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Abstract: The objective of this paper is to investigate, by applying the standard Caputo fractional g-deri-
vative of order a, the existence of solutions for the singular fractional g-integro-differential equation
Dlkl(t) = Q(t, ky, ko, ks, ky), under some boundary conditions where Q is singular at some point 0 < ¢ < 1,
onatimescale Ty, = {t : t = tog"} U {0}, forn ¢ N wheret, € R and g € (0, 1). We consider the compact map
and avail the Lebesgue dominated theorem for finding solutions of the addressed problem. Besides,
we prove the main results in context of completely continuous functions. Our attention is concentrated
on fractional multi-step methods of both implicit and explicit type, for which sufficient existence conditions
are investigated. Finally, we present some examples involving graphs, tables and algorithms to illustrate
the validity of our theoretical findings.
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1 Introduction

The field of fractional calculus plays a fundamental role in mathematical analysis. It provides efficient
techniques to solve fractional differential equations and inclusions [1-10]. On the other hand, one of the
most interesting topics is g-difference equations which were introduced by Jackson in [11]. Later, many
researchers studied and presented their significant applications [12-22].

In 2007, Atici and Eloe studied discrete fractional calculus and considered a family of finite fractional
linear difference equations. They developed the theory of linear finite fractional difference equations
analogously to the theory of finite difference equations. In [23], the fractional problem

Dk](r) + w(r, k(r), D5[K](r)) = O,

with boundary conditions k(0) = k(1) = O was investigated, where 0 <r<1,1<0<2, 0<é<0-1,
DY is the standard Riemann-Liouville fractional derivative, w satisfies the Carathéodory conditions on
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[0, 1] x (0, ) x R, w is positive and w(t, k, ) is singular at t = 0. In [24,25], the fractional differential
equation D[k](r) + w(r, k(r)) = 0 with boundary conditions k(0) = k"(0) = 0 and k(1) = )l.[;k(s)ds was
studied, where 0 <r<1, 2<0<3, 0<A<2, D? is the Caputo fractional derivative and w : [0, 1] x
[0, c0) — [0, 0o) is a continuous function. In [26], the singular fractional problem

DTkIr) + w(r, k(r), “D°[k](r) = 0,

with boundary conditions k(0) = k’(0) = 0 and k'(1) = *D°[k](1) was considered, where0 < r < 1,2 < a < 3,
0<o<1,w:(0,1] xR xR — R is continuous with w(t, k, I) may be singular at t = 0 and ‘D is the
Caputo derivative.

In 2015, Zhang et al. and through the spectral analysis and fixed point index theorem obtained
the existence of positive solutions of the singular nonlinear fractional differential equation D*[u](t) =
w(t, [u](t), DF[u](t)) for O < t < 1, with integral boundary value conditions DA[u](0) = 0 and DA[u](1) =

j;@ﬁ[u](r)dN(r), where a € (1, 2], B € (0, 1], w(¢, u, v) may be singular at both t =0, 1 and u =v =0,

1
fou(r)dN(r) denotes the Riemann-Stieltjes integral with a signed measure, in which N: [0,1] - R is a

function of bounded variation [27]. Ahmad et al. investigated the existence of solutions for a g-antiperiodic
boundary value problem of fractional g-difference inclusions given by

SDGIKI(t) € F(t, k(t), Dylk](t), DIKI()),
fort € [0,1],q9 € (0,1),2 < a < 3, 0 < B < 3 with conditions k(0) + k(1) = 0,
Dy[k](0) + Dylk](1) =0, DFK(0) + D2[KkI(D) = 0,
where CD; denotes Caputo fractional g-derivative of order a and F : [0, 1] x R® - P(R) is a multivalued
map with P(R) a class of all subsets of R [24]. In 2019, Ntouyas et al. in [20], by applying definition of the
fractional g-derivative of the Caputo-type and the fractional g-integral of the Riemann-Liouville-type,

studied the existence and uniqueness of solutions for a multi-term nonlinear fractional g-integro-differ-
ential equations under some boundary conditions

DY) = Qr, k), (@)1, (@J)T), “DRKI(r), “DLKIX), ..., Dh[k]()).

In [21], Liang et al. investigated the existence of solutions for a nonlinear problem regular and singular
fractional g-differential equation

DIKI(E) = Qr, k(r), K1), “DEKIM)),

with conditions k(0) = gk(1), k'(0) = CZCDg[k](l) and k™M(0) = 0for2<m<n-1,heren - 1< o < nwith
nz3,B,q,6q¢€(0,1), ¢ € (0,2 - B)), function Q is a L*-Carathéodory, Q(r, k, k, k3) may be singular
and CDZ the fractional Caputo-type g-derivative. Furthermore, they discussed the existence of solutions
for the fractional g-derivative inclusions

‘Dlk](r) € F(r, k(r), K'(r), CDg[k](r)),
under conditions

m
K(O) + K'(©0) + “Df[kI©0) = [k@)ds,

0
)

k(D) + k') + “DPkIQ) = Ik(s)ds,

0

foranyt e I and g, n,, n,, B € (0, 1), where ¥ maps I x R3 into 2R is a compact valued multifunction and
CDZ is the fractional Caputo-type g-derivative operator of order o € (1, 2], and

LR - B, -y —nf + 1y +4m - 27, = 2) + 201 - 1) # 0,

such that 0 — § > 1 [16]. Relevant results have been presented in other studies, for example [27-31].
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In this paper and motivated by the aforementioned achievements, we investigate the singular fractional
g-integro-differential equation of the form

t
DKL) = Q| t, k), K'(®), DEKID), If(r)k(r)dr , ey
0

for 0 < t < 1 under boundary conditions k(0) = 0 and k(1) = kK'(1) =---= k™(1) = D][k](1), where k € C'(J),
n=[nl+1,022,{n,1e(0,1), fe LX(J) is nonnegative with ||f|l; = m, Q(t, k, k, ks, k) is singular at
some points of t € ] := (0, 1) and D7 is the Caputo fractional g-derivative of order 0. Existence of solutions
is studied via multi-step methods. We prove the main results in context of completely continuous functions
and by the help of the Lebesgue dominated theorem. Examples are presented and MATLAB routines [32] are
implemented to demonstrate the validity of the proposed results.

The rest of the paper is organized as follows: Section 2 recalls some preliminary concepts and funda-
mental results of g-calculus. Sections 3 and 4 are devoted to the main results and examples illustrating
the obtained results and some algorithms for the addressed problem, respectively.

2 Essential preliminaries

This section is devoted to starting some notations and essential preliminaries that are acting as necessary
prerequisites for the results of the subsequent sections.

2.1 g-Fractional derivative and integral
Throughout this article, we shall apply the time scale calculus notations [17]. In fact, we consider the frac-
tional g-calculus on the specific time scale

Ty, = {0} U {t : t = toq™},

forn e N, tp € R and g € (0, 1). If there is no confusion concerning t, we shall denote T,, by T. Let a € R.
Define [a]; = (1 - g%)/(1 - q) [11]. The g-factorial function (x - y)fl”) with n € Ny is defined by

n-1
=y =[] - ygh), 2)
k=0

and (x - y)¥ = 1, where x and y are real numbers and Ng := {0} U N [12].

Algorithm 1. MATLAB lines for calculation of g-factorial function (x — y)J"

1 function p = gfunction(x, y, q, n)
2 if n==0

3 s=1;

4 else

5 s=1;

6 for k=0:n-1

7 s = sx(x-y*q*k);
8 end;

9 p=s;

10 end;

11 end
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Also, for 0 € R and a # 0, we have

00 k
©) _ o X-yq
X — =X _,
x -y k|:O| X~ gk 3)

Algorithms 1 and 2 simplify g-factorial functions (x — y)i” and (x - y){’, respectively. In the previous
study [34], the authors proved (x - )" = (x - )P(x - )}’ and (ax - ay)?? = a”(x - y){.

Algorithm 2. MATLAB lines for calculation of g-factorial function (x — y)g")

1 function p = gfunctionreal(x,y,q,sigma,n)
2 if n==0

3 p=1;

4 else

5 s=1;

6 for k=0:n-1

7 s = sx(x-yxq*k)/(x-y*q*(sigma+k));
8 end;

9 p=sxx*sigma;

10 end;

11 end

If y = 0, then it is clear that x(®) = x%, The g-Gamma function is given by
L@ = - @0 - gf ™,

where z € R\{---, =2, -1, 0} [11]. In fact, by using (3), we have

S 1-— k+1
L(z) =1 - Q)l_znl_iiml (4)
k=0 q

Algorithm 3. MATLAB lines for calculation of I};(x)

1 function p = gGamma(qg, x,n)

2 s=1;

3 for k=0:n

4 s=s#(1-g*(k+1))/(1-g* (x+k-1));
5 end;

6 p=sx(1-)"(1-x);

7 end

Algorithm 3 shows the MATLAB lines for calculation of I;;(x) which we tend n to infinity in it. Note that,
I,z + 1) = [z]4I4(2) [34, Lemma 1]. For a function w : T — R, the g-derivative of w, is

DI = () woy = #CI=0, s
q
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for all t € T\{0}, and Dy[w](0) = lim D,[w](x) [12]. Also, the higher order g-derivative of the function w is
x—0
defined by Dg[w](x) = Z)q[Z)Z‘l[w]](x), for all n > 1, where Z)S[w](x) = w(x) [12]. In fact

n 1 _ -n (k)
DIwl00) = 1 Z( qa g

X"(l — q)n = (1 _ q)g{) qu(qu)y (6)

for x € T\{0} [33].

Remark 2.1. By using equation (2), we can change equation (6) as follows:

L2 poyaghy. )

o 1 n k—l(
00 = g gl

Algorithms 4 and 5 show the MATLAB codes for calculation of equations (5) and (7), respectively.

Algorithm 4. MATLAB lines for calculation of Dy[w](x)

function p = Dq(q, x, fun)
if x==0
p=limit((subs(fun,x)-subs(fun,qg*x))/((1-gq)*x),x,0);
else
p=(eval (subs(fun,x))-eval(subs(fun,qxx)))/((1-g)*x);
end;

N WN e

end

Algorithm 5. MATLAB lines for calculation of Dg[w](x)

1 function g = Dgnatural(q, x,n, fun)
2 s=0;

3 for k=0:n

4 p=1;

5 for i=0:k-1

6 p=p*(1-g*(i-n))/(1-g*(i+1));
7 end;

8 p=p*q*k*eval (subs(fun,x*xq*k));
9 S=s+p;

10 end;

11 g=s/(x*nx(1-g)*n);

12 end

The g-integral of the function w is defined by
X o0
w00 = [W(s)des = x(1 - @) Y, g'wixg?), (®)
A k=0

for 0 < x < b, provided the series is absolutely converged [12].
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Algorithm 6. MATLAB lines for calculation of Z,[w](t)

function p = Iq9(q,x,n, fun)
s=1;
for k=0:n
s=s+q*k*eval (subs(fun,x*q*k));
end;
p=x*(1-q)*s;
end

N Uk~ WN e

By using Algorithm 6, we can obtain the numerical results of 7;[w](x) when n — co. If a in [0, b], then

'[W(S)dqs = Ig[w](b) - Zlwl(a) = (1 - q) Z g"[bw(bg") - aw(ag")], )

k=0

whenever the series exists. The operator 7 is given by I g[w](x) = w(x) and
Thwlo) = 1115 [w]l(),

for n > 1 and g € C([0, b]) [12]. It has been proved that D,[I,[w]](x) = w(x), and T [D4[w]](x) = w(x) -
w(0), whenever the function w is continuous at x = 0 [12].
The fractional Riemann-Liouville-type g-integral of the function w is defined by

t

T (10) I(t - )Y Pw(s)dgs,  TIwI(t) = w(d), 10)
q
0

Talwi) =

fort € [0,1] and o > O [14,33].

Remark 2.2. By using equations (3), (4) and (8), we obtain

X 1 _ go+i-1 &
o j (t - S Vw(s)dgs = (0)I to 11'[ —go LS o) - ot - q)alf(l)l_—qlﬂ > kl'[ - m (")
Therefore,
1_ o+i-1 1_ k+1
I3 = 71 - ) lim kzoqkrg ( . X e 2) w(tg), (1)
Algorithm 7 shows the MATLAB codes of numerical technique.
Algorithm 7. MATLAB lines for calculation of I [w](x)
1 function g = Ig_sigma(q,sigma,t,n,fun)
2 p=0;
3 for k=0:n
4 s=1;
5 for i=0:n
6 s=s*(1-g*(sigma+i-1))*(1-g*(k+1))/((1-g*(i+1))*(1-g*(sigma+k+i-1)));
7 end
8 p=p+g*k*sxeval (subs(fun, t+q*k));
9 end;
10  g=round(p=*(t*sigma)*(1-g)*sigma,6);
11 end
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The Caputo fractional g-derivative of the function w is defined by
t
_ 1 o
“O7wIt) = TP (DWW = ——— I(t — )0 Do w](s)dgs (12)
1—‘q([O‘] - U) o

fort € [0, 1]and o > 0 [14,36]. It has been proved that 7 ;[ T g[w]](t) = T g"'[w](t), and CZ)"[ awll(®) = w(d),
where o, v > 0 [14]. Also,

n-1 to+k-n

IIDAWII®) = DUTIWIIE - Y

o0 +k-n+1)

Diw](0),
where ¢ > 0 and n > 1 [14].

Remark 2.3. From equation (4), Remark 2.1 and equation (11) in Remark 2.2, we obtain

t
m j (t - 9§77 DYwl(s)dgs
0

t
= SR S P ] t - sq' 3 w k k
l“q([o] - 0) .([t [gt - sq[tﬂ—a—lﬂ'][ U _ U] kz:o[z 5 H—l) qw(xq") |dgs

(1 - glol-o+i-1y(1 — gk+) lo] [ m- 1( g-1oly . -
o1 - q)a +0(1 _ \o-lo] Z[[H g - glol-o- 1+k+1)][m=0 1 1+1) qmw(tg ™) ||

Thus, we have

-~ 1 (1-glroina - g (T a-g" |
Dq[W](t)Zmnam Z( H 1+1)(1 _ q[(f]—o—1+k+i):|[ z Hm q W(tqk ) *

m=0] i=0

(13)
Algorithm 8 shows the MATLAB codes of numerical technique.

Algorithm 8. MATLAB lines for calculation of CDZ[W](t)

1 function g = IqCaputo_sigma(q,sigma,t,n,fun)

2 S=0;

3 for k=0:n

4 p1=1;

5 for i=0:n

6 p1=p1*(1-g*(floor(sigma)-sigma+i-1))*(1-gq*(k+i))/((1-g*(i+1)) ...
7 x*(1-g*(floor(sigma)-sigma+k+i-1)));

8 end;

9 $2=0;

10 for m=0:floor(sigma)

11 p2=1;

12 for i=0:m-1

13 p2=p2x(1-g*(i-floor(sigma)))/(1-gq*(i+1));
14 end;

15 p2=p2*q*mxeval (subs(fun, txq*(k+m)));

16 $2=82+p2;

17 end;

18 S=S+p1*s2;

19 end;

20  g=round(S/( t*sigma*(1-q)*(sigma-floor(sigma))),6);
21 end




DE GRUYTER On multi-step methods for singular fractional g-integro-differential equations = 1385

Throughout this article, we consider
1
Ikl = Ilk(t)ldt, Ikl == sup{|k(@®)| : t € J}, |kl = max{|kll, Ikll},
0

as the norm of £ = L'(J), A = C(J) and B = C'(J), respectively.
The following lemmas are used in the subsequent sections.

Lemma 2.1. [37] Suppose that0 <n-1<o<nandk € A n L. Then

n-1
TSCDIKNNE) = k() + Y cit!,

i=0

for some constants cy, ..., c,_1 € R.

Lemma 2.2. [38] If C is a closed, bounded and convex subset of a Banach space X and ® : C — C is
completely continuous, then @ has a fixed point in C.

Lemma 2.3. [39] Let X be a Banach space, C a closed and convex subset of X, O a relatively open subset of C

With0 € O andQ : O — C a continuous and compact map. Then either Q has a fixed point in O or there exist
a € 00 and A € (0, 1) such that a = AQ(a).

2.2 Linear multi-step methods

As in the case of ordinary differential equations, linear multi-step methods for fractional differential equa-
tions makes use of approximations of values of k(t), k(t), ks(t), k4(t) and Q(¢, k(t), k(t), ks(t), k4(t)) on
some points of a partition sg < s; <---< s, [32,35]. We can therefore write linear multi-step methods for the
solution of (1) in the form

n n
218Ky ks ks njka) = BT Y 205000 jonj Kis njkas njkss njka)s (14)

j=0 j=0

where ;a; and ,a; are real parameters and we will indicate with  p () and ,p, () the generating poly-
nomials , p, (§) = Z;’:O,(ajf "-J, Numerical methods (14) are requested to be consistent with the original
problem (1), in the sense that, as h — 0, the discretized problem is expected to tend asymptotically to
the continuous one [32]. In order to formally introduce the consistency concept and study order conditions,
it is usually to introduce, associated with (14), the linear difference operator

n
Bl@(t), 22(8), (1), za(), £, T) = Y 1G24t = ), i Z5(t = B)), i Z5(t = B, o i24(t = Bj))
j=0
n
= B Y S0 Dl 21 %00 n i Z3 n i Zal(t — B,
j=0

where (z((t), z(t), z3(t), z4(t)) is a sufficiently smooth function [32]. The linear multi-step method (14) is said
to be consistent if, for any initial value problem (1), with exact solution (k(t), kx(t), ks(t), k4(t)), it holds

.1
}llm(l) th[(nfjkl(t)x nfjkz(t), nfjk3(t)’ nfjkl;(t))’ t,7]=1(0,0,0,0),

with h and n related by t = so + hn. Moreover, the method is said to be of order ¢ if

%gh[(n—jkl(t)’ n—jkz(t)’ n—jkB(t)’ n—jkl;(t)), t, T] = O(he),
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as h tends to zero. Under the assumption that (ki(t), k(t), ks(t), k4(t)) is (m + 1)-times differentiable, t = s,
we can expand the true solution

(a(t = jh), ko(t = jh), ks(t = jh), ky(t — jh))
= (ka(so + (n = j)h), ka(so + (1 = jh), ks(so + (n = ), ka(so + (1 = jh)),

of (1) as
(ka(t - jh), ke(t — jh), ks(t — jh), ku(t — jh))

¢ (n -t d d d
= (ki(So0), ka(S0), k3(S0), ka(S0)) + Z T(kl (S0), k3 (S0), k5'(S0), ki (S0))

m+1

_[ (n—j - O™ (so + hE), K (so + hE), K™ (so + hE), kI (so + hé))dgE,

and its 7-fractional g-derivative as

CD;[“*J'Z“”—}. 225 n j239n jZ4](t - h])

hd-T(n - el p 4 J
B Z T,(d+1- )( 1(S0), k5 (50), k5'(s0), ki (50))
q
m+1-1
s I (=] = V0" (5o + hE), ks + hE), 4™ o + hE), KT Hso + hENAgE.
l]

In this way, we can write the difference operator
Ll (ka(t), ka(t), z3(t), z4(D)), t, 71,

as

Gl (a(), ko), 25(t), 24(t)), £, T] = Co(n, T) + Y. héCa(n, TY(K{(S0), K5'(S0), 25(S0), 2(50)) + h™ Ry,
d-1

where the remainder R,,,; is obtained from Taylor’s expansions and
n
Co(n, 7) = Y 14,
j=0

Zza(n - e,

1 ¢ .
Ca(n, 7) = q (- e - 1"(d—
'S

ford=1,2,....,m

3 Main results

We employ the multi-step methods to prove the main results in this section. First, we adopt the following
lemma.

Lemma 3.1. Let z € L. The unique solution of problem

DIKI(E) + () = 0
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with boundary conditions k(0) =0 and k(1) = kK'(1) =---= k™(t) = DY[k](), (n=[n] + 1), is ko(t) =

f;Gq(t, s)z(s)dgs, where

t(1 - s)o Y
— t<s,T<s,
AL,(0)
_ g)o-1 _ g)o-D
t(lxu“ i)q) -= L f)q) , T<s<t,
o o
Gy(t, s) = 1 ! 1
t-9)FP  tr -
- t<s<r,
AL, (o) ATy (o - 1)
tA-9f ™ ta-s)fY At - )Y s
- - , S<t,Ss<T,
ATy (o) A (o -1n) ATy (o)

fort,se],o0=2,n,1€(0,1) where
Ti-n

A=1-—"" 4o.
L2-n

Proof. Assume that k be a solution for the problem. By applying Lemma 2.1, we get

k(t) = —1g[z](t) + dpot™ +---+ dit + do,

where n — 1 < 0 < n. By utilizing the boundary conditions, we conclude d, = 0. Hence,

1-n
mmm=mem+%é75

and k(1) = -77[z](1) + dy. Since k(1) = D][k](T), we conclude that

af1- —" |- roz) - 77z
T raop) T e

and so d; = %[Ig[z](l) - I77'(1)]. Thus, we have
k(t) = -Tglk](t) + %[IZ[Z](I) - I z](0)].

Therefore, we have two cases.
(1) Ift < 7, then we can see that

t
ATy (o)

Mo=—fﬂﬂa>+ﬁfﬂ4a)+

t| o 1 f o-n—
gl s s !(r — 1 Vz(s)d,s

_jtﬂ—@?”_a—gyn_ta_gynn
- )| A I,(0) L0 - 1)

]Z(s)dqs

1

P _ \(o-D -1 NS
+ Ilt(l S)g - (T -s) " }Z(S)dqs+'|‘7t(1 S)g

AL (0) Ao - 1n) ATy (o)

T 1
I(1 ~ O z(s)d,s + I(1 S 2(s)d,s
t T

z(s)dgs.
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(2) Ift > T, then we can see that

[(t-s)©

k() = ~T9[2)(r) - j

) WZ(S)qu + — [ (1)

¢ 0D 1 _ \(o-D)
v [+ [ o - g
q
t

ATy (o)
EE S SR CEr
__[l AT (0) - I,(0) B A, - 1) z(s)dgs

0

t
ta - ) At - )Y t1 - s)
" f [ o) ey || +I o) 2 Sdes:

This implies that, k(t) = j; Gy(t, $)z(s)d4s = ko(t) for each ¢. O

Remark 3.1. If k € B, then

DEKI(E) = q(l 5 J(t FK(s)d,s
and so
B HiLd . B 8 K1l g
DI = 7 j(t T
Thus, D4[k] € A and
B Ll
S o)
Since j;f(r)dr =m € (0, 00),
t
Mkdr | < kI jf(r)dr < milkl.
0

Now, we give our main result.

Theorem 3.2. The singular problem (1) has a solution whenever the following assumptions hold.
(1) There exist the maps f; : ] - R with I;fi(r)dr < oo foralli=1,2,3, 4 such that
4
1Q(t, ki, ko, K, k) = QCt, I, b, B, 1)) < Y fiOIk() - KO,
i=1

for all (k, ky, ks, k4), (b, b, L, 1,) e R*and t € ].
(2) There exist g € £ and © € A* such that

|Q<t’ kI’ kZ) k3’ k4)| < g(t)e(kh k25 k3: k4)5
for each (ky, ko, ks, k4) € R*, almost all t € J. Also
[Bla = sup{|®(k, ko, ks, ks)| : (ki, ko, kg, ks) € R*} < oo. (17)
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Proof. We first defineamap T : B8 — B by
1
o) = [ Gyt 900k 9)ds = ~I510106, ) + L5101 1) - 75 ANk, 7, )
0
for each k € 8 and t € ] where
f
Qz, ) = Q[f, z(D), Z'(F), DiIz](D), If(r)z(r)dr .
0

Suppose that ki, k; € 8. Then we have

IT(t) - Tio(®)] < T211Ks, 5) — O, S)I] + %fgnﬁ(kl, 1) - Ak, DI + %f;'—'lnfz(kl, 1) - Ok, 1))

< Ig[ﬁ(t)lkl(t) - k(O] + HOIK®) - k] + HOIDEIE) - DI

|

+ ;lfglﬁ(l)llq(l) - kI + LI - kDI + FDIDEIKID) - DilkID

|

+ I97 AOIK(T) = ()] + LK) - k(D] + HOIDSKI(T) - Dik(7)]

|

<k = el Zg(A ) + mfa(0)) + Ik ~ kz'IIIZ[fz(t) +

+ fu(t)

t
jf(r)(lq(r) ~ k(r)dr
0

1
+ fu(D) If (NUa(r) - ke(r))dr
0

1
+ fu(T) _[f (NUa(r) - ke(r)dr
0

j20) }
L2-0)

£(1) ]
L2-0)

f(1) )
L2-0)

1
_ _ oo-n-v| 2A(s) +2mfi(s)  fi(s) + mfu(s)
< ||kl k2|| !(1 s)q 1 l: Fq(U) * /\rq(o. _ rl) :ldqs

+ Ik — kzllﬁf‘;[fl(l) + mfy (D] + Ik — kz’"%fg[fz(l) +

t o .
+ k= kel 223+ mf](D) + Ik - kgl 2 "(fz(f) +

6h6) ,  HE . 2hE) f5(s) ds
Fq(a) Arq(o' - 7’1) Fq(U)Fq(Z - () /\Fq((f - T’I)Fq(z - () 1

< Mk - Kol + ||k1’ - k2'||) = Mk - Kll.,

1
cw- k- spe)
0
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where
R j(l ) S)Ml( () + 2mils) | )+ mf4(5))d .
) I I,(0) AMo-n) ) *
1
fa- s)w_,,_l)( h6) KO e f5(s) )d e
1 I‘q(o-) }qu(o‘ - l'l) Fq(a)rq(z - () }qu(o‘ - )’I)Fq(z - () 7

0

On the other hand, we get

1
0G,(t, s) ~ ~
10 - TO] < [ L1000, 5) - Gl s)ldys

0
1
<k — kol I(l_s)(az)( AS) RS A mis) | mis) | mfis) )ds
. ) T \Lo-1 T00) A(o-n) TLo-1) T(0) Ao-n)"*

1
k- fa- s)w( HONN ORI 10 £5)
e ) T \To-1) T A o-n ILo-DLR2-{)

L e f5(s) )dqs
LOL2- () AT - D2 - )

<Mk - Kol + 1K - kgl = Aollkq - Foll.,

where
l N fi(s) N fi(s) . mf,(s) +mfz.(S) . mf,(s) )dqs’
Fq(o) Arq(o - I’l)

~  \0-2) fi(s)
A= maX[J(l S)g (I‘q(o‘ -1 IL(o) Ao-n) ILo-1)

0
1 S , A6 5O 5O
rq(o)rq(z - B)

j(l - s)g”z)( f(s) + + +
T(o-1) T o) A o-n  To-DL2-0)

0

f5() )d S < 00.
Ao -pL,2-0)°

Put
1 1 1

M, = + + s
I(0) Al (o) Al(o-n)

M, = ! + ! + ! ,
[(c-1) A(o) Al{o-1n)

19)

1
Mo = J(l - )1 g (s)dgs
0
(o)
=(1-9)Y g"0 - ¢y " g(g) (20)
k=0
o ' ‘ o] 1- qk+i
:(1—51)’;) q°g(g") QW ,
= i=
and ry = mg|| Oz max{Mi, M}, Ao = max{A, Ay}. Since g € L, my < co. Then we have

1T () = Ti(Oll < Aollks — ol
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and so | T, (t) - Ti, (Dl — 0 as|kg — kll. — 0. Consider k € 8 and
B, ={k € B : |kl. < 15}.

Then, we have

t
()< I g(t)G[t, k(t), K'(6), DEKI(®), Jf(r)k(r)dr]
0

1 ]
+% 19 g(l)@[l, k(1), k'(1), DE[KI(D), J' f(r)k(r)dr)
0 .

+ Igh g(T)@[‘r, k(T), K'(1), Z)g[u](‘r), Jf(r)k(r)dr]
0

1
1 1 1
<jel + + j (1 - )@ Dg(s)d,s
A ( (o) AT(0) AL(o- )1)) ) a e
= Mol O|l# M,

1
for each t € J. Note that, _[0 (1 - gs)©Vg(s)dys < mg. Also, we can conclude that

1 S
T/(t) = I an;:, 2 Q{s, k(s), K'(s), DELKI(S), J' f(r)k(r)dr]dqs
0 0

t
_ _zg-lg[t, K(E), K'(£), DSK(E), If(r)k(r)dr]
0
1
. fgo[l, K, K, DK, | f(r)k(r)dr)
0

+ [Z'IQ[T, k(), K'(1), Z)gk(r), ff(r)k(r)dr] ,
0

and so

1 + 1 + 1
[(c-1) A(o) Alo-n)

1
ITe(t)] < IIG)IIﬂ( ]I(l = )1 Vg(s)dgs = mo|®l|a M.
0

Hence, |Till. = max{||T, |Til} < ro. Therefore, T maps B,, into B,,. Similarly, one can check that T maps
bounded sets into bounded sets. Let t;, t, € J] with t; < ,. Then, we have

4 b
1 5 1 0
IT(8) - Tu(b)l < J‘[(tz — )T — (4 - T VYK, 5)|dgs + J(tl - )7 VIO, s)ldgs
I,(0) ! I, (o) p
1 H
+ [t -t J(l _ s)glo—l)lfl(k’ s)ldgs + M I(y _ s)éo—rl—l)p(k, s)|dgs
ATy(0) J Ao —n) 4

4 5}
1 o o 1 o
suenﬂ[rq(a) ![(t2 — ) — (- ) V]g(s)d,s + T !(tl— $)7 'g(s)d,s

1
_ 1 1 _ o\(o-n-1)
+1t; tll( AT0) + CE n)) !(1 S)g g(s)dqs}.
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1
Since g € £, f(l - §)P 1 Dg(s)dgs < co. Also, we have

0
t 1

sup I[(tz = )P — (4 - ) V]g(s)dgs | < I(l - ) Vg(s)dgs < co.

t,be]
0

Since (b - )™V - (& - $)PP — 0, as t, — 4, for each & > 0 there exists § > 0 such that |t, - 4| < 6 implies
L=V -(t-9)F P <e.

If0<é<eand|t - ] <6, then
]

1
J[(tz = )YV = (- 5)y VIg(s)dys < S_[g(S)dqs,
0 0

and so
[
[l =95 - (6 9 Vlgtsags — o,
0

as t, — t;. Similarly, we conclude that

5]
j(tl — $) Vg (s)d,s
1

and

1

J(l - )1 Vg(s)dgs

0

tend to 0 as t, — t;. Thus, |T(t,) — Ti(t)| — 0 as t, — t;. Note that

181n

|Ti(t) — Ty ()] < CEEY

t 5]

J1e =962 - - g 2leds + [ - 9 Pg(sgs |
0 4

By using a similar way, we conclude that |T;(;) — Ti(t})] — O as t, — . Hence,

1Tx() - Tl — O,

ast, —» tand soT is equi-continuous on B,,. Hence, T : B,, — B,, is completely continuous. At present, Lemma
2.2 implies that T has a fixed point on B,, which is the solution of the problem (1). The proof is completed. [

Note that in Theorem 3.2, the map Q(t, ., ., ., .) could be discontinuous at points of a subset of J of
measure zero. One can obtain solutions of the problem (1) under some different conditions. For example
in next result, the map Q(t, ., ., ., .) could be discontinuous at t = 0.

Theorem 3.3. Let Q : ] x 8% — R be a map. Then the problem (1) has a solution, whenever the following
assumptions hold for all (k;, k, ks, k) € 8% and almost all t € J.

1 Q,., ., ., .):J— R is continuous and Q(t, ky, k, ks, k4) > 0.

(2) There exist g € L and 0y, ©, : R* — [0, co) such that ©; and ©, are nondecreasing in all components,

lim 4k, k,k, kyk =0, 1im 80,1, 1,) = € < co

and

Q(t, ki, ko, ks, ky) < g(0)01(ka, ko, ks, k) + Ox(ky, ko, K, k).
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Proof. For each k € 8 and i > 1 define
(00 = min{ =L ko,
i
whenever k(t) < 0 and (k);(t) = max{;l., k(t)} whenever k(t) > 0. Put
Qi(t, K, ko, ks, ks) = Q(t, (k);i, (Ko, (K, (Ka)i),
for all i, t and kg, ko, ks, k4. By simple method, we conclude that (k);(t) — k(t) and each Q; is a regular

function on J. A regular function at a point a is a function that is regular in some neighborhood of a.
For each i, consider the regular fractional g-integro-differential equation

t
DI + Q4 t, k), KO, DEKIO, [Fekndr| o, 1)
0
under the boundary condition of the problem (1). Suppose that |gll; = m > 0 and &, > 0 be given. Choose
rn > 0 and r, > O such that H < %eo for each |k| > r, and
01k, k, k, k) < 1 e,
k 2|\glly

for each |k| > r,, respectively. Take 1y := max{n, r}, then for all |k| > ry, we obtain

€+ IIgII1®1IEk, kkl .

0

Put Ay :== max{M;, M}, here M; and M, are defined in equation (19), and &y = Aio If

1
r>rmaxil, ————, myg,
{ L2-0) }
then

1 r 1
7[2 + |Ig||1®(r, r Le-0 mr)] < A (22)

At present, consider the set

B, ={ke B : |kl <r}.
Foreachi > 1, define T; : B, — B as (18) in which we replaced Q by Q;. If {k;} is a convergent sequence in B,
then k; — k and k/ — k' uniformly on J. Since

R — Iki - Kl
ID{IkIO - DN < 5=

and D}[ki|(t) — DS[k](®). Also, we have
t t t
jf(r)iq(r)dr - ff(r)k(r)dr < '[f(r)lki(r) ~ k()|dr < mllk - K|
0 0 0

and so

t

t
lim | f(Nk(r)dr = j f)k(r)dr.
0

0
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Thus, lim;_, Qi(k;, t) = Qi(k, t). Note that

1
[(r —HID -Vt - )P

| Talki](8) - Tn[k](l‘)lsl I,(0) + o) + e ]lQn(ki’ s) = Qn(k, s)ldgs

1
< M [0 5) - Bull, )lds.
0
By using a similar method, we have
1
ITAIO) - TAKIO! < M, [ 1820k 5) - Galk, $)lds:
0

Thus, | T[k1(t) — T[kl(t)l. — O as k; — k. Hence, {T[k;]¥2, is relatively compact in B, and so T is a com-
pletely continuous operator on B, for alli. Suppose thati > 1 be given and there exist z € 9B, and 0 < ¢ < 1
such that z = cTj[z]. Since ||z|l, = r, ||z < 1, |2/ < 1,

2"l r

L2-0 LE2-O

and ij (r)z(r)drH < mr. By using the assumption, we have

1§11l <

1
20| = [cT 210 = | f Gy(t, 45)0i(z, $)ds
0

1 1 S
r ! [
<M _([Gz(r, r, m, mr)dqs + —([f(S)@l z(s), Z'(s), Dglz](s), !f(r)z(r)dr d,s

< M{E + ||g||1®1(r, r, ﬁ, mr))

and
[ 3G,(t, s)
»S) r
|z ()] = |CT;;[Z](t)| = CJ qat Qi(z, 8)dgs | < MZ[E + ”g"l@l(r, r, m, mr])
0
Hence,
r
B3 Ma M e 8 s by T ]
lzll. < max{M; 2}( + llglh 1(" r L2-B) mr))
and so
r
Aol £ Or,r, ———, .
r< 0( + gl 1(r r Le-0) mr))
Thus,

r r
e+ glh®dr,r, ——— mr|>—,
L2~ Ao
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which is a contradiction to (22). This implies that z ¢ 0B,. By employing Lemma 2.3, T; has a fixed point
k; € B, for each i, that is the problem (21) has a solution. Let (k); be the solution of the problem (21). As we
proved, {(k);} is relatively compact and (k); — k for some k € 8. Thus, k € B,. Similar to last result, we can
show that lim;_, DE[k](t) = DE[KI(E), lim;_o, k{(¢) = k(t) and
t t

lim | f(Mk(r)dr = If(r)k(r)dr,
1—00

0

0

for each t € J. Consequently, we get lim;_,, Qi(k, t) = Q(k, t) and
~ ~ r
G,(t, )Qik, t) — Q(k, t)| < M| g(s)O, r, 1, ——————, mr || < oo.
1G4(t, $)Qi(k, t) — Q(k, )] 1[g( ) 2( LE-0) ]] o)

By applying the Lebesgue dominated theorem, we obtain
1
MO:J@mﬁﬂkQQ&
0

for all t € J. This completes the proof. O

4 Illustrative examples via computational results

In this section, we present two illustrative examples. For problems for which the analytical solution is not
known, we will use, as reference solution, the numerical approximation obtained with a tiny step h by
the implicit trapezoidal PI rule, which, as we will see, usually shows an excellent accuracy [32]. For this
purpose, we need to present a simplified analysis that is able to execute the values of the g-Gamma
function. We provided a pseudo-code description of the method for calculation of the g-Gamma function
of order n in Algorithms 3, 4, 6 and 7; for more details see https://www.dm.uniba.it/members/garrappa/
software.

All the experiments are carried out in MATLAB Ver. 8.5.0.197613 (R2015a) on a computer equipped with
a CPU AMD Athlon(tm) II X2 245 at 2.90 GHz running under the operating system Windows 7.

Example 4.1. Consider the fractional g-integro-differential problem

9
PEKIO + 50| KO KO DFKOL | jaOl |, @)

3+ k()] 3+ K@) 34 |Z)[}%[k](t)| 3 + |zi(0)]

fort € J, k € CY(J) and for each g € (0, 1), under conditions k(0) = 0 and
208
k) = D;[k](g),

where

t
() = jf(r)k(r)dr,
0


https://www.dm.uniba.it/members/garrappa/software
https://www.dm.uniba.it/members/garrappa/software
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f(t):ﬁ e Landm = |f|; = 3. Clearlyintheproblemazg22,(=% e(O,l),nge(O,l),nzge

(0, 1). We define g(t) by

E’ te (O’ )/1]’

1

g(t) = m’ te syl

1

W, te e,

where py,..., Prya1 € (0, 1) (k 2 1), and ), ¥5, ..., Yy, be real numbers such that

O<y<y,<<yy<L

For Ny = 4, we take

(
(
s®=1 1 (
(

Now, define

4
0k, ko, k3, ky) =

i=1

|kl
3+ [ki|”
for (ky, ko, ks, k;) € R“. One can see that © satisfies in equation (17). Then we have

|Q(t’ kls k2) k3’ k4) - Q(ts 11’ 125 13’ I4)|

9
Ol , WO, IDFRIOl Ol

= t
SO 3 kol 3] 3+ l2()

El
3+ 1D k(8]

9
ol 1ror DG [LI®)] . |z1,(0)]

-0 3+ kO 3+ (I'®) 3+ |z, (0

El
3+ D4 [BIO

sgm{?mo—um+§mm—um+§mm—am+§mm—umq

4
< g1 Iki(t) - L(H)].

i=1

Thus, by applying the definition of g(t), we get

(24)
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1 ¢ 1
1 k _li ) s — |»
Zl 6) - (0) te(o 4]

4
73 k() — L), te
(- Zl

|Q(t’ kl) k2’ k3) k4) - Q(t’ Ilr 12’ 133 l4)| < 9 1 4 (1 3 ]
2: Z ’

= Ykt - KO, te

ks

1 4
— PIGER G

10 ;_

t — Z) i=1

Therefore,
1 1 1 1
¥t' fie-0257  Jt-057 wft-075°"

fit) =

fort e (0, %], (%, %], (%, %], (%, 1), respectively, for i = 1, 2, 3, 4. In addition by using equations (16) and

(19), we obtain

0.0062, q=-1,
o 0
A=1- 1o =l o042, g-=-=,
«2-1) T, ; 2
-0.0664, q = é
7
On the other hand,
Mo L 1 1 1 1 1
1_1"(0)Jr)ll"(a)Jr)lr(a_ ) 5\ 5\ 130’
0 "W e 5fE) ) )
M=t 1 1 1 1 1
2 (0—1)+AF(0)+AF(0 ) (6 * 5\ " 130
g 4 @-m () ag(Z) ag()
and from equation (20),
25 54 ) (67)
mo = f(l - ) Vg(s)dys = I(l s) 7 g(s)dys = I(l $)y3/g(s)dys

1= 1= qk+i
= —Q)z qg(qk)[nm] =( —Q)Z g(qk)[nw] .
k=0 i=0 q ol —q“"e
Thus, we have M; = 313.0401, —41.1026, —23.6644, M, = 313.1262, —40.7920, —23. 2307, mg = 0.1372, 0.6360,
1.5717, 1o = [O]la x (42.9762), |©]a x (-25.9439), O]l x (-36.5123) for g = 1, 5, ,

results are obtained by Algorithms 9, 10 and 11. Now, for showing the numerical results, we consider the

respectively. These

problem (23) as follows:

9
5 k()] k')l |D kIO EX0)
9
DO 8O 5 ol T 3w T S RG] -

2%
D [k](t) + g(t)[lk(t)l + |K'(O] + IZ)“‘[k](t)I + |zi(0)]
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Table 1: Some numerical results of A, My, My, mg, Iy in Example 4.1fort e/ andg = %

(q = %)n A m, M, mo o

1 0.0067 287.9505 288.0367 0.1189 34.2533
2 0.0062 310.3480 310.4341 0.1348 41.8468
3 0.0062 312.7840 312.8701 0.1369 42.8388
4 0.0062 313.0398 313.1259 0.1372 42.9627
5 0.0062 313.0401 313.1262 0.1372 42.9746
6 0.0062 313.0401 313.1262 0.1372 42.9762
7 0.0062 313.0401 313.1262 0.1372 42.9762

Table 2: Some numerical results of A, My, M,, my, r, in Example 4.1fort e ] and g = %

(q - %)n A M1 Mz mgy 1))
1 0.0083 178.5039 178.8292 0.3858 68.9912
-0.0172 -92.2014 -91.8824 0.4974 -45.7011
3 -0.0294 -55.8206 -55.5059 0.559 -31.0280
9 -0.0410 -41.2640 -40.9543 0.6338 —-25.9558
10 -0.0411 -41.1831 -40.8735 0.6348 -25.9454
11 -0.0412 -41.1423 -40.8327 0.6353 -25.9421
12 -0.0412 -41.1219 -40.8123 0.6356 —-25.9416
13 -0.0412 -41.1122 -40.8027 0.6358 -25.9423
14 -0.0412 -41.1069 -40.7973 0.6359 -25.9427
15 -0.0412 -41.1042 -40.7947 0.6359 —-25.9430
16 -0.0412 -41.1034 -40.7939 0.6360 -25.9437
17 -0.0412 -41.1025 -40.7929 0.6360 -25.9437
18 -0.0412 -41.1025 -40.7930 0.6360 -25.9441
19 -0.0412 -41.1026 -40.7930 0.6360 —-25.9443
20 -0.0412 -41.1016 -40.7920 0.6360 —-25.9437
21 -0.0412 -41.1016 -40.7920 0.6360 -25.9438
22 -0.0412 -41.1016 -40.7920 0.6360 —-25.9438
23 -0.0412 -41.1016 -40.7920 0.6360 —-25.9439
24 -0.0412 -41.1016 -40.7920 0.6360 -25.9439
Lett, = é, t= %, ;= g and t, = % Then from definition of g(t) in equation (24), we have g(t;) = 1.2668,

g(t) = 2.5396, g(t;) = 7.8817 and g(t,) = 8.5535, which, upon substitution in equation (25), leads to

t
DIk + %[u«m k()] + |1>2,94[k]<t>|] - !ﬁ(r)k(r)dr ,
t
SO + ——— — | ko1 + O] + 1DJi Kk ](t>|]=—% [ R,
A E V\w) o

(26)

t
9
Dq [k1Ct) + k(O] + k'O + ID“‘[k](t)I] - Ifs(r)k(r)dr ,

! (O

t
9
k(O + [K'(O] + IDl“[k](t)I] - Ifa(r)k(r)dr :
0

T (]

Dq [k](t) +
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Table 3: Some numerical results of A, My, My, mg, ry in Example 4.1 forte] and g = ;

(q = g)” A m, M, mo o
1 0.2188 2.2717 2.6290 0.6443 1.6939
0.1616 3.9488 4.3474 0.7476 3.2501
3 0.1192 6.4012 6.8259 0.9636 6.5775
52 -0.0663 -23.6855 —-23.2518 1.5712 -36.5341
53 -0.0664 -23.6825 —23.2489 1.5713 -36.5307
54 -0.0664 -23.6798 —-23.2461 1.5713 -36.5275
67 -0.0664 -23.6666 —-23.2329 1.5716 -36.5139
68 -0.0664 -23.6663 -23.2327 1.5717 -36.5137
69 -0.0664 -23.666 -23.2324 1.5717 -36.5135
84 -0.0664 -23.6647 -23.231 1.5717 -36.5126
85 -0.0664 -23.6643 -23.2307 1.5717 -36.5120
86 -0.0664 -23.6643 -23.2307 1.5717 -36.5121
87 -0.0664 -23.6643 —-23.2307 1.5717 -36.5121
88 -0.0664 -23.6644 -23.2307 1.5717 -36.5121
89 -0.0664 -23.6644 -23.2307 1.5717 -36.5121
98 —-0.0664 —-23.6644 -23.2307 1.5717 -36.5122
99 -0.0664 -23.6644 -23.2307 1.5717 -36.5123
100 -0.0664 -23.6644 -23.2307 1.5717 -36.5123

Table 4 shows numerical values of k(t) for each equations in (26). Also, one can see that the curve of k(t)
with respect to t in Figure 1 for ¢ € (O, %], (%, %], (%, %], (%, 1), respectively (Algorithm 12). By using
Theorem 3.3, one can see that the singular g-integro-differential problem (23) has a solution.

1
Table 4: Some numerical results of Ty(t) = qu(t, $)Q(k, s)dgs in Example 4.1 fort e J

t k(t) t k(t) t k(t) t k(t)

0 0 0.2500 0 0.500 0 0.7500 0
0.0156 0 0.2656 0 0.5156 0 0.7656 0
0.0313 0 0.2813 0 0.5313 0 0.7813 0
0.0469 0.0001 0.2969 0 0.5469 0 0.7969 0
0.0625 0.0001 0.3125 0.0001 0.5625 0.0001 0.8125 0
0.0781 0.0002 0.3281 0.0001 0.5781 0.0001 0.8281 0
0.0938 0.0004 0.3438 0.0002 0.5938 0.0002 0.8438 0.0001
0.1094 0.0006 0.3594 0.0004 0.6094 0.0003 0.8594 0.0001
0.1250 0.0008 0.375 0.0005 0.6250 0.0005 0.8750 0.0001
0.1406 0.0011 0.3906 0.0007 0.6406 0.0007 0.8906 0.0002
0.1563 0.0015 0.4063 0.0010 0.6563 0.0011 0.9063 0.0002
0.1719 0.0019 0.4219 0.0013 0.6719 0.0015 0.9219 0.0003
0.1875 0.0024 0.4375 0.0017 0.6875 0.0021 0.9375 0.0003
0.2031 0.0029 0.4531 0.0021 0.7031 0.0027 0.9531 0.0004
0.2188 0.0036 0.4688 0.0027 0.7188 0.0035 0.9688 0.0005

0.2344 0.0043 0.4844 0.0033 0.7344 0.0042 0.9844 0.0006
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In the next example we consider the discontinuous map Q(t, ., ., ., .) at points of a subset of J of
measure zero. Then, we obtain solutions of the problem (1) under some different conditions in Theorem 3.3
when the map Q(t, ., ., ., .) is discontinuous at ¢t = 0.

Example 4.2. Consider the singular fractional g-integro-differential problem

i 3 7
DO + 7 [ kP + —|k'|% ¥ %ID&S[k](t)IZ v %zk(t)b
27)
+ i(1‘2 + Fq(i)) 12 + 1, >+ : + ! >1=0,
2 3 1+ k%(t) 2+ [K'(t)] 1+ (D(}?[k](t))z 2 + [z(D)]

fort € J and g € (0, 1), with boundary conditions k(0) = 0 and
Sl 5
k(1) = DI [k](g).

Itisclearthata:?zz,(:% € (O,l),n:%e (0,1),T=§e (0,1) and
t
20 = [fmkmr.
0

Put g(t) = -~ and

4
01k, ko, ks, kg) = Y Byl [P,
i 1
3(t2+ 5
Ok Koy ks, i) = Z ()

+ k2’

fort € J. Hence, we get m = ||g(t)h = %,

lim 0.(k, k, k, k) _
k—o00 k

>

e= lim ©x(k, k, k, k) = 6(1 + rq(g)) < 00
and

Ot kiy o o, k) < —=01(0, Koy Ko, ki) + 6(1 4T (4))
it 3
One can see that in Problem (27) y = % €(0,1),8, = %, B, = %, B; = %, B, = % € [0, 0), p1 = %, ps = é,

p3 = %, Dy = % € [0, 1). At first by using Eqgs (16) and (19), we obtain

1
0.1644, q-=—,
() i
SRR SN CV MRS NP S
L2 -n) Fq(%) 2
0.1074, q= .,
13

M, = 11.5855, 11.1921, 11.1201; M, = 11.6995, 11.5296, 11.5264; &, = 0.0855, 0.0867, 0.0868; 1“( ;= = 1.0224,

EAST]

1.0605, 1.0743 and
Ao = max{M,, My} = 11.6995, 11.5206, 11.5264,
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Figure 1: k(t) with respect to t for Equations in (26) in Example 4.1fort € (0, %], (

Table 4.

On multi-step methods for singular fractional g-integro-differential equations

%1078
T

T (t)

= [L Gy, )k, 5) dys

0 0.1 0.2

— 1401

Table 5: Some numerical results of A, My, M5, &9, —— r(z 5 in Example 4.2 fort ¢ J and g = >
1 A M M £ 1
(q = E)" ! 2 ° Tg2-2)
1 0.1655 11.4862 11.6001 0.0862 1.0206
2 0.1645 11.573 11.6869 0.0856 1.0221
3 0.1644 11.5839 11.6979 0.0855 1.0223
4 0.1644 11.5853 11.6993 0.0855 1.0224
5 0.1644 11.5855 11.6995 0.0855 1.0224
6 0.1644 11.5855 11.6995 0.0855 1.0224
Table 6: Some numerical results of A, My, M, &9, —— - (2 5 in Example 4.2 forte ] and g = —
_9 A m M Fot 1

(q = E)" ! z ° T42-0)

1 0.2735 2.3829 2.6859 0.3723 0.7858
2 0.2180 3.6932 4.0335 0.2479 0.8780
3 0.1821 5.0443 5.4078 0.1849 0.9399
21 0.1075 11.1067 11.5129 0.0869 1.0741

22 0.1074 11.1108 11.5170 0.0868 1.0741

23 0.1074 11.1136 11.5199 0.0868 1.0742
24 0.1074 11.1156 11.5218 0.0868 1.0742
31 0.1074 11.1197 11.526 0.0868 1.0742
32 0.1074 11.1198 11.5261 0.0868 1.0743
33 0.1074 11.1200 11.5262 0.0868 1.0743
34 0.1074 11.1200 11.5262 0.0868 1.0743
35 0.1074 11.1200 11.5262 0.0868 1.0743
36 0.1074 11.1200 11.5263 0.0868 1.0743
37 0.1074 11.1200 11.5263 0.0868 1.0743
38 0.1074 11.1200 11.5263 0.0868 1.0743
39 0.1074 11.1201 11.5264 0.0868 1.0743
40 0.1074 11.1201 11.5264 0.0868 1.0743
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Table 7: Some numerical results of A, My, M5, &, r(,(z%z) in Example 4.2 fort e J and g = %
(g=2)n A m, m; £ .
1 0.1839 6.2473 6.5585 0.1525 0.9529
0.1524 8.2455 8.5706 0.1167 1.0072
3 0.1371 9.5643 9.8958 0.1011 1.034
9 0.1224 11.1638 11.5011 0.0869 1.0601
10 0.1223 11.1779 11.5154 0.0868 1.0603
11 0.1222 11.185 11.5225 0.0868 1.0604
12 0.1222 11.1886 11.5260 0.0868 1.0604
13 0.1222 11.1903 11.5278 0.0867 1.0604
14 0.1222 11.1912 11.5286 0.0867 1.0605
15 0.1222 11.1916 11.5291 0.0867 1.0605
16 0.1222 11.1919 11.5294 0.0867 1.0605
17 0.1222 11.1920 11.5295 0.0867 1.0605
18 0.1222 11.1920 11.5295 0.0867 1.0605
19 0.1222 11.1920 11.5295 0.0867 1.0605
20 0.1222 11.1921 11.5296 0.0867 1.0605
21 0.1222 11.1921 11.5296 0.0867 1.0605

1 2 i 3 3
09 Dy [)(0) + §1KI + SIPF (I + k!

0.2

0.1

P
LB
TS
B il

0 B A A A A A AL AL AN 1

0 0.1 02 03 04 05 06 07 08 09 1

1 1 1 1 1

Figure 2: k(t) with respect to t for Equations in (27) in Example 4.2 for g € {%, %, 1%}, respectively, according to Table 8.

forq = %, %, %, respectively, which are shown in Tables 5-7. Note that the value of r must be more than

romaxs1, é,m = 1.2500,
L2-0)

for g € (0, 1) according to Tables 5-7. These results are obtained by Algorithm 13. Now, for showing the
numerical results, we consider the problem (27) as follows (Figure 2):



DE GRUYTER On multi-step methods for singular fractional g-integro-differential equations = 1403

10 & 3 7
D KI() + %[;k e §|k’|% ¥ %l@ﬂk](t)h " %zk(rng]
3(., 4 1 1 1 1
ol r"(?) 1+ K20 2+ [KOF % o mOF
1+ (DBKI()? ,

IA

L 1o 8,2 1 & 5 15 7 ) 4
Dq [k](t) + Elk |3 + Elk |5 + B|Z)q [k](t)|4 + Zle(t)|9 + 6] t* + Fq E =0.

Thus,

x 8 0 1 5 1,4 15 7 ) 4
DJ[K](t) + §|k o+ I PP IO + JHk B = —~lz(OF - 6 £+ T, 3)) (28)

Table 8: Some numerical results of k(t) in Example 4.2 forte ], q € {% %, %} andn=1,2,..,10

g=3 g=3 9=
t k() t K(t) t k(t)
(n=1
1 0 0 0 0 0 0
1 0.0156 0 0.0156 0 0.0156 0
1 0.0313 0 0.0313 0 0.0313 0
1 0.0469 0 0.0469 0 0.0469 0
1 0.0625 0.0001 0.0625 0.0001 0.0625 0.0001
1 0.0781 0.0002 0.0781 0.0002 0.0781 0.0002
1 0.9531 0.7127 0.9531 0.7175 0.9531 0.7632
0.9688 0.7528 0.9688 0.7579 0.9688 0.806
0.9844 0.7945 0.9844 0.7999 0.9844 0.8506
(n=2)
2 0 0 0 0 0 0
2 0.0156 0 0.0156 0 0.0156 0
2 0.0313 0 0.0313 0 0.0313 0
2 0.0469 0 0.0469 0 0.0469 0
2 0.0625 0.0001 0.0625 0.0001 0.0625 0.0001
2 0.0781 0.0002 0.0781 0.0002 0.0781 0.0002
2 0.9688 0.7523 0.9688 0.7422 0.9688 0.7738
2 0.9844 0.794 0.9844 0.7834 0.9844 0.8166
2 1 0.8373 1 0.8261 1 0.8611
(n =10)
10 0 0 0 0 0 0
10 0.0156 0 0.0156 0 0.0156 0
10 0.0313 0 0.0313 0 0.0313 0
10 0.0469 0 0.0469 0 0.0469 0
10 0.0625 0.0001 0.0625 0.0001 0.0625 0.0001
10 0.0781 0.0002 0.0781 0.0002 0.0781 0.0002
10 0.9531 0.7121 0.9531 0.6894 0.9531 0.6842
10 0.9688 0.7522 0.9688 0.7282 0.9688 0.7228
10 0.9844 0.7939 0.9844 0.7686 0.9844 0.7629

10 1 0.8372 1 0.8106 1 0.8045
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Table 8 shows numerical values of k(t) in equation (27). Furthermore, one can see that the curve of k(t) with
respect to t in Table 8 (Algorithm 14)). We can see that 0, ©, and g satisfy the conditions of Theorem 3.3.
Thus, the problem (27) has a solution.

5 Conclusion

The g-integro-differential boundary equations and their applications represent a matter of high interest
in the area of fractional g-calculus due to their various applications in areas of science and technology.
Indeed, the g-integro-differential boundary value problems often occur in mathematical modeling of
a variety of physical operations. In this context, we prove the existence of a solution for a new class
of singular g-integro-differential equations (18) and (27) on a time scale. The results are verified by con-
structing two examples along with their numerical simulations that demonstrated perfect consistency
with the theoretical findings. To this end, the authors investigated a complicated case by utilizing
an appropriate basic theory which facilitates a particular interest in this paper.
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