≤ =T t f T t s f s dg s f s dg s f, , .L

t T

L

0 0

g g

1 1

For any continuous linear functional on ( )L μ X,

1 for a finite measure, μ can be represented by an element of
( )∞L μ X, *

w*
, where X *

w*
denotes the space of all weak equivalence classes of X*-valued, X -weakly measurable

functions [ ] →T Xℏ : 0, * such that they are essentially bounded. Therefore, taking in particular functions of
the form ( ) ( )[ ]=s x χ sℏ *

t0,

(for some ∈x X* *), one obtains

⟨ ( ) ( )⟩ ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

⟨ ( ) ( )⟩ ( )

∫ ∫ ∫

∫

= →

=

x T t s f s g s s T t s f s dg s s T t s f s dg s

x T t s f s g s

*, , d ℏ , ℏ ,

*, , d ,

t

n

T

n

T

t

0 0 0

0

k k

and so, the sequence ( ) ( ) ( )∫⎛⎝
⎞
⎠T t s f s dg s,

t

n

k
0 k

is weakly convergent to ( ) ( ) ( )∫ −T t s f s dg s .

t

0

Then,

( ) ( ) ( )[ ( ( ) )] ( ) ( ) ( )∫→ = + +u t u t T t u H σ u u T t s f s dg s, 0 , , .n

t

0

0

Hence, NT is closed on B̄ .r

Step III. Let us now prove NT is contractible on B̄ .r First, we can define the following operators:

( ) ( ) ( )( ) ( )[ ( ( ) )]→ = +G I X G I X u t T t u H σ u uΓ : , , , Γ , 0 , ,
0

( ) ( ) ( )( ) ( ) ( ) ( )∫→ =S L dg I X G I X S f t T t s f s dg s: , , , , , .

t

1

1

1

0

For ∈u B̄ ,r fix ( )∈f u* SelF and put ( ) ( )= +u u S f* Γ *
1

. Define a function [ ] ( ) ( )× →h N u N u: 0, 1 T T
by setting

( )( )
( ) [ ]

( ) ( ]
= ⎧

⎨
⎩

∈
∈h λ v t

v t t λT

u t λ v t λT T
,

, 0, ,

; , , , ,

for each ( ) [ ] ( )∈ ×λ v N u, 0, 1 , where ( )u t λ v; , is the unique solution of the equation in the form

( ) ( ) ( ) ( ) ( ) [ ]

( ) ( ) [ ]

⎧
⎨
⎩

∈ + ∈
= ∈

u t A t u t t f t dg t t λT T

u t v λT t λT

d d * , , ,

, 0, .

Clearly, ( ) ( )∈h λ v N u, T , for each ( ) [ ] ( )∈ ×λ v N u, 0, 1 T . In fact, for each ( )∈v N uT , there exists ( )∈f u˜
SelF ,

such that

( ) ( )= +v u S fΓ
˜

.
1

Put

( ) ( ) ( ) ( ) ( )[ ] [ ]= +f t f t χ t f t χ tˆ ˜
* .

λT λT T0, ,

It is clearly that ( )∈f hˆ
SelF . Also, it is readily checked that ( ) ( )+ =u S f vΓ

˜
,

1
for all [ ]∈t λT0, ,

( ) ( ) ( )+ =u S f u t λ vΓ
˜

; ,
1

, for all ( ]∈t λT T, , and hence, ( ) ( ) ( )= +h λ v u S f, Γ
˜

,
1

i.e. ( ) ( )∈h λ v N u, .T Note that

( ) ( )= =h v u h v v0, *, 1, .

To show that h is continuous, given ( ) [ ] ( )∈ ×λ v N u, 0, 1m m T be such that ( ) ( )→λ v λ v, ,m m as → ∞m . Then,

( )( )
( ) [ ]

( ) ( ]
= ⎧

⎨
⎩

∈
∈h λ v t

v t t λT

u t λ v t λT T
,

, 0, ,

; , , , .

m m

m

m m

We shall prove that ( )( ) ( )( )→h λ v t h λ v t, ,m m as → ∞m . Without loss of generality, we assume that ≤λ λm , for
( ) [ ] ( )∈ ×λ v N u, 0, 1m m T , there exists ( )∈f uSel

m F , such that ( ) ( ) ( )= +h λ v u S f, Γ .m m m1
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Then, we have that for ≤ ≤t λT0 ,

∣ ( ) ( )∣ ∣ ( ) ( )∣− = − →h λ v h λ v v t v t, , 0.m m m

If ≤ ≤λ T t λT ,m

∣ ( ) ( )∣ ∣ ( ) ( )∣ ∣ ( ) ( )∣ ∣ ( ) ( )∣− = − ≤ − + −h λ v h λ v u t λ v v t u t λ v v t v t v t, , ; , ; , ,m m m m m m m m

which tends to 0 as → ∞n , since ( ) ( )→u t λ v v t; ,m m m as →t λ Tm .
If ≤ ≤λT t T ,

∥ ( ) ( )∥ ∣ ( ) ( )∣[ ]
[ ]

− = − →
∈

h λ v h λ v u t λ v u t λ v, , sup ; , ; , 0.m m λT T

t λT T

m m,

,

Since the function f * satisfies the conditions in Lemma 3.3 due to Lemma 3.1 (ii) and (v), we know that
equation (3.2) has a unique solution for every ( ) ([ ] )∈u t G λT X0, , and the solution to (3.2) depends continu-
ously on ( )λ u, .

Finally, an application of Theorem 2.3 yields that NT has at least one point, which is solution of the non-
local Cauchy Problem (1.3) on compact interval I . □

Now, let ΣT

F denote the set of all mild solutions for inclusion (1.3) on compact interval [ ]T0, . We will
present the following characterization.

Lemma 3.4. Let the assumptions in Theorem 3.1 hold. Then, ( )= NΣ FixT

F
T and ΣT

F is compact in ( )G I X, .

Proof. Obviously, ( )⊃ NΣ FixT

F
T . To prove the reverse inclusion, we take ∈u ΣT

F , and there exists ( )∈f uSelF ,
such that

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + + ∈u t T t u H σ u u T t s f s dg s t I, 0 , , , for all ,

t

0

0

then,

‖ ( )‖ ‖ ( ( ) )‖ ‖ ( )‖ ( )

‖ ‖ ‖ ‖ [ ( ) ‖ ( )‖] ( )

‖ ‖ ‖ ‖ ( ) ( ) ‖ ( )‖ ( )

∫

∫

∫ ∫

≤ + +

≤ + + +

= + + +

u t u H σ u u f s dg s

u k u a s b u s cdg s

u k u a s cdg s bc u s dg s

,

.

t

t

t t

0

0

0

0

0

0 0

Let ( ) ‖ ‖ ‖ ‖ ( ) ( )∫= + +M t u k u a s cdg s
t

1 0

0

, and we can write

‖ ( )‖ ( ) ‖ ( )‖ ( )∫≤ +u t M t bc u s dg s .

t

1

0

As a consequence of the Gronwall-type lemma (see reference [46]), we obtain

‖ ( )‖ ( ) ( ) ( ( ) ( )) ( )∫≤ + −u t M t bc M s g t g s dg sexp .

t

1

0

1

The function ( ) ( ) ( ) ( ( ) ( )) ( )∫= + −M t M t bc M s g t g s dg sexp

t

1

0

1
is LS-integrable w.r.t. g and regulated, therefore,

bounded by some >M̄ 0, and so ‖ ( )‖ ≤ ≤u t M r¯ . Based on the aforementioned considerations, we have
( )= NΣ FixT

F
T . Moreover, as in the proof of Theorem 3.1, B̄r is compact in ( )G I X, and NT is closed; from this,

we see that ( )NFix T is a compact set in B̄r , so is ΣT

F . □
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Theorem 3.2. Let the hypotheses in Theorem 3.1 be satisfied. Then, ΣT

F is an Rδ-set for each ∈t I .

Proof. To this aim, let us consider the following inclusion:

( ) ( ) ( ) ( ) ( )

( ) ( ( ) )

⎧
⎨
⎩

∈ + ∈
= +

u t A t u t t F t dg t t I

u u H σ u u

d d ,

0 , ,

n

0

(3.4)

where [ ] ( ) ( )× →F T G I X P X: 0, ,n cl cv,
are established in Lemma 3.1. Let ΣT

Fn denote the set of all mild solutions
for inclusion (3.4). Note Lemma 3.1(ii) and (vi), and one can see from Theorem 3.1 that each set ΣT

Fn is nonempty
and compact in ( )G I X, for each ≥n 1. Moreover, by Lemma 3.1(i), we have

⊂⋯⊂ ⊂ ⊂⋯⊂ ⊂−
Σ Σ Σ Σ Σ .T

F
T

F

T

F

T

F

T

Fn n 1 2 1

We prove that = ⋂ ≥Σ ΣT

F
n T

F

1

n. Note that ⊂ ⋂ ≥Σ ΣT

F
n T

F

1

n. To prove the reverse inclusion, we take ∈ ⋂ ≥u Σn T

F

1

n, and
there exists { } ( )⊂f L dg I X, ,

n

1 , such that ( )∈f uSel
n F ,

‖ ( )‖ ( )( ‖ ‖)≤ + ≥ ∈f t α t u n t I3 , 1, for a.e. ,
n

from Lemma 3.1(ii). According to the reflexivity of the space X and Lemma 3.1, we have the existence of a
subsequence, denoted as the sequence, such that ( )∈f L dg I X, ,

n

1 . By Mazur’s theorem, there exists a sequence
of convex combinations convergent in the norm of ( )L dg I X, ,

1 , i.e., for every ≥n 1, { }∈ ≥f co f k n˜
;

n k
, and

( ) ( )→f t f t˜

n
for a.e. ∈t I .

Denote by J the set of all ∈t I such that ( ) ( )→f t f t˜

n
in X and ( ) ( )∈f t F t

n n for all ≥n 1. According to
Lemma 3.1(iii), we know that there exists ⊂E I with mes( ) =E 0 such that for each ( )∈ ⋂t I E J\ , and

∈ >x X ε* *, 0,

⟨ ( )⟩ {⟨ ( )⟩ } ⟨ ( )⟩ ⟨ ( )⟩ ( )∈ ≥ ⊂ ⊂ + −x f t co x f t k n x F t x F t ε ε*, *, : *, *, , .
n n

k

Therefore, we obtain that ⟨ ( )⟩ ⟨ ( )⟩∈x f t x F t*, *, for each ∈x X* * and ( )∈ ⋂t I E J\ . Since F has convex and
closed values, we conclude that ( ) ( )∈f t F t for each ( )∈ ⋂t I E J\ , which implies that ( )∈f uSelF . Moreover,
since

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + + ∈u t T t u H σ u u T t s f s dg s t I, 0 , , , for all ,n n

t

n0

0

as in the proof of Theorem 3.1, the sequence ( ) ( ) ( )∫ T t s f s dg s,

t

n
0

is weakly convergent to ( ) ( ) ( )∫ T t s f s dg s, ,

t

0

whence

( ) ( )[ ( ( ) )] ( ) ( ) ( )∫= + + ∈u t T t u H σ u u T t s f s dg s t I, 0 , , , for all ,

t

0

0

which implies that ∈ ∑u T

F and = ⋂
≥

Σ ΣT

F

n

T

F

1

n as desired.
Finally, we will prove that ΣT

Fn is contractible for each ≥n 1. From Lemma 3.1(v), let g
n
be the selection of Fn

and ( )⋅g t,
n

be continuous for a.e. ∈t I . At the same time, { ( ) }≔ ∈ ∈Ω u t t I u: , Σn T

Fn is a relatively compact set

in X , since ΣT

Fn is compact in ( )G I X, . Therefore, by Lemma 3.1(v), there exists a neighborhood V of Ω̄n and a
constant >C 0V such that ‖ ( )‖ ( )( ‖ ‖)≤ +g t u α t u, 3

n
, for a.e. ∈t I and each ∈u X .

Next, we will consider a trivial variant of an argument from Theorem 3.1,

( ) ( ) ( ) ( ( )) ( ) [ ]

( ) ( ) [ ]

⎧
⎨
⎩

= + ∈
= ∈

u t A t u t t g t u t dg t t λT T

u t v t t λT

d d , , , ,

, 0, ,

n (3.5)

for each ∈s I and ( )∈v G I X, . Since the functions g
n
satisfy the conditions in Lemma 3.3 due to Lemma 3.1(ii)

and (v), by Lemma 3.3, we know that equation (3.5) has a unique solution for every ( ) ( )∈u t G I X, . Moreover,
the solution to (3.5) depends continuously on ( )λ v, , denoted by ( )u t λ v; , . Define a function [ ] × →h˜ : 0, 1 Σ ΣT

F

T

Fn n

by setting
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( )( )
( ) [ ]

( ) ( ]
= ⎧

⎨
⎩

∈
∈h λ v t

v t t λT

u t λ v t λT T

˜
,

, 0, ,

; , , , ,

for each ( ) [ ]∈ ×λ v, 0, 1 ΣT

Fn. It follows, as in the proof of Theorem 3.1 we can show that ( ) ∈h λ v˜
, ΣT

Fn for each
( ) [ ]∈ ×λ v, 0, 1 ΣT

Fn and ( ) ( ) ( )= =h v u t v h v v˜
0, ; 0, ,

˜
1, for each ∈v ΣT

Fn.
At the next step, show that h˜ is continuous. As seen earlier, one consider a sequence

{( )} [ ]⊂ ×λ v, 0, 1 Σm m T

Fn such that ( ) ( )→λ v λ v, ,m m in [ ] ×0, 1 ΣT

Fn as → ∞m . Then,

( )( )
( ) [ ]

( ) ( ]
= ⎧

⎨
⎩

∈
∈h λ v t

v t t λT

u t λ v t λT T

˜
,

, 0, ,

; , , , .

m m

m

m m

Without loss of generality, we assume that ≤λ λm , for ( ) [ ]∈ ×λ v, 0, 1 Σm m T

Fn, since the remaining cases can be
treated in a similar way. For simplicity in presentation, one can put ( ) ∥ ( ) ( )∥= −θ t h λ v h λ v˜

,
˜

,m m m for ∈t I , and
we are going to show that ‖ ( )‖ →θ t 0m as → ∞m .

Then, we have that for ≤ ≤t λT0 ,

‖ ( )‖ ∣ ( ) ( )∣= − →θ t v t v t 0.m m

If ≤ ≤λ T t λT ,m

‖ ( )‖ ∣ ( ) ( )∣ ∣ ( ) ( )∣ ∣ ( ) ( )∣= − ≤ − + −θ t u t λ v v t u t λ v v t v t v t; , ; , ,m m m m m m m

which tends to 0 as → ∞n , since ( ) ( )→u t λ v v t; ,m m m as →t λ Tm .
If ≤ ≤λT t T ,

‖ ( )‖ ∣ ( ) ( )∣[ ]
[ ]

= − →
∈

θ t u t λ v u t λ vsup ; , ; , 0.m λT T

t λT T

m m,

,

Since the functions ( ( ))g t u t,
n

satisfy the conditions in Lemma 3.3 due to Lemma 3.1(ii) and (v), by Lemma 3.3 ,
we know that equation (3.5) has a unique solution for every ( ) ([ ] )∈u t G λT X0, , and the solution to (3.5)
depends continuously on ( )λ u, .

Accordingly, our result follows. Hence, we conclude that ΣT

Fn is contractible, and thus, ΣT

F is an Rδ-set. □

3.2 Topological structure on non-compact intervals

We consider the set {( ) [ ) [ )∣ }△ = ∈ ∞ × ∞ ≤ ≤∞ t s s t, 0, 0, 0 and the evolution system { ( )}( )∈△∞T t s, t s, is com-
pact in X , and the ( ) ( )× →∞ ∞F I G I X P X: , cl cv,

such that
( ) ∞H0 { ( )} [ )∈ ∞A t t 0,

is a family of linear not necessarily bounded operators ( ( ) ( ) [ )⊂ → ∈ ∞A t D A X X t: , 0, ,
( )D A a dense subset of X not depending on )t generating an evolution operator ( )△ →∞T L X: , where ( )L X is

the space of all bounded linear operators in X .
( ) ∞H1 ( )⋅F t, is weakly u.s.c. for a.e. ∈ ∞t I , and ( )⋅F u, has strongly measurable selection for

every ( )∈ ∞u G I X, .
( ) ∞H2 There exists a constant >b 0, a function ( ) ( )∈ ∞

+a t L dg I R, ,

1 , and a compact set ⊂S X such that
( ) ( )( ‖ ‖)⊆ +F t u a t b u S, 1 .

( ) ∞H3 The nonlocal function ( ) [ ) ( )⋅ ⋅ ∞ × →∞H G I X X, : 0, , and the function ( ) ( ) [ )⋅ → ∞∞σ G I X: , 0, are
both continuous. ( ( ) ) ( )⋅ ⋅ →∞H σ G I X X, : , is a compact mapping, and there is a constant >K 0 such that,
for ( )∈ ∞u G I X, ,

‖ ( ( ) )‖ ‖ ‖≤H σ u u K u, .

For each ( )∈ ∞u G I X, , let us denote

( )( ) ( )[ ( ( ) )] ( ) ( ) ( ) [ ]∫=
⎧
⎨
⎩

+ + ∈
⎫
⎬
⎭

S f t T t u H σ u u T t s f s dg s t m, 0 , , , 0, ,m

t

0

0
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( )( ) ( )[ ( ( ) )] ( ) ( ) ( ) [ )∫=
⎧
⎨
⎩

+ + ∈ ∞
⎫
⎬
⎭

∞S f t T t u H σ u u T t s f s dg s t, 0 , , , 0, ,

t

0

0

{ ( ) ( ) ( ( )) }= ∈ ∈ ∈∞
∞ ∞f L dg I X f t F t u t t ISel , , : , , for a.e. .F

1

In the sequel, we assume that { ([ ] ) ( )}G a m X π N a, , , ,a m

p

,
and { ( [ ] ) { }}L dg m X π N, 0, , , ˙ , \ 0a m

p

,
are inverse systems,

and we have { }id S, m is a mapping from { ( [ ] ) { }}L dg m X π N, 0, , , ˙ , \ 0a m

p

,
into { ([ ] ) { }}G a m X π N, , , , \ 0a m

p

,
. From the

observation, we obtain

( ( )) ( ) ( [ ] )= ∈ ≤π S f S π f L dg p X m p˙ ˙ for every , 0, , , ,m

p
p m m

p

so { }id S, m induces a limit mapping ( [ ) ) ([ ) )∞ → ∞∞S L dg X G X: , 0, , 0, , such that

( )∣ ( ∣ ) ( [ ) ) { }[ ] [ ]= ∈ ∞ ≤∞S f S f f L dg X m N, for each , 0, , , \ 0 .m m m0, 0,

Lemma 3.5. Let X be reflexive. Suppose further that F satisfies ( )∞H1 and ( )∞H2 . Then, the set ( )∞
uSelF and is

nonempty for each ( )∈ ∞u G I X, .

Proof. Let ( )∈ ∞u G I X, . By Lemma 3.2, we can obtain ∣ ( ∣ )[ ] [ ]∈f uSel
m F m m0, 0,

for each { }∈m N \ 0 , where ∣[ ]F m0,

is the restriction of F to [ ]m0, , and it is clearly seen that

∣ ( ) ( ) [ ] ( )[ ] = × ∞F t u F t u m G I X, , , on 0, , .m0,

Consider the function [ )∞f : 0, defined as

( ) ( ) ( ) [ )[ )∑= ∈ ∞
=

∞

−f t χ t f t t, 0, ,

m

m m m

1

1,

where [ )−χ
m m1,

denotes the characteristic function of interval [ )−m m1, . It is not difficult to see that
( )∈ ∞

f uSelF , and it is locally integrable w.r.t. g . □

Let ∞Σ

F stand for the set of all solutions to the inclusion (1.3). In the sequel, we are going to present our main
result.

Theorem 3.3. Let Hypothesis ( )∞H0 hold, and let the multivalued map ( ) ( )× →∞ ∞F I G I X P X: , cl cv,
satisfy

( )∞H1 –( )∞H3 . Then, ∞Σ

F is an Rδ-set in ( )∞G I X, .

Proof. For every { }∈m N \ 0 , let →N B:
ˆ

2m m
Bˆm be a multivalued mapping defined by

( ) ( ∣ ( ))[ ]=N u S u BSel , for each
ˆ

,m T F m m0,

where { [ ] }≔ ∈B u G m Xˆ
0, ,m .

Making use of Theorem 3.1 and Lemma 3.3 to ∣[ ]F m0,
, and we can obtain ( )

[ ]= ∣
NFix Σm m

F m0, and ( )NFix m is
nonempty and compact. At the same time, from Theorem 3.3, ( )NFix m is an Rδ-set. Then, it is readily checked
that { { }}B π Nˆ

, ˙ , \ 0m m

p is an inverse system and its limit is

{ ( )} { { }}≔ ∈ =∞
←

B u G I X B π N˜
, lim

ˆ
, ˙ , \ 0 .m m

p

From the observation that when ∈p m N, and ≥p m,

∣ ( ∣ ) { ∣ ∣ ( )}[ ] [ ] [ ] [ ]= ∈ ∈u f f u u BSel ; Sel , for all
ˆ

.F m m m F p p0, 0, 0, 0,

So ( )id N, m is the mapping from { { }}B π Nˆ
, ˙ , \ 0m m

p into itself. Next, using the fact ( ( )) ( )=π S f S π˙ ˙m

p
p m m

p , for every
( [ ] )∈f L dg p X, 0, , , we obtain
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( ( )) ( ( ∣ ( )))

{ ( ( )) ∣ ( )}

{ ( ) ∣ ( ∣ )}

( )( )

[ ]

[ ]

[ ] [ ]

=
= ∈
= ∈
=

π N u π S u

S π f f u

S f f u

N π u

˙ ˙ Sel

˙ ; Sel

; Sel

˙ .

m

p
p m

p
p F p

m m

p
F p

m F m m

m m

p

0,

0,

0, 0,

Therefore, ( )id N, m induces a limit mapping →∞N B:
˜

2

B˜, which is defined by

( ) { ∣ ( ∣ ) { } ( ) ( ) ( ( )) }[ ] [ ]= ∈ = ∈ ∈ ∈ ∈∞ ∞ ∞N u v B v S f m N f L dg I X f t F t u t t I˜
; , for every \ 0 , , , , and , , for ,m m m0, 0,

1

for each ∈u B˜.
At the end of this step, applying Theorem 2.4, we obtain that the solution set ( )=∞ ∞NΣ Fix

F is an Rδ-set in
( )∞G I X, . □

4 Example

In this section, we give an example to demonstrate the feasibility of our results, and we consider the following
fractional differential inclusion of the form:

( ) ( ) ( ) ( ) ( )
( )

( ) [ ] [ ]

( )( ) ( )
( )

( )

∫

∫ ∫ ⎜ ⎟

⎧

⎨
⎪
⎪

⎩
⎪
⎪

∂
∂

∈
∂
∂

− + ⎛
⎝

∂
∂

⎞
⎠ ∈ ∈

+ ⎛
⎝

∂
∂

⎞
⎠

=
∞

t
u t x

x
u t x a t u t x b s c s

u s x

x
dg s x π t

u x h s d x
u s y

y
y s u x

, , , ,

,

, 0, , 0, 1 ,

0 ,

,

d d ,

t

δ

π

2

2

0

0

0

(4.1)

where
(A1) The function [ ] →a R: 0, 1 is a continuously differentiable function and satisfies

( )[ ]= > −∈a a tmin 1tmin 0,1
;

(A2) The function ( ) ([ ] )⋅ ∈b C R0, 1 , satisfies ∣ ( )∣∫ < ∞
∞

b s ds ;

0

(A3) The multivalued function [ ) ( )∞ × →c R P R: 0, cl cv,
satisfies ( )⋅c t, , which is weakly u.s.c. for a.e. [ )∈ ∞t 0, ,

and there is a constant >c 0
1

such that ∣ ( )∣ (∣ ∣ )≤ +c t x c x, 1
1

, for [ )∈ ∞ ∈t x y R0, , , ;

(A4) The function ( ) ([ ] )⋅ ∈h C R0, 1 , and satisfies ∣ ( )∣∫ < ∞
∞

h s ds .

0

The function ( ) ([ ] )⋅ ⋅ ∈ ×d C π R, 0,

2 satisfies
that there is >d 0

1
such that, for [ ]∈ ∈x π y R0, , ,

( ) ( )
∣ ∣

⎧
⎨
⎩

∂
∂

∂
∂

⎫
⎬
⎭
≤

d x y

x

d x y

x
d ymax

,

,

,

.

2

2
1

And ( )∈δ 0, 1 , let ([ ] )=X L π R0, ,

2 with the norm‖ ‖⋅
2
and inner product ⟨ ⟩⋅ ⋅, . Consider the linear operator B in

Hilbert space X defined by

( )≔
∂
∂

∈Bu
x

u u D B, ,

2

2

where

( ) { ([ ] )∣ ([ ] ) ( ) ( ) }≔ ∈ ∈ = =D B u L π R u u u L π R u u π0, , , ˙ are absolutely, ¨ 0, , , 0 0 .

2 2

By ([47] Lemma 6.1 in Chapter 7), it is well known that B generates a compact C
0
-semigroup in X . Furthermore,

B has a discrete spectrum, and its eigenvalues are − ∈ +n n N,

2 with the corresponding normalized eigenvec-

tors ( ) ( )= ≤ ≤ =e x nx x π nsin , 0 , 1, 2,….n
π

2

Define the operator ( ) = −A t u Bu bu with ( ( )) ( )=D A t D B . It follows from ([48] Lemma 6.1 in Chapter 7)
that operator ( )A t satisfies the known conditions of Acquistapace and Terreni [30]. Therefore, ( )A t generates a
strongly continuous evolution family { ( ) }≤ ≤ ≤T t s s t, : 0 1 defined by
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( ) ⟨ ⟩
( ) ( )∑ ∫= ≤ ≤ ≤ ∈

=

∞
−⎛
⎝ + − ⎞

⎠T t s u e u e e s t u X, , , 0 1, .

n

a τ τ n t s

n n

1

d

s

t
2

A direct calculation gives

‖ ( )‖ ( )
( )( )≤ ≤ ≤ ≤− + −T t s e s t, , 0 1.L X

a t s1
min

It is evident ‖ ( )‖ ( )≔ =≤ ≤ ≤M T t ssup , 1
s t L X

0 1

.
Note also from [49] that, for each [ ]∈t s, 0, 1 with >t s, the evolution family ( )T t s, is a nuclear operator,

which implies the compactness of ( )T t s, for >t s.

Define ( )( )u t x = ( )u t x, , ( ( ))( )F t u t x, = ( ) ( )
( )∫ ⎛

⎝
⎞
⎠

∂
∂b s c s dg s,

t u s x

x0

, , ( ( ))σ u t x, = ( )h t , and ( ( ) ( ( )))( )H σ u σ u t x x, , =

( )
( )∫ ∫ ⎛

⎝
⎞
⎠

∞ ∂
∂h s d x y s, d d

δ

π u s y

y0

, . Then, with this notions, system (4.1) can be rewritten well into the abstract form of

system (1.3).
Taking

( ) =

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

∈ ⎡
⎣ − ⎤

⎦
⋯

−
−

∈ ⎛
⎝ −

−
− ⎤

⎦
⋯

=

g t

t

n
t

n n

t

1

2

, 0, 1

1

2

,

,

1

1

1

, 1

1

1

, 1

1

,

,

1, 1.

It is evident that [ ] →g R: 0, 1 is a left continuous and nondecreasing function on [ ]0, 1 . It is easy to certify that
assumption (H3) for the function H is verified as well due to assumption (A4). Meanwhile, the assumptions (A2)
and (A3) imply that function [ ] × →F X P: 0, 1 cl cv,

satisfies well the condition (H1). We assume that assumptions
( )H2 and ( )H3 are satisfied. From Theorem 3.1, system (4.1) has at least one mild solution on [0, 1].

5 Conclusion

This article pioneers the investigation of the topological structure of the solution set for a class of non-
autonomous evolution inclusions driven by measures on the half-line. Initially, we establish that the solution
set is nonempty, compact, and an Rδ-set on compact intervals by employing fixed point theorems, and
we derive certain sufficient conditions to guarantee the existence and Rδ-property of the solution set.
Subsequently, utilizing the limit inverse method alongside our existing results on compact intervals, it is
demonstrated that the solution set is nonempty, compact, and an Rδ-set on the half-line as well. The results
given in this study developed and extended some previous results. Finally, an illustrative example is given to
show the practical usefulness of the analytical results. Furthermore, we will investigate topological structure
of solution set of the fractional measure evolution inclusion in the next work.
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