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Abstract: A semilinear heat equation with noninstantaneous impulses, memory, and delay is studied. Its approximate 
controllability is obtained by employing a technique that pulls back the control solution into a fixed curve in a short 
time interval. This technique is a modification of the one used by Bashirov et al. to avoid the use of fixed points, but it 
only works to prove approximate controllability. This technique can be applied to reaction-diffusion systems that behave 
like the heat equation, such as the one presented in Oliveira. In the end, we consider some examples to be studied in the 
future.
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1. Introduction
The theory of impulsive dynamical systems was initiated by [1]. Afterward, it has become an important field of 

investigation in several areas. They can be found in applications ranging from neural networks to ecology, chemistry, 
biotechnology, radiophysics, theoretical physics, mathematical economy, and engineering. The interest of this article 
is the noninstantaneous impulsive semilinear system involving memory and state delay, which is motivated by 
applications such as species population, nanoscale electronic circuits consisting of single-electron tunneling junctions, 
and mechanical systems with impacts [2-4]. In general, impulses represent sudden deviations of states at specific times, 
either by instantaneous jumps or continuous intervals.

In real-life problems, the impulse starts abruptly at a certain moment in time and remains active for a finite time 
interval. However, the duration of the action is short. Such an impulse is known as a noninstantaneous impulse. This 
notion appeared for the first time in 2012. After that, it became an area of interest for many researchers. For more, we 
refer to our readers [5-9].

The phenomenon of impulses implies instantaneous and discontinuous changes at different instants of time, which 
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influence the solutions and can lead to the instability (respectively uncontrollability) of the differential equation or, 
conversely, to its stability (respectively controllability). The evolution of this theory has been rather slow due to the 
complexity of handling such equations (see [10, 11]). Afterward, many scientists contributed to the enrichment of this 
theory; they launched different studies on this subject, and a large number of results were established.

Controllability is a mathematical problem that consists of finding a control that steers the system from an arbitrary 
initial state to a final state in a finite interval of time. The controllability of instantaneous impulsive systems has 
been extensively studied in the literature; see [12-20]. To the best of our knowledge, there is no work that deals with 
semilinear heat equations with memory, delay, and noninstantaneous impulsivity simultaneously. Motivated by the 
above facts, we study the approximate controllability of the following system:
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where 0 = s0 = t0 < t1 ≤ s1 < ... < tN ≤ sN < tN +1 = T are fixed real numbers, and the distributed control u belongs to L2(0, 
T; X) with  = L2[0, π], M ∈ L∞ ([0, T] × [0, T] × [0, π]), f : [0, T] × R × R → R and g : R → R represents the nonlinear 
perturbations of the system, h : [−r, 0] × [0, π] → R is a piecewise continuous function. The noninstantaneous impulses 
are represented by Gi : (ti, si] × R × R → R. A : D(A) ⊂  →  is the operator Aψ = − ψxx, with domain D(A) := {ψ ∈ 
 : ψ, ψx absolutely continuous, ψxx ∈ , ψ(0) = (ψπ) = 0}, θ is an open nonempty subset of [0, π], and 1θ denotes the 
characteristic function of the set θ.

In general, the effect of such pulses on the behavior of solutions is presented as in Figure 1.

Figure 1. Example of the effect of noninstantaneous pulses

The interval [tk, sk] represents the impulsive behavior; it starts at the instant tk and remains active until the instant sk.
This paper is organized as follows: in Section 2, we briefly present the problem formulation and related definition. 

In Sections 3 and 4, we discuss the approximation controllability for the linear and the semilinear systems. The last 
section is devoted to some related open problems and applications.
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2. Abstract formulation of the problem
In this section, we recall some results that will be useful in the sequel. It is well known that : ( )A A− ⊂ →D    is 

the generator of a strongly continuous analytic semigroup 0( ( ))tS t ≥  on . Moreover, the operator A and the semigroup 
can be represented as follows:

1
, ,  ,n n n

n
Ax x xλ φ φ χ

∞
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where λn = n2, ϕn(ξ ) = sin(nξ) and ,〈⋅ ⋅〉  are the inner products in . Also, the strongly continuous semigroup (S(t))t ≥0 
generated by −A is compact and presented by
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Then, we have the following estimation.
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Using the above notation, we can rewrite system (1) as the following differential equations with memory as follows 
for x ∈ [0, π]:
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where u ∈ L2(0, T; U ) with U  = , Bθ : U  →  is a bounded linear operator defined by Bθu = 1θu, ωt stands for the 
translated function of ω defined by ωt(s) = ω(t + s), with s ∈ [−r, 0] and the functions g1: L2[0, π] → L2[0, π], Gi

1: (ti , si] 
×  × U  → L2[0, π] and f 1: [0, T ] × PW × U  → L2[0, π ], are defined by

1( , )( ) ( , , ),M t s x M t s x=

1( ( ))( ) ( ( , )),tg r x g t r xω ω− = −

1( , ( ), )( ) ( , ( ), ( , )),tf t r u x f t t r u t xω ω− = −
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where PW is the space of piecewise continuous functions given by

{ }1/2: [ , 0] :  is piecewise continuous .h r h= − →PW 

(2)
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Here,  1/2 is the fractional powered space defined by

( ) 21/2 1/2
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Next, if the functions g and f are smooth enough, then the fractional powered space  1/2 allows the following 
Nemytskii operator to be well defined

2 : [0, ] ,f T × × →PW U 
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Then, from system (2), we obtain the following nonautonomous evolution equation with noninstantaneous impulses 
in the Hilbert space 

( ) ( ]

( ]

2
1

0

1

0

( ) ( ) ( ) , , in , ,

( ) ( ), in [ , 0]

( ) ( , ( ), ( )), in , .

i

i

N

t i
i

N

i i
i

t A t u t f t u s t
t
s h s r

t G t t u t t s

θ
ω ω ω

ω

ω ω

+
=

=









∂
+ = +

∂
= −

=


B




We consider the space PC( ) of all functions φ : [−r, T] →  1/2 such that φ(·) is piecewise continuous on [−r, 0] 
and continuous on [0, T] except at points ti where the side limits φ(ti

−) and φ(ti
+) exist, and φ(ti

−) = φ(ti) for all i = 1, 2, ..., 
N, endowed with the uniform norm denoted by || · ||PC( ).

The problem of the existence of a solution for the semilinear differential system under noninstantaneous impulses 
and delays has attracted many researchers. For instance, in finite-dimensional Banach space, the existence and 
uniqueness of solutions for the semilinear differential system under noninstantaneous impulses and delays are obtained 
by applying Karakostas’ fixed point theorem; see [8], and for infinite-dimensional space, we invite interested readers to 
see [9, 21-23].

To this end, we shall assume that the functions M1, f 2, g1, and Gi
1 are smooth enough such that the above system (3) 

admit only one mild solution on [−r, T] given by:
Definition 2.1 A function ω(·) ∈ PC( ) is called a mild solution for the system (3) if it satisfies the following 

integral-algebraic equation

(3)
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where IN denote the set {1, ···, N}.
In this work, we will assume that the functions appearing in the equation are smooth enough to allow us to prove 

the existence of mild solutions to system (3). The interested reader can see the work carried out by [8, 21-24], where 
fixed-point techniques are used to prove the existence of solutions to differential equations with impulses and delay. In 
this paper, we are interested in studying the controllability of the system (3). In this respect, we assume for the rest of 
this paper that this system admits a mild solution on [−r, T]. As mentioned before, the technique used was based on a 
fixed-point theorem by transforming the existence of solutions problem into a fixed-point existence problem of a certain 
operator equation satisfying a specific condition. This led to choosing adequate hypotheses to prove the existence of a 
fixed point; see [8, 9].

3. Approximate controllability of the linear equation
In this section, we shall present some characterization of the approximate controllability for a general linear system 

in Hilbert spaces, then we prove, for better understanding of the reader, the approximate controllability of the linear heat 
equation in any interval [T − l, T], l > 0 using the representation of the semigroup (S(t ))t ≥ 0 generated by −A, and the 
fact that ϕn(ξ ) = sinnξ are analytic functions. To this end, we note that, for all ω0 ∈ , 0 ≤ t0 ≤ T and u ∈ L2(0, T; U ) the 
initial value problem
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admits only one mild solution given by
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Definition 3.1 The system (5) is said to be approximately controllable on [t0, T] if for all ω0, ω
1 ∈ , ε > 0, there 

exists u ∈ L2([0, T ]; U ) such that the solution ω(t, ω0) of (5) corresponding to u verifies:

1 ( ) ,Tω ω ε− <


Definition 3.2 For l ∈ [0, T ), we define the controllability map for the system (5) as follows:

2: ( , ; )TlG L T l T− →U 

(4)

(5)
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The following lemma holds in general for a linear bounded operator G: W → Z between Hilbert spaces W and Z.
Lemma 3.1 (see [20, 25-27]). The equation (5) is approximately controllable on [T − l, T] if and only if one of the 

following statements holds:
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in the strong topology.
Lemma 3.2 The linear heat equation (5) is approximately controllable on [T − l, T]. Moreover, a sequence of 

controls steering the system (5) from an initial state y0 to an ε neighborhood of the final state ω1 at time T > 0 is given by 
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Proof. We shall apply condition (b) from the foregoing lemma. In fact, it is clear that S*(t) = S(t), Bθ
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Since {ϕn} is a complete orthonormal set on  we conclude that ξ = 0. This completes the proof of the approximate 
controllability of the linear system (5).

4. Approximate controllability of the semilinear system
In this section, we shall prove the main result of this paper, the interior approximate controllability of the 

noninstantaneous impulsive semilinear heat equation with memory and delay (1). To this end, we will give the definition 
of approximate controllability for the equivalent evolution of the semilinear system (3).

Definition 4.1 The system (3) is said to be approximately controllable on [0, T], if for all 1,h ω∈ ∈PW  1,h ω∈ ∈PW   and ε > 0, 
there exists 2 ([0, ]; )u L T∈ U([0, T]; U ), such that the corresponding solution ω(t, 0, h, u) of (3) verifies:

1( ) .Tω ω ε− <


Next, for all h ∈ PW  and 2 (0, ; ),u L T∈ U(0, T; U ), the initial value problem (3) admit only one mild solution given by (4), 
and its evaluation in T leads us to the following expression:
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Now, we are ready to present and prove the main result of this paper.
Theorem 4.1 Assume the existence of a function ρ ∈ C (R+, R+) such that for all (t, Φ, u) ∈ [0, T] × PW × L2(0, T; U) 

the following inequality holds:

( ) ( )1/2
1 , , ( ) .f t u rρΦ ≤ Φ − 

Then, the noninstantaneous impulsive semilinear heat equation (1) with memory and delay is approximately 
controllable on [0, T].

Proof. Given ε > 0, h ∈ PW and a final state w1 ∈  we look for a control 2 ([0, ]; )lu L Tα ∈ U([0, T]; U) with 0 < α < 1 such 
that the corresponding solution ωα , l satisfies

, 1 ( ) .l Tαω ω ε− <


We start by considering u ∈ L2(0, T; U) and its corresponding mild solution ω(t) = ω(t, 0, h, u) of the initial value 
problem (3). For 0 < α < 1 and 0 min{ , }Nl T s r< < −  small enough, we define the control sequence 2 (0, ; )lu L Tα ∈ U L2(0, T; U) as 
follows:

( ),  if 0 ,
( )

( ),  if ,
l u t t T l

u t
u t T l t Tα

α

≤ ≤ −
=  − < ≤

(7)

(8)



Volume 5 Issue 3|2024| 3559 Contemporary Mathematics

where for T − l < t ≤ T
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On the other hand, the corresponding solution yα
l(t) = y(t, T − l, ω(T − l), uα) of the linear value problem (6) at time 

T is given by
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Hence, by Lemma 3.2, we can choose α > 0, such that

, 1 , 1( ) ( ) ( ) ( )l l l lT T y T y Tα α
α αω ω ω ω− ≤ − + −

.
2 2
ε ε ε< + =

Since 1/2 ,=   the proof of the theorem is complete.
Remark 4.1 The condition (7) allows us to choose unbounded disturbances for the system; for example, we can 

choose a function with exponential growth that bounds the force term f 1. A particular choice of the function ρ used in 
the condition (7) is ( ) exp( ) ,ρ ξ βξ η= +  with β ≥ 1.

5. Conclusions and possible extensions
In this work, we have dealt with the approximate controllability of a semilinear heat equation with noninstantaneous 

impulses, memory, and delay. This is done by employing a technique that avoids fixed-point theorems by pulling back 
the controlled solution to a fixed curve in a short time interval. This technique is a modification of the one used by [28-
30] to avoid the use of fixed points. This proves that the controllability of the linear heat equations is robust under the 
influence of noninstantaneous impulses, memory, and delay as perturbations if an additional condition is imposed.

To the best of the authors’ knowledge, dynamical systems with noninstantaneous impulses have not been studied 
much in the literature, which opens the doors to many possibilities for dealing with such problems. The technique we 
used here is simple and can be applied to those control systems governed by diffusion processes like, for example, the 
Benjamin-Bona-Mohany equation, the strongly damped wave equations, and the beam equations (for more detail about 
these, see [31]), all of them with noninstantaneous impulses, memory, and delay. We believe that this kind of problem 
can be formulated with fractional derivatives as well; see, for example [32].

Example 5.1 Our first example is a semilinear, nonautonomous differential equation with noninstantaneous 
impulses, memory, and delay in a finite dimension 

(11)
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where A(t), B(t) are continuous matrices of dimension n × n and n × m respectively, the control function u belongs to 
C(0, T; Rm), h ∈ PW(−r, 0; Rn), f : [0, T] × PW(0, T; Rn) × Rm → Rn, g : Rn → Rn, M ∈ C(0, T; Rn)Gi : (ti, si] × Rn × Rm 
→ Rn.

Example 5.2 The second example is about the controllability of a noninstantaneous semilinear beam equation with 
memory and delay in a bounded domain Ω ⊆ RN,
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the damping coefficient γ > 1, and the real-valued functions z = z(t, x) in [0, T] × Ω represent the beam deflection, u in [0, 
T] × Ω is the distributed control, g acts as convolution kernel with respect to the time variable.

Example 5.3 Another example where this technique may be applied is the strongly damped wave equation with 
Dirichlet boundary conditions with noninstantaneous impulses, memory, and delay in the space Z1/2 = D((−∆)1/2) × 
L2(Ω),
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where Ω is a bounded domain in RN, θ is an open nonempty subset of Ω, 1θ denotes the characteristic function of the set θ, 
the distributed control u ∈ L2(0, T; L2(Ω)). ϕ1, ϕ2 are piecewise continuous functions.

Acknowledgments
The authors would like to express their thanks to the editor and anonymous referees for constructive comments and 

suggestions that improved the quality of this manuscript.



Contemporary Mathematics 3562 | H. Leiva, et al.

Conflict of interest
The authors have no conflicts of interest to declare that are relevant to the content of this article.

References
[1] Milman VD, Myshkis AD. On the stability of motion in the presence of impulses. Sibirskii Matematicheskii 

Zhurnal. 1960; 1(2): 233-237.
[2] Lakshmikantham V, Bainov DD, Simeonov PS. Theory of Impulsive Differential Equations. Singapore: World 

Scientific; 1989. Available from: https://doi.org/10.1142/0906.
[3] Samoilenko AM, Perestyuk NA. Impulsive Differential Equations. Singapore: World Scientific; 1995. Available 

from: https://doi.org/10.1142/2892.
[4] Yang T. Impulsive Control Theory. Berlin, Heidelberg: Springer Science & Business Media; 2001. Available from: 

https://doi.org/10.1007/3-540-47710-1.
[5] Ahmed HM, El-Borai MM, Okb El Bab AS, Ramadan ME. Approximate controllability of noninstantaneous 

impulsive Hilfer fractional integrodifferential equations with fractional Brownian motion. Boundary Value 
Problems. 2020; 2020: 120. Available from: https://doi.org/10.1186/s13661-020-01418-0.

[6] Agarwal R, O’Regan D, Hristova S. Stability by Lyapunov like functions of nonlinear differential equations with 
non-instantaneous impulses. Journal of Applied Mathematics and Computing. 2017; 53(1): 147-168. Available 
from: https://doi.org/10.1007/s12190-015-0961-z.

[7] Kumar V, Malik M. Controllability results of fractional integro-differential equation with non-instantaneous 
impulses on time scales. IMA Journal of Mathematical Control and Information. 2021; 38(1): 211-231. Available 
from: https://doi.org/10.1093/imamci/dnaa008.

[8] Lalvay A, Padilla-Segarra A, Zouhair W. On the existence and uniqueness of solutions for non-autonomous semi-
linear systems with non-instantaneous impulses, delay, and non-local conditions. Miskolc Mathematical Notes. 
2022; 23(1): 295-310. Available from: https://doi.org/10.18514/MMN.2022.3785.

[9] Leiva H, Zouhair W, Cabada D. Existence, uniqueness and controllability analysis of Benjamin-Bona-Mahony 
equation with non instantaneous impulses, delay and non local conditions. Journal of Mathematical Control 
Science and Applications. 2021; 7(2): 91-108.

[10] Liu X. Practical stabilization of control systems with impulse effects. Journal of Mathematical Analysis and 
Applications. 1992; 166(2): 563-576. Available from: https://doi.org/10.1016/0022-247X(92)90315-5.

[11] McRae FA. Practical stability of impulsive control systems. Journal of Mathematical Analysis and Applications. 
1994; 181(3): 656-672.

[12] Aissa AB, Zouhair W. Qualitative properties for the 1 − D impulsive wave equation: Controllability and 
observability. Quaestiones Mathematicae. 2022; 45(8): 1229-1241. Available from: https://doi.org/10.2989/160736
06.2021.1940346.

[13] Chorfi S-E, El Guermai G, Maniar L, Zouhair W. Logarithmic convexity and impulsive controllability for the 
one-dimensional heat equation with dynamic boundary conditions. IMA Journal of Mathematical Control and 
Information. 2022; 39(3): 861-891. Available from: https://doi.org/10.1093/imamci/dnac013.

[14] Chorfi S-E, El Guermai G, Maniar L, Zouhair W. Impulsive null approximate controllability for heat equation with 
dynamic boundary conditions. Mathematical Control and Related Fields. 2023; 13(3): 1023-1046. Available from: 
https://doi.org/10.3934/mcrf.2022026.

[15] Guevara C, Leiva H. Controllability of the impulsive semilinear heat equation with memory and delay. Journal of 
Dynamical and Control Systems. 2018; 24(1): 1-11. Available from: https://doi.org/10.1007/s10883-016-9352-5.

[16] Zouhair W, Leiva H. Controllability of suspension bridge model proposed by Lazer and Mckenna under the 
influence of impulses, delays, and non-local conditions. Dynamics of Continuous, Discrete and Impulsive Systems 
Series B: Applications and Algorithms. 2023; 30: 123-133.

[17] Qin S, Wang G. Controllability of impulse controlled systems of heat equations coupled by constant matrices. 
Journal of Differential Equations. 2017; 263(10): 6456-6493. Available from: https://doi.org/10.1016/
j.jde.2017.07.018.

[18] Phung KD, Wang G, Xu Y. Impulse output rapid stabilization for heat equations. Journal of Differential Equations. 
2017; 263(8): 5012-5041. Available from: https://doi.org/10.1016/j.jde.2017.06.008.

[19] Sivasankar S, Udhayakumar R. A note on approximate controllability of second-order neutral stochastic delay 

https://doi.org/10.1142/0906
https://doi.org/10.1142/2892
https://doi.org/10.1007/3-540-47710-1
https://doi.org/10.1186/s13661-020-01418-0
https://doi.org/10.1007/s12190-015-0961-z
https://doi.org/10.1093/imamci/dnaa008
https://doi.org/10.18514/MMN.2022.3785
https://doi.org/10.1016/0022-247X(92)90315-5
https://doi.org/10.2989/16073606.2021.1940346
https://doi.org/10.2989/16073606.2021.1940346
https://doi.org/10.1093/imamci/dnac013
https://doi.org/10.3934/mcrf.2022026
https://doi.org/10.1007/s10883-016-9352-5
https://doi.org/10.1016/j.jde.2017.07.018
https://doi.org/10.1016/j.jde.2017.07.018
https://doi.org/10.1016/j.jde.2017.06.008


Volume 5 Issue 3|2024| 3563 Contemporary Mathematics

integro-differential evolution inclusions with impulses. Mathematical Methods in the Applied Sciences. 2022; 
45(11): 6650-6676. Available from: https://doi.org/10.1002/mma.8198.

[20] Vijayakumar V, Udhayakumar R, Zhou Y, Sakthivel N. Approximate controllability results for Sobolev-type delay 
differential system of fractional order without uniqueness. Numerical Methods for Partial Differential Equations. 
2023; 39(5): 3479-3498. Available from: https://doi.org/10.1002/num.22642.

[21] Anguraj A, Kanjanadevi S, Trujillo JJ. Existence of mild solutions of abstract fractional differential equations 
with non-instantaneous impulsive conditions. Discontinuity, Nonlinearity, and Complexity. 2017; 6(2): 173-183. 
Available from: https://doi.org/10.5890/DNC.2017.06.005.

[22] Hernández E, O’Regan D. On a new class of abstract impulsive differential equations. Proceedings of the American 
Mathematical Society. 2013; 141(5): 1641-1649.

[23] Pierri M, O’Regan D, Rolnik V. Existence of solutions for semi-linear abstract differential equations with not 
instantaneous impulses. Applied Mathematics and Computation. 2013; 219(12): 6743-6749. Available from: https://
doi.org/10.1016/j.amc.2012.12.084.

[24] Agarwal RP, Leiva H, Riera L, Lalvay S. Existence of solutions for impulsive neutral semilinear evolution 
equations with nonlocal conditions. Discontinuity Nonlinearity Complexity. 2022; 11(2): 1-18.

[25] Curtain RF, Pritchard AJ. Infinite Dimensional Linear Systems Theory. Berlin, Heidelberg: Springer; 1978. 
Available from: https://doi.org/10.1007/BFb0006761.

[26] Curtain RF, Zwart H. An Introduction to Infinite-Dimensional Linear Systems Theory. New York: Springer; 1995. 
Available from: https://doi.org/10.1007/978-1-4612-4224-6.

[27] Leiva H, Merentes N, Sanchez J. A characterization of semilinear dense range operators and applications. Abstract 
and Applied Analysis. 2013; 2013: 729093. Available from: https://doi.org/10.1155/2013/729093.

[28] Bashirov AE. On exact controllability of semilinear systems. Mathematical Methods in the Applied Sciences. 2021; 
44(9): 7455-7462. Available from: https://doi.org/10.1002/mma.6265.

[29] Bashirov AE, Ghahramanlou N. On partial approximate controllability of semilinear systems. Cogent Engineering. 
2014; 1(1): 965947. Available from: https://doi.org/10.1080/23311916.2014.965947.

[30] Bashirov AE, Jneid M. On partial complete controllability of semilinear systems. Abstract and Applied Analysis. 
2013; 2013: 521052. Available from: https://doi.org/10.1155/2013/521052.

[31] de Oliveira LAF. On reaction-diffusion systems. Electronic Journal of Differential Equations. 1998; 1998(24): 1-10.
[32] Kavitha K, Vijayakumar V, Udhayakumar R. Results on controllability of Hilfer fractional neutral differential 

equations with infinite delay via measures of noncompactness. Chaos, Solitons & Fractals. 2020; 139: 110035. 
Available from: https://doi.org/10.1016/j.chaos.2020.110035.

https://doi.org/10.1002/mma.8198
https://doi.org/10.1002/num.22642
https://doi.org/10.5890/DNC.2017.06.005
https://doi.org/10.1016/j.amc.2012.12.084
https://doi.org/10.1016/j.amc.2012.12.084
https://doi.org/10.1007/BFb0006761
https://doi.org/10.1007/978-1-4612-4224-6
https://doi.org/10.1155/2013/729093
https://doi.org/10.1002/mma.6265
https://doi.org/10.1080/23311916.2014.965947
https://doi.org/10.1155/2013/521052
https://doi.org/10.1016/j.chaos.2020.110035

