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Abstract

This work establishes the approximate controllability of nonlinear Hadamard-type fractional systems with weakly
singular logarithmic kernels in Banach spaces. Under suitable assumptions on the linearized control operator and
a linear growth condition on the nonlinearity, we prove the existence of a mild solution steering the system from
an arbitrary initial state arbitrarily close to a prescribed terminal state. The proof combines Krasnoselskii’s fixed
point theorem with refined estimates involving logarithmic convolutions.
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1 Introduction

Fractional calculus has emerged as an effective mathematical framework for modeling dynamical processes with
memory and hereditary effects. Its relevance has been demonstrated in a wide range of applications, including
viscoelastic materials, anomalous diffusion, heat conduction with memory, and control theory. Classical references
such as Podlubny [14], Samko et al. [15], and Kilbas et al. [9] laid the theoretical foundations of fractional integrals
and derivatives, while further physical interpretations and applications were developed by Mainardi [11].

Beyond the classical Riemann-Liouville and Caputo derivatives, increasing attention has been devoted to frac-
tional operators with nonstandard kernels. These operators allow for a finer description of nonlocal phenomena
and complex memory structures. In particular, fractional derivatives involving logarithmic, exponential, or Mittag-
Leffler type kernels have proven to be suitable for modeling scale-invariant and multiplicative memory effects.
Significant contributions in this direction can be found in the works of Abdeljawad [1-4], where generalized
fractional operators and related analytical properties are investigated.

At the same time, fixed point techniques and measures of noncompactness have played a central role in the
qualitative analysis of fractional differential and integro-differential equations. Fundamental results due to Kras-
noselskii [10] and Smart [16], together with the framework developed by Bana$ and Goebel [5], provide powerful
tools for studying nonlinear problems in infinite-dimensional spaces. More recent monographs by Benchohra et
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al. [6, 7] illustrate how these methods can be effectively combined with fractional operators to treat a broad class
of nonlinear systems.

Motivated by these developments, and by applications arising in control theory, several authors have investigated
the controllability of fractional evolution equations in Banach spaces. In particular, Wang and Zhou [18] studied
complete controllability for fractional evolution systems, highlighting the role of fractional resolvent operators
and suitable control mappings. More recently, controllability results for fractional integro-differential equations
with delays and singular kernels have been obtained in more general settings, including Fréchet spaces; see, for
example, [12].

However, most existing works focus on Caputo or Riemann-Liouville fractional derivatives, while the case of
Hadamard-type fractional systems with weakly singular logarithmic kernels remains less explored. Furthermore,
many studies assume exact controllability, which is known to be too restrictive in infinite-dimensional Banach
spaces when the associated semigroup is compact. To the best of our knowledge, the approximate controllability of
nonlinear Hadamard-type fractional integro-differential systems has not been fully investigated. This paper aims
to fill this gap.

In this work, we focus on a class of controlled fractional integro-differential equations involving a weakly
singular logarithmic kernel of Hadamard type. More precisely, we consider the following problem:

! P ds
HY u(t) + Au(r) :/ (log —) f(s,u(s)) — + Bv(@t), 1€(1,T],
1 s s (1)

u(l) = uo,

1
where H{, denotes the Caputo-Hadamard fractional derivative of order o, with -~ < a < land 0 < 8 < «.

Here, A : D(A) C F — F is adensely defined closed linear operator on a Banach space F, f : [1,T] x F — F
is a nonlinear mapping, and v(-) € L?([1, T]; U) denotes the control function, with U being a Banach space. The
bounded linear operator B : U — F represents the control action, while the weakly singular logarithmic kernel

-8
(log - captures the intrinsic multiplicative memory associated with Hadamard-type dynamics.
s

The main objective of this paper is to establish sufficient conditions for the approximate controllability of
problem (1) on a finite time interval [1, T']. Working on a finite horizon allows us to develop the analysis within
a Banach space framework while still accounting for the essential nonlocal effects induced by the logarithmic
kernel. The approach combines properties of fractional resolvent operators with fixed point techniques based on
measures of noncompactness, under suitable assumptions on the nonlinear term and the control operator.

The structure of the paper is as follows. Section 2 introduces the functional framework and preliminary results.
Section 3 establishes the main existence and approximate controllability theorem. Section 4 provides an illustrative
example demonstrating the applicability of our results. Finally, Section 5 concludes the paper with a summary of
the main contributions.

2 Preliminaries

Let F be a separable Banach space and U a control Banach space. Fix T > 1 and consider the Banach space
Xt =C([1,T], F) equipped with the norm

lullr = sup |lu(®)llF.
tel1,T]
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Definition 2.1 (Caputo-Hadamard derivative [9]) For « € (0, 1) and a function u € C L, T1, F), the Caputo-
Hadamard fractional derivative of order « is defined by

« (r)—%/t(l 5)_a(i<>)9 fe(1,T]
1+ S I(l—-w) J Ogs sdsus s o

Theorem 2.2 (Krasnoselskii’s Theorem [5, 10]) Let X be a Banach space and M C X nonempty, closed, bounded
and convex. Suppose A, B : M — X satisfy:

(i) Ax + By € M forall x, y € M,
(ii) A is a contraction;
(iii) B is continuous and compact on M.

Then, N' = A + B has a fixed point in M.

3 Existence and Controllability Results
To analyze the controllability of problem (1), we first state the following structural assumptions

(Hp) The operator A generates an equicontinuous Co-semigroup (7°(¢));>0 on F. Consequently, the fractional
resolvent operators 7T, and S, are uniformly bounded on [0, log T'], i.e.,

My = sup |[[Ta(D)|| <00, Ly= sup [Se(0)| < oo.
7€[0,log T'] 7€[0,log T']

(H») The nonlinearity f : [1, T] x F — F is Carathéodory and satisfies the linear growth condition: there exist
me L'([1,T]; R4) and ¢ > 0 such that

Nf&, x)r <m(t)+clx||r, forae.te[l,T]andallx € F.

(H3) The control operator B : U — F is bounded (i.e., B € L(U, F)), and the control function v belongs to
L*(1,T]; U).

Following the classical notion of controllability in infinite-dimensional systems (see, e.g., [12, 18]), we introduce
the following definition.

Definition 3.1 (Approximate Controllability) The system (1) is approximately controllable if for every ug, u; € F
and every € > 0, there exists a control v such that ||u(T) — ui||r < €.

For the linearized dynamics (obtained by setting f = 0 and up = 0), the terminal state depends linearly on the
control input. This motivates the introduction of the following operator.

Definition 3.2 (Linear controllability operator) The linear controllability operator Wy : L2([1, T]; U) — F is
defined by

T T\ T ds 5
Wrv = log — S [log — ) Bv(s) —, velL“([1,T;U).
1 s s s

The operator W characterizes the input-state relation of the associated linear fractional system and plays a central
role in the controllability analysis (see [8, 18]).
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Definition 3.3 (Control function) Motivated by Definition 3.1, we construct a control function that steers the system
toward the desired target state. Assuming that the range of the operator Wr defined in Definition 3.2 is dense in
F, for any desired final state u; € F, the control function v € L2([1, T]; U) is defined by:

u(t) = [W;‘ (ul — Ty (log T)ug

T 7\ ! T\ [* s\ 7P d€ ds
- /1 (log;) S, <log;> /1 <logg> f(E,u(S))?Tﬂ(t),

where W, ! denotes a bounded linear right inverse defined on the dense subspace Range(Wr); see [13, 17].

Remark 3.4 The assumption that Range(Wr) is dense in F is strictly weaker than surjectivity and constitutes a
standard requirement in approximate controllability theory for infinite-dimensional systems [13, 17, 18]. This
condition guarantees that any target state can be approached arbitrarily closely, in agreement with Definition 3.1.
We observe that for operators A generating compact semigroups, such as the Laplacian on bounded domains,
exact controllability cannot be achieved in infinite-dimensional spaces [17]. Consequently, approximate control-
lability represents the appropriate and feasible notion for the class of systems considered in this work.
Note that in finite-dimensional spaces, the concepts of density and surjectivity coincide.

Definition 3.5 (Mild solution A function u € X7 = C([1, T], F) is called a mild solution of problem (1) if it
satisfies, forall r € [1, T,

u(t) = T,(logt) ug

t \%! t s s\ 7 de | ds
+ / (log —> S (IOg —) / <10g —> fE u@®)—=|—
1 s s 1 § § | s
! 1\ ! t ds
+ log — Sy [log - ) Bv(s) —,
1 s s s
where the fractional resolvent operators T, and S, are defined via the contour integral:

1
T,(z) = 2—m/ STATIROY, A)da,
r

1
Se(t) = 2—m/ TR, A)da,
r

with I a suitable path in the complex plane enclosing the spectrum of A.

Proposition 3.6 Consider the linear system associated with (1), obtained by setting f = 0 and ug = 0. Its mild

solution is given by
t 1\ 1 ds
u(t) = / log - Se¢ [ log— ) Buv(s) —, tel[l,T]
1 s s s

Define the linear controllability operator Wy : L*([1, T1; U) — F by Wrv := u(T). Assume that the range of
Wr is dense in F and that o > % Then there exists a constant K > 0 such that for every z € Range(Wr), there
exists v, € L>([1, T1; U) with Wrv, = z and

! A\ ! t ds
log — Sy [ log - ) Bu,(s) —
1 s s s
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Proof Since the range of Wy is dense in F and both spaces are Banach, there exists a bounded linear right inverse
W, ! defined on Range(W7) C F such that

Wr(Wy'z) =z and |W; 'zl 210y < Kollzllp, ¥z € Range(Wr),

for some constant Ky > 0.
For a given z € Range(Wr), define v, := WT_lz € L%([1,T): U). For any ¢t € [1, T'], consider

t a—1
D.(1) := / <10g E) Se (log E) Buv,(s) ﬁ
1 s s s

By (Hy), IS« (D)l < Ly forall T € [0,1log T], and by (H3), || Bllz(v,Fr) < o©. Hence,

t a—1
t ds
1D, < Lol B f (log ;) o)l
1

t 1\ 2@ gg 12 ! , ds 172
< Lq|| Bl / (log—) — (/ ||Uz(5)||U—>
1 S N 1 S

(by Cauchy—Schwarz inequality)
1/2

logt ) |
< Lo||B]| (/O T <°‘—>dr> lvzllL2qi. 7.0

(logt)z"‘_l 1/2
= Lq|| Bl (—> lvzllL2qr.7:0)

200 — 1
Ly B|(log T)*~1/2
< o £ Kollzl .
V20 — 1

The requirement o > % ensures the convergence of the singular kernel in L2, which is essential for the well-

posedness of the control operator in the Hilbert space framework.
Taking the supremum over ¢ € [1, T'] and setting

_ Lol BlKo(log T)*~!/?

K :

V2a —1 ’
we obtain
sup | ®-(DF = KlizllF,
t€[1,T]
which completes the proof. o

Theorem 3.7 (Approximate Controllability Result) Assume (Hy)-(H3) and the linear controllability condition
1
stated in Proposition 3.6. Suppose further that 3 <a < land0 < B < a. If the following conditions hold:

Ci:=(+4K)LgB(a,1—p)c(logT)* P+ <1,
KL
¢i=1 "‘; B(a,2 — B) (log T)*~A+1 < 1,

then the system (1) is approximately controllable on [1, T] in the sense of Definition 3.1.
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Proof Let X7 = C([1, T], F) be equipped with the supremum norm || - ||7. Define the operator N : X7 — X7
by
WNu)@) = (Auw)(®) + Bu)(®), tel[l,T],

Define, foru € M,

s —-B d
Fus) :=/1 (1og§_.) f(é,u(é))?g, sell T @)

Then the operators A and 3 can be written as:

t f a—1 ¢ .
(Au)(t) := / (log ;) Sa (log ;) B(WT (ul — Ty (log T)ug
1
T a—1
- / (10g1) S <log Z) Fuln) @))u)d—s,
1 n n n §

t \*! t ds
(Bu)(t) := Ty(logt) ug + / (log —) So <10g —) Fuls) —.
1 s s s

Note that B contains the initial state and the nonlinear hereditary term, while A contains only the control term.
Consider the ball

M={ueXr : |ulr <R},
The proof will be given in several steps.
Step 1: Proving that N is well-defined and A (M) C M.

Foru € M andt € [1, T], we estimate each term of (Nu)(¢) = (Au)(t) + (Bu)(t).
Define the auxiliary function by (2). The following preliminary bound holds:

&
3

s s\ P de
5/1 (10gg> (m(€)+CR)?. 3)

s —B
IIJ"u(S)IIFS/1 (10g§> If (€ u@E)F

Estimate of Au: Let

T T a—1 T dn
zy = uy — Ty (log T)ug — / log 0 S | log P Fu(n) o
1

Then, by definition,
! \%! t _ ds
(Au) (1) = /1 (log ;) Sy (log ;> B(W;'2,)(s) —

By Proposition 3.6, there exists a constant K > 0 such that
(AN F < Kllzullr, Vi €[1,T],

We now estimate ||z, || . Using (H1) and (H»), we obtain
T T\%! d
T Ui
lzull < llurllp + 1 TuClog Thuoll 7 + / (1og ;) [0 (102 2) | oy Il o
1
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r 7\%! dn
< ||l41”F+Ma||“0”F+La/1 <log;> I F.llF PR

From (3) and Fubini’s theorem, we have

T T\*! d
/ (log—) 1Fllr —
1 n n
T T T\ ! n\ P dn | a&
R log — log~) —|=
< [Coerven| [ () (e2) 20|

T T oz—,Bd
:B(a,l—,B)/l (m(&) + cR) (logg) ;

< B(a, 1 = B)Aog T)* P (Imll 1.y + cRlog T).

The condition & > B ensures that the composed kernel (log g)"‘_ﬁ remains bounded as & — T, which is
essential in the continuity analysis and plays a key role in the compactness arguments for the solution operator.
Therefore,

ICAD®IF < K[ lurll e + Malluoll e

+ LaB(@, 1= B)log T (Imll 1.7y +cRlog T) |

Estimate of Bu: Using the definition of Bu and hypotheses (H1)-(H>) and the definition (2) of F,,, we obtain:

! a—1 d
|(Buy )l = ‘Taaogr) wot [ (10g)" su (10 ) ) T
1 s s s

F

t \¢! t ds
< I Tuogtyuollr + | (log=)  |Sa (log= )| op IFu®)llr —
1 s s s

t a—1 d
< MylluollF + th/ (10g E) I Fu () F l
1 N N
t a—1 Ky —,3 d d
< MylluollF +Laf1 (log 2) [[1 <log %) (m(&) + cR) ;} ?S
t t a—1 -B
= MylluollF + La / (m(€) + cR) [ / (1og5) (mgi) d—s}ﬁ
1 £ s 3 s | &

d§

t a—p
=Ma”u0”F+L(x/1 (m(&) + cR) (logé> B(a,l—ﬁ)g

! d
< M lluollr + Lo Ble, 1 — p)(log T)*~F /1 (m(&) +cR) f
T T
< Mglluollr + Lo B(a, 1 — B)(log T)*~F (f m(g)§+c13/ ?)
1 1

< Mo lluollF + LaB(ar, 1 — B)(log T)* P (Imll L1177y + cR1og T) .
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Combining the estimates: From the bounds for Au and Bu, we deduce that for all 7 € [1, T1,

INw) @)l F = [ (Au) () + (Bu) ()| F
< AWl F + 1(Bu) @)l F
< K[lurll + Mollwollp + Lo Ba, 1 = B)Aog TY# (lm] 1 +cRlogT) |
+ Mylluoll F + Lo B(er, 1 — B)(log T)* P (m|l 1 + cRlog T)
= Mqlluollr(1 + K) + K |lu1llF
+ LoB(a, 1 — B)(log T)* P (|lmll 1 + cRlog T) (1 + K).

Taking the supremum over ¢ € [1, T'], we obtain

|INullr < Co+ C1R,

where the constants Co > 0 and C; > 0 are defined by

Co := (1 + K)Mlluollr + Kllut | + (1 + K)Lo B(a, 1 — B)(og T)* P lmll 11 1.7y
Ci:=(1+K)LyB(e. 1 —B)(logT)* FclogT.

Now, choose the radius R > 0 such that
Co
1-Cy’
and assume that C; < 1. Then ||Nu| 7 < R, which implies that N (M) C M, and N is well-defined.

Step 2: A is a contraction. Let u,uy € M and ¢ € [1, T]. Under hypotheses (H;)-(H3) and the Lipschitz
condition on f from (H;), we first estimate the difference of the auxiliary functions.

R >

s s\ P dE
||fu1(s)_fu2(s)||F§/; (10gé;> ||f(5,u1(é’))—f(%‘,uz(é))IIF?

s _ﬂd
Scnul—uzqul (1og§) f

(logs)!=#
1-8

Using this estimate and the Proposition 3.6, we now bound the difference:

=clluy —uzlr -

[(Au) (@) = (Au2) (DIl F

! r\o—1 t s T\a-1 T
= (log —) Sa<log —)B W, <log —) Sa<log —)
1 S S 1 n n

d d
< [Fun(m) = Fuy D] 22 ) ) () =
] s | g

f (10g _> SO( (10g _> (-7:1,41 (77) - fuz (77)) _’7
1 n n n

T 7\%! dn
SKLal log; ||fu1(n)_fu2(n)||F7

<K

F
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T a—1 n ’Bd
§I<L0,c||u1—bt2||T/1 (log%) (/1 <logg> ;> n

K Lyc T T\%! . dny
=— ||u1_M2||T/ (log—) (logn)'~# —
-8 1 n n
KL,c log T
= y ||u1 - M2||T/ (log T — )% '¢'=P gt (witht = logn)
0
KLyc o1
=1-5 lur — uzllr (logT—ulogT)

x (ulog T)1 Pllog T)du (withu =1/logT)

KLyc a1 1-8 ! a—1 1-8
= lur —uzllr(log T)" ™ (log T)" " (ogT) | (I —u)* "u " du
0

1—pB
KLyc _
= 1= g B2 p)llog D" Py — w27

Taking the supremum over ¢ € [1, T], we obtain
lAuy — Ausllr < gqllur —uzllz,

where
KLgc

1-p
Assuming that ¢ < 1, the operator A is a contraction on M.

Step 3: 5 is continuous and compact.
Under (Hy)-(Hy),letu € M andlett,t, € [1, T] with 1 < f; < t, < T. Using the definition of B and F,,

we have:

g = B(a,2 — B)(log T)* A+,

|(Bu)(t2) — (Bu) (1)l F
o) a—1

- ‘ (Ta(log t)ug — Ty(log tl)uo> n </ (1og t—z) S, (1 og );f )&
1 S S

_/1[1<10g%)a lSa(log )fu(s) —)

< T log ) — To(log ol + H / (102 2)  su(1022) R0
—/In (log 2_1)01 Sa(log )fu(s)—

< T, Qog w0 — Tutlog ol + | | | " (1022)" s (102 2) At &

L ey ) (o) s e

< | Tu(log o — T, Qog 1ol ¢
n a1 ds

Lo [ (10e2) iR S
f s s

F

F
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1 t2 a—1 12 tl a—1 [1 ds
+ [ ](1022)" su(10g2) — (102 2)" (102 2)| L 1F )1
1 s s s s/ NLF) s

< Ty (log t2)ug — T (log t)uoll F

2 a1 S s\—BdE] ds
L R <1 —> /(1 —) il e
+ Lo(Imlip1qr.ry) + ¢ )/tl g [1 Ogg £ |
+(” | N R)/tl (10 t2>a—1S (10 tz) <10 tl)a—IS <10 ll)H
m c - o — —
LI([1,T]) 1 &7 o\ 108 g% A5
|:/S s\—Bd&| ds
X (log—) — | —
1 3 § 1 s
= [[To(log r2)up — Ty (log t1)uol
f =1 (logs)! =P ds
+Lo,(||m||L1([1,TD+cR)f (log2)" ==

| 1_ﬁ N
lm|l 1 +cR /“ ( n\a—1 153 f\e—1 1
g ()" sa(roe D) = (o) s (roe )|
+ 1 —ﬂ 1 0% S o 108 S ©8 N o 108 S L(F)

d
x (logs)!=F £
S

Lo(|mll 1 4+ ¢R) s [ n\e—1ds
< I log up = Tylog ol + =1 tog 1)1 [ (10g 2) 2
- :

R)(log T)'~F ! ;
(lmllz1 +cR)(log T) (10g_2)“ Sa<10g_z)
N N

+ sup
-8 sell]

o1 t
— (log —1) Sa<log —1)
N S

= [Ty (logtr)up — Ty (log t)ugll F +

L(F)
La(mllps +cR) o1 Gog(ia/m)”
1-8 o

(Imlig1 4+ cR)(Aog T)! =7

1-p
Hya—1 I3 f\a—1 t
X sup <log —2) Sa<log —2> — (log —1> So,(log —1> H
se[l,1] s N s s/ N L(F)

= [[To(logtr)ug — Ty (log t)upllF + 1 (t1, o) + I (t1, 12).

+

Since A generates an equicontinuous Co-semigroup on F', the family {7 (7)}¢[0,10¢ 7] is strongly continuous.
Hence, for fixed ug € F,
T, (logtr)ug — Ty,(logt ugllp —> 0 astp — tg.

We now show that both 71(¢1, ;) — O and I(t1, ) — Oastp — 1.

For Iy, since log(t2/t1) — 0 as tp — t1, and « > 0, we have

Lo(lm|l L1 +cR)
a(l —p)

Ii(11, 1) = (log T)' P (log(t2/11))* —> 0.

Now we estimate I (1, ).

swp (102 5)" sa(1085) (08 ) s (102 T

sell,f]
P (p) = (0 = 0 Su(p — 0)

< sup sup ‘

0el0,log(t2/t1)] pelf,log T] L(F)
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< sup [ sup  [p* ' —(p — Q)a_l‘llSa(/O)llc(F)

 9e[0,log(ta/m)] L pel6.1log T

+ sup (p—0)*"" | Salp) — Sulp — 9)||£(F>]

pelB,log T]

<Ly  sup sup p“‘l-—(p-—e)“‘ﬂ
0€[0,log(r2/11)] p€l6.log T

+(log )" sup sup  [[Sa(p) = Salp = | 1)

0€[0,log(r2/t1)] p€l6,log T]
=:Ji(t1, i) + Jo(11, 12).

By assumption (Hj), the operator A generates an equicontinuous Cp-semigroup on F. It is a standard result
(see, e.g., [6]) that this implies the equicontinuity of the associated fractional resolvent family {Sq(7)}ce[0,10¢ 7]
in L(F). Consequently,

91_1)r51+ pe[Zﬁopg T] ” Sa(p) — Salp — Q)HL(F) =0,

which yields

lim Jh(t1,) = 0.
tz—)l‘l

1

For Ji, note that the function p — p*~" is continuous on (0, log T'] and satisfies

sup sup |,0°‘_1 —(p — 9)“‘1| — 0 as H — t1+,

0€(0,log(r2/11)] pelf.log T']
because the kernel 7%~ ! is weakly singular and the difference tends to zero uniformly for p > 6. Hence,

lim Ji(¢1, ) = 0.
-1t

Therefore,

. m +cR)(log T)!—# .

lim Ir(t1, 1) = (el YogT) 77 lim (Jy(t1, 22) + J2(t1, 12)) = 0.
-t 1-5 -t

Combining this with the estimate for /;(#1, t2), we conclude that

[(Bu)(t2) — (Bu)(t)llF —> 0 as 1 — 11,

uniformly for all u € M. Hence, B(M) is equicontinuous. Since B(M) is uniformly bounded (see the estimate
of ||(Bu)(t)||F in Step 1), the Arzela-Ascoli theorem implies that 5 is compact. By Theorem 2.2, the operator
N = A+ B has a fixed point u € M, i.e., Nu = u. By construction of the control v in Definition 3.3 and the
density of Range(Wr) in F (Remark 3.4), for any ¢ > 0, there exists a control such that the fixed point satisfies

lu(T) —uillr < e.

Therefore, by Definition 3.1, the system (1) is approximately controllable on [1, T']. O
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4 An example

We illustrate the controllability result of Theorem 3.7 with a concrete Hadamard fractional system on the Banach
space F = L?(0, 1).
Consider the controlled system

w ! 1\—h ds
Hiu(r. ) + Autex) = [ (log =) 7 s, uts.x) =
1
+ Bu(t, x), tell, T], x €(0,1), (4)
u(l, x) = uo(x), x € (0, 1),
u(,0) =u(,1)=0, tell, T].
where
d’ 2 1
A=—, DA)=H(0,1)NH,©,1), B=1.
dx?
The nonlinearity is chosen as
u
t,u) = , tel[l,T], uekF,
f@u) T3 ] (1, T]

and we set
a=075 pB=05 T=2

Admissible Control
Let the admissible control v € L2([1, T1, LZ(O, 1)) be represented as a finite sum over the eigenfunctions of
—A:

m
v(t, x) = Y n@OYr(x),
k=1
where {1 }x>1 are the orthonormal eigenfunctions of — A with Dirichlet boundary conditions and yx € L2([1, T)).
Verification of the Hypotheses
Accordingly, we have revised the entire manuscript to focus on Approximate Controllability. The main changes
include:

(Hp) A generates an analytic (hence equicontinuous) Co-semigroup (7°(¢));>0 on L?%(0, 1). The associated frac-
tional resolvent operators T, and S, are uniformly bounded on [0, log T']:

My = sup |[Tu(D)|| <00, Lg= sup |[[Su(D)| < o0.
tel0,log T] t€[0,log T']
u
(Hy)) f(t,u) = 5 ] is continuous and bounded, hence Ll—Carathéodory. It satisfies the linear growth condi-
u
tion:

If @ Wl < llull < cllull, c=1.

(H3) B =1 is bounded, and any v € L?([1, T]; F) is admissible.

Linear Controllability
Setting f = 0 and ug = 0, the mild solution of the linear system is

[CHRICHETE
u(t):/ log - S [log— ) Bu(s) —, te[l,T]
1 s s s
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The linear controllability operator is defined by

T T\%! T ds
Wrv :=u(T) = log — Se [ log — ) Buv(s) —.
1 s s s

Since B = I and the subspace spanned by {1, ..., ¥,,} is finite-dimensional, Wr is surjective on this subspace.
For any z in this subspace, there exists v, such that Wrv, = z, which illustrates Proposition 3.6. In the full infinite-
dimensional space L?(0, 1), the range of Wr is dense, consistent with the approximate controllability framework
of Theorem 3.7.
Verification of the Main Theorem Conditions

The conditions C1 < 1 and ¢ < 1 from Theorem 3.7 hold for a range of parameter values. Specifically:

ae€(0.7,08), pe(04,06), T ell5,2.5],

K €(0.3,0.7), Ly <(0.15,0.25), c=1, R e (0.050.15).

The remaining constants K, Ly, ¢, and R depend on the specific choice of the operator A, the nonlinearity f, and
the solution bound. In this example, their values are determined by the concrete system and satisfy the required
inequalities.

For illustration, we select the following representative values:

a=075 pB=05 K=05 L,=018 ¢c=1, R=0.1, T =2.

Then
KLg,c
=1 ;4
The conditions C; < 1 and ¢ < 1 are satisfied for a range of parameter values. In particular, these inequalities
hold when the time horizon T is sufficiently close to 1, or when the Lipschitz constant ¢ of the nonlinear term is
sufficiently small. The numerical values chosen below illustrate one admissible configuration within these ranges.
Numerical computation using B(0.75, 0.5) ~ 1.33, B(0.75, 1.5) ~ 0.92, and log T = log 2 =~ 0.693 gives

Ci=(+K)LyB(a,1 — B)c(logT)* P, ¢4 B(a,2 — B)(log T)* P+,

Ci~017<1, g=0.18 <1.

These computations confirm that the contraction conditions are satisfied throughout the admissible parameter
ranges.
Conclusion

Thus, all conditions of Theorem 3.7 are satisfied, and system (4) is approximately controllable on [1, 7'] in the
sense of Definition 3.1.

5 Conclusion

In this paper, we have established the approximate controllability of nonlinear Hadamard-type fractional systems
with weakly singular logarithmic kernels in Banach spaces. The use of the Hadamard fractional derivative allows
us to capture multiplicative memory and scale-invariant dynamics, which are not adequately described by classical
Riemann-Liouville or Caputo derivatives. The logarithmic kernel provides a natural way to model weakly singular
memory effects, leading to refined estimates in the controllability analysis. Under suitable assumptions on the
control operator and the nonlinear term, we proved the existence of a mild solution that can steer the system from
any initial statearbitrarily close to a prescribed target state. These results not only extend existing controllability
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theories for fractional systems, but also highlight the potential of Hadamard-type operators in modeling and
controlling systems with complex memory structures.
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