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Abstract

In this paper, the dynamics of a fat receptor-breast cancer model have been investigated by employing the
deterministic and stochastic approaches. The existence of the endemic equilibrium, positivity of solutions
and the calculation of the reproduction number are examined for the deterministic model and also the
existence-uniqueness of the stochastic model is discussed. Then, we will examine the crossover tendencies
of the deterministic-stochastic model with the help of piecewise differential operators that take into account
stochastic and power law processes followed by generalized Mittag-Leffler functions have been investigated.
We employ a numerical scheme based on Newton polynomial to solve the deterministic-stochastic tumor
growth model with fractional differential operators numerically. The graphical representations are simulated
for different values of fractional order and the crossover tendencies of the deterministic-stochastic model are
observed during the simulations.

Keywords: Breast cancer model, numerical scheme, piecewise differential operators.

1. Introduction

Tumor, which occurs as a result of abnormal growth of some tissues due to excessive division of cells in
the body, is one of the diseases that cause death worldwide and seriously threatens human life. When the
literature is examined, chemotherapy, radiotherapy, gene therapy and virotherapy can be found among the
treatment approaches. Treatment should be considered as a whole and the dose of the drug to be used and
the time should be determined well. For this reason, cancer disease has attracted great attention not only in
branches of science such as medicine and biology, but also in the field of mathematics. Mathematical models
represent complex processes with different aspects and methods. Since some real world problems can have
random behaviors, many models have been examined by using the stochastic approaches [1-8]. However,
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mathematical modeling, which is one of the important tools that helps in especially in interpreting the
treatment process made significant contributions in analyzing tumor growth [9-16].

In the realm of cancer research, diverse mathematical models have emerged, each shedding light on
distinct facets of tumor behavior and treatment responses. One study by McKenna M.T et al. extensively
analyzes doxorubicin uptake through a parameterized model using experimental imaging data, showcasing
variations in pharmacokinetic parameters among investigated cell lines. This work not only describes drug
kinetics but also effectively predicts population dynamics following treatment [9].

Another model [10] dissects the complexities within treated tumors, delineating subsets with differing
immune signaling and growth rates. It foresees scenarios of dormancy, elimination, and immune evasion,
emphasizing the potential of dormant cells in controlling aggressive counterparts through immune responses.
Furthermore, Mehdizadeh et. al. propose a set of differential equations probes interactions among cancer
stem cells, tumor cells, and healthy cells, elucidating the impact of estrogen surplus and the immune response.
This model showcases how immune cells contribute to cancer elimination while underlining the continuous
existence of cancer in their absence [11]. Additionally, studies delve into population-specific models, such
as one focused on breast cancer in the Saudi Arabian population, emphasizing the association between
chemotherapy and cardiotoxicity. This research aims to mitigate cardiotoxicity while improving treatment
outcomes [12].

Another model specifically targets triple negative breast cancer, integrating immunotherapy. It reveals
equilibria indicating tumor-free and large-tumor states, highlighting the potential of immune checkpoint in-
hibitors when combined with immune booster therapy [13]. Moreover, a comprehensive model encompasses
the interplay between immune responses, vaccination, and chemotherapy treatments. It emphasizes the syn-
ergy between these therapies in eradicating tumors, showcasing their potential when used in combination
[14]. Additionally, an innovative approach utilizes piecewise differential operators to amalgamate models
representing various stages of tumor growth. This technique offers a holistic view enabling comprehensive
analysis and prediction of tumor progression, providing insights into diverse behaviors [15]. Lastly, an opti-
mal control problem centered on a stochastic delay differential model delves into tumor-immune interactions.
It identifies variables crucial for controlling tumor growth and showcases the impact of white noises and
time delays on tumor dynamics [16].

Fractional differentiation has been incorporated and applied in various problem-solving scenarios as an
extension of the classical differentiation concept. This idea has been widely recognized and utilized since
before 1965. Their popularity primarily stems from the characteristics of their kernels, which were employed
in defining these operators. For example, when the Riemann-Liouville and Caputo derivatives [I7] reveal
a power-law relationship in certain data, it could suggest specific mechanisms underlying the natural phe-
nomenon in question. Power law phenomena are widespread across diverse fields, providing deep insights
into the intricate workings of complex systems. These phenomena involve relationships where changes in
one quantity lead to proportional changes in another, playing crucial roles in disciplines spanning physics,
biology, economics, and the social sciences. Knowledge of power laws not only reveals fundamental principles
governing natural and social phenomena but also uncovers hierarchical structures, scaling characteristics,
and complex dynamics that shape our understanding of the world. The Caputo-Fabrizio derivative [18] is a
mathematical tool that extends fractional calculus by integrating an exponential kernel. This enhancement
enables the modeling of non-local and non-Markovian behaviors in diverse physical and engineering systems.
Applications of this derivative include viscoelasticity, anomalous diffusion, and control theory, addressing
complexities beyond the capabilities of traditional derivatives. The Atangana-Baleanu derivative [19] is an
advanced concept in fractional calculus that introduces a novel kernel to extend classical fractional deriva-
tives. Atangana and Baleanu proposed this derivative to deal with complex systems exhibiting non-local
and non-singular behavior, which are commonly encountered in physics, engineering and various scientific
fields. Its applications span fields such as viscoelasticity, fluid mechanics, electromagnetic theory and control
systems, where conventional derivatives struggle to capture the full range of dynamical phenomena. Widely
recognized for its ability to model systems with memory effects, the Atangana-Baleanu derivative has at-
tracted considerable interest and research activity in recent years. There is no doubt that models modified
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by the addition of processes with power law [17], fading memory [18] and generalized Mittag-Leffler [19]
function present different scenarios. Moreover, it can be observed that the model related to piecewise dif-
ferential operators[20], which makes it possible to handle deterministic and stochastic processes together,
has crossover tendencies. Therefore, in this study, the fat receptor breast cancer model was discussed using
deterministic and stochastic approaches [21].

Since it is vital to examine the duration and prevalence of the tumor in a particular region when evaluating
the tumor spread model, we address the scenario by introducing the existence of an endemic equilibrium
that has proven to be globally asymptotically stable in deterministic models. Then, the relevant model will
be modified with piecewise differential operators that take these two processes into account together and
will be solved with a numerical method based on Newton polynomials [22].

Now, we present the definitions of the fractional derivatives with power law, exponential decay and
Mittag-Leffler kernels and piecewise derivative.

The Caputo-Fabrizio fractional derivative [I8] of the function w () € H' (0,T) is given by

7 Dpw ()= 1o [ O [~ -0 ac (11)

11—«

where 0 < o < 1 and H' (0,T) describes the Hilbert space. The associated integral is defined by

¢
P It () = (1—a)w(t) +a /0 w (¢) dC. (1.2)
The Caputo fractional derivative [I7] of the function w (t) € H' (0,T) is defined by

1 t

C na / —a

D t) = ———— t— d 1.3
0 tw() P(l-a)/OW(C)( C) C: ( )
where 0 < @ < 1 and the Riemann-Liouville fractional derivative of the function w (t) € C'(0,7T) is defined
by

BLDey(f) = — ¢ / w(C) (t— ) dC. (1.4)
0

TT(1—a)dt
The integral with power-law kernel [23]
o Jfw () =

L O o
i w0 ac (15)

The following formulas describe the Atangana-Baleanu fractional derivative [19] which has the crossover
behavior from stretched exponential to power-law,

t
dopro () = o [ OB |- -0 (1.6
and g .
$Dp ) = o [ @O B |- -0 e (1.7

The above operators are called as Atangana-Baleanu fractional derivative in Caputo sense and Atangana-
Baleanu fractional derivative in Riemann-Liouville sense [19], respectively. The associated integral is given
by

I (t) = (1= a)w (B + s /0 w(Q) (t— O dc. (18)

We now present the definitions of the piecewise derivative and integral operators which made significant
contribution to literature [20].
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The piecewise derivative with classical and fractional derivative with power-law kernel such that can be
taken as [20]

W () if0 <t <t

RLDoy, (1) it tg <t <T ° (1.9)

PRL
sinpe (0 = {
where (])D RLD? represents classical derivative within 0 < ¢ < ¢y and Riemann-Liouville fractional derivative
within tg <t < T.
The piecewise with Caputo derivative is given as [20]

W () if 0 <t <t

PC na _
o Diw (t)_{ CDfw(t) iftg<t<T ’ (1.10)

where the function w (t) is differentiable in [0, 7] . Here 'L D$ represents classical derivative on 0 < t < g
and Caputo fractional derivative [17] on tgp <t <T. The associated piecewise integral of w is given as [20]

Jrw(C)dC it 0 <t <t

PPLLG (1) = { ﬁ ffow(C) (= 0OV deiftg <t <T (1.11)

where (I)D P LL? represents classical integral on 0 < ¢ < 3 and the integral with power-law kernel on tqg <t < T.
The piecewise derivative with classical derivative and Mittag-Leffler kernel is defined by [20]

! .
PAB na _ w (t) if0<t<ty
o Diw (1) = { ABCDew (1) ifto <t <T (1.12)

where 4B D¢ represents classical derivative on 0 < ¢ <ty and Atangana-Baleanu fractional derivative [19]
on tg <t <T. The associated piecewise integral is given as [20)]

PABT ., (1) fotW(C)dC it0<t<t

w = o o . .
' (1—0<)W(t)+@ﬁtow(0(t—0 YdCifto<t<T
In this section, we will investigate the behavior of a mathematical model that takes into account the

effect of fat cells and estrogen on tumor growth|2I] under deterministic and stochastic approaches. The
deterministic model under investigation is represented by

(1.13)

dH
% :H(Fél —(51H—7]T) —,ulHE
% = T(K,Q *(SQT*Q[HI) + wHE +e1TF
dI qT uskE
— = — —p—¢oT 1.14
dt <01+T 6, + B 7 (’52) ) (1.14)
dE
% =wy + e FF — woFE
E :I{gF(l—«SgF)
with the initial condition
H (0) = Hy, T(0) =To, 1(0) =1y, E(0) = Ey, F(0) = Fp. (1.15)

H(t), T(t),I(t), E(t) and F (t) describe healthy cells, breast tumor cells, immune cells, estrogen, and fat

cells, respectively.
The description of the parameters for the system (|1.14]) is presented in Table
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Table 1: The description of the parameters for the system (|1.14])

Parameter Description of parameters Parameter value Reference
K1 The growth rate of healthy breast cells 0.7 [21]
01 The death rate of healthy breast cells 0.3 Estimated
n The rate of suppression of healthy breast cells. 0.1 [21]
11 The rate of increase in the growth factor of estrogen levels 0.0015 [21]
K2 The growth rate of tumor cells 0.98 [21]
02 The death rate of tumor breast cells 0.94 [21]
o1 The rate of the immune response 2.1 Estimated
I The rate of overflowing estrogen free ONA 0.2 Estimated
€1 The growth rate of tumor cells from fat cells 0.5 [21]
A Immune cells constant source 0.4 [21]
D The natural death rate of immune cells 0.1 [21]
q The growth rate of the immune response 0.4 Estimated
01 The rate of immune cells 0.9 [21]
"3 The rate of immune suppression by estrogen 0.002 Estimated
0o The threshold of estrogen 0.1 [21]
P9 The rate of tumor cells effect on immune cells 0.05 Estimated
w1 The production of an increased estrogen rate 0.9 Estimated
€9 The contribution of excess estrogen by fat cells 0.2562 [21]
wa The rate of estrogen that affects breast cells 0.8788 [21]
K3 The rate of fat 0.93 Estimated
€3 The inverse rate of fat carrying capacity 0.5 [21]

1.1. FEquilibrium Points:

In this subsection, the equilibrium points of system are determined by setting the left-hand side
of system to zero. Considering both the mathematical and biological significance of system , we
identify two types of equilibrium points: tumor-free equilibrium points and coexisting equilibrium points,
using parameter value the assumptions presented in [2I]. It is concluded that the system has eight
steady states. The tumor-free equilibrium point is

- E* A + E* 1
</€1 e, (62 + E7) . E3w1 ’> ’ (1.16)
o1 pb2 + (u3 +p) B* " e3wy — €2 €3
noting that eswy > €2. The co-existing equilibrium points are
~ —nT — i E*
geo— oo mEr (1.17)
01
~ —II + \/I_I2 — 46152/1,2 (MlE*Q — HlE*)
™ = ,
260162
~ A
= T E*
=~ q1” p3E”
+ 0T — =
P T 0,1 B
B = €3W1 ’
E3Wy — &9
~ 1
F* = —.

€3
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1.2. Positivity of Solutions
In this subsection, we prove that the solutions of the system ([1.14)) are positive if the initial conditions
are positive. To achieve our goal, we start our proof with the function F ()

dF

— sl = rgezF2, (1.18)
and solving above yields
1
F(t)> ——— 1.19
02— (119)
where I—F
— Iokses
= —. 1.20
= (1.20)
For the function F(t), we can have
dE
—- = witaBF-wk (1.21)
> (&2 F| —w2) E
> |egsup |F|—ws | E.
te[0,T]
To proceed, we define the following norm
[Flloe = sup [F(t)], (1.22)
te[0,T)
using the norm presented above yields
E(t) = E(0)exp ((e2[|Flloo —w2) ), (1.23)
where
£9 HFHOO < wa. (1.24)
We proceed with the function I (t)
dl |7 ps || Bl >
— > % — ©_ —p— T I 1.25
7 > (Fir s oI 2
> I(0)exp(kt),
e I El
+p+ 02T - (1.26)
0+ Tl 02+ 1E] =
Doing the same routine presented earlier, we obtain
T
— 2 (k2= llleg) T = 6T (1.27)
1
> )
R Cle_(K'Q_(blHI“oo)t
1—Tpo
where ko > ¢1||I]|, and ¢; = %.
0
Finally, the function H(t) is evaluated as
dH
= = 2 (k1 =Tl = 11 | Ell o) — 61 H? (1.28)
1
> )
T 5y + cge (Rl Tl 1Bl )t
1 — Hydy

where k1 > || T, + 1 | E| o and ¢z = H
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1.3. Reproduction number for the considered

In this subsection, we evaluate the basic reproduction number for the system ((1.14). By employing
the advanced method developed by Driessche and Watmough [24], the reproduction number can be found.
However, we will find the associated number in an easier way. To perform our aim, we will use the following;

dT
0 1.29
el (1.29)
which yields
T(k2—52T—¢1I)+u2HE+€1TF > 0. (130)

It is worth noting that the tumor-free equilibrium point exists when the estrogen level is normal, meaning
p2 = 0. Then, equation (1.30)) can be arranged at the tumor-free equilibrium as follows:

Tko — ¢1TI* +eTF* > 0 (131)
« o1
T F 1—-— > 0
(K2+€1 )< Ko + 1 F*

T (ko +e1F™) (1—) > 0.

Then, the reproduction number can be obtained as:

F*
R, — Mfel (1.32)

o1I*
1
K2 + €1 ()
€3

. ( A ((92 (6311)3 — 52) + 8321)1) )
pla (e3ws — £2) + (p + p3) e3w1
(koes + 1) (PO (e3w3 — £2) + (p + p3) e3w1)
€3¢1A (92 (ng;), — 82) + 8371)1)

knowing that ezws > eo.

I

2. Stochastic model for the considered model

In this section, we intend to establish a deep analysis of a fat-estrogen breast cancer model|21] with the
addition of a stochastic component. The mathematical model under investigation is presented as follows :

( dH = [H (K,l -0 H - T]T) — ,U,lHE] dt + o1 HdB; (t)
dTl = [T (/-{2 — 00T — ¢1I) + uwoHE + ElTF] dt + 09T'dBs (t)

_ ' sk
dl = [A+I<91+T 0, + p ¢2T>:| dt + o3IdBs (t) (2.1)
[
[

dE = |wi + eoFF — U)QE] dt + o4 EdBy (t)
dF = |ksF (1 — €3F)] dt + o5 FdBs (t)

where B; (t) and o; (i = 1,...,5) are Brownian motion and stochastic constants.
We will begin our analysis by providing a theorem that will demonstrate the conditions under which the

system ((1.14) has a unique solution[6].

Theorem 2.1. Assuming that there are two positive constants, m; and my;, that satisfy the conditions listed
below:

i) Lipschitz condition : ¥ z, T € R%,i € {1,..,5}

max {’fl (iL‘,t) - fl ('%7 t) ‘2’ |gi (l’,t) — i ('%a t) ‘2} < ml’x - EE|27 (2'2)
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ii) Linear growth condition : V (x,t) € R x [to, T]
mazx {|f (x,4) [%, |g (z,0)*} < mq (1+ [2]) . (2.3)
The initial condition xg is a random variable that is independent of the o;—algebra Fo(om) generated by wy,

s >0 and such that E|xo|> < co. In this case, the stochastic model under investigation has a unique
solution in M? ([to, T],R®).

Proof. In order to start our proof, we need to introduce some notations to avoid complexity

H (k1 —0H—nT)—mHE

H t H
T L;.z((t T)) T(K2_52T—¢1I)+M2HE+€1TF
! T E
e=| I |, f@t)y=| H@Dn | =] Aa+1( o -0 pogT) | (249
0h+T 6,+FE

E f4(t,E)
r fs (t, F) w1 + o EF —wo

S A% kaF (1 — e3F)

Our objective is to prove that the Lipschitz and linear growth conditions for each function on the right-
hand side of the model are satisfied. To achieve this, we will start with the function f; (¢, H) and then
proceed to prove the same for the other functions. We verify the first condition for the function fi (¢, H) by
following:

fﬁﬂ%ﬁ@ar:‘@—@@ﬁ&@éﬂ—M%mE@—ﬂr (2.5)
g2<H—ﬁ>2@rwwH—ﬁyﬂﬁf+aﬁwFM—ﬁf
< 2(H—jﬂ2[<&§+3ﬁﬁf—ﬁf+ﬁmﬂﬂ>+uﬂEﬁ
< 2 (H—f[) 3K2 + 302 sup ’H H‘ +3n? sup [T + 42 sup |E)?
te0,t] t€(0,¢] te[o,t]

< (st 282 [ — A+ T+ w112 ) 11 - A

Y

by employing the norm defined before. Thus, we have

‘fl (t,H) - fi (t,ﬁ)rﬁrm (2.6)
where
mi =2 <3nf + 3682 HH - fIHl + 302 ||, + 2 ||E|y§o> . (2.7)
We will continue our proof with the second function, f3 (t,7") Then, we obtain
b@ﬂv—h(afﬂgzz KT—T)QQ—@<T—T)—¢J)+Q(T—T>FF (2.8)

~12 ~12 ~12
< 2lr-T G@+&%ﬁ—T‘+wﬂm)+%ﬂFﬂT—ﬂ

IN
r

T—TV 3k3 + 305 sup )T T‘ +3¢2 sup |I|? + &2 sup |F|?
te[0,t] te[0,t] t€(0,¢]

IN

~|2 2 2 T8 2 T 2 2
olr - T &@+3®HT—T“ +3@MTI—TH +e2|FIA
(o] o0

IN

~12
mﬂT—T

)
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where

Doing same routine for other function, we obtain

o (t.1) ~ £ (0.7)|

IN

IN

IN

fa(t, E) — fa (t,E) )2

IN

IN

IN

s (. F) — £ (1 F) [

IN

<

<

For the function g (z,t), we have

_ 2 2 |l 7 2 _ A 2 2
my = (652 +662|| T —T| +662 ||TT—T|| +22|F|% ). (2.9)
(o] (o)
qT psE ? ~2
- —p— T ’I—I‘ 2.10
AT G+ E P (2.10)
2¢% sup |T|* 2u? sup |E|?
te[0,4] te[0,1] ) ) ) 2
+dp? + 462 sup |T| ‘I—I‘
02 + sup |T|* 63+ sup |E| 2zte[o,t}
te(0,t] te(0,t]
202 |T)> | 243 | E|? 2
07 + 171”05+ 1E]|
~2
mg,‘l—[) .
~ ~\ |2
‘62 (E - E) F—ws (E - E)‘ (2.11)
2 2 ~|2 2 ~|2
2¢2 sup | F| ‘E—E‘ —|—2w2‘E—E‘
t€[0,t]
~12
<2e§ [Fallis +2w§) ‘E— E‘
~12
m4’E—E’ .
kg F (1 — esF)[? (2.12)
9 ~|2 9 ~|2
2n3‘F—F) 1+ €2 sup ‘F—F’
te(0,t]
9 ~12 9 ~112
253‘F—F’ <1+z—:3HF—FH >
oo
~12
m5(F—F) .
lgi (2, ) — gi (Z,0))* < oy |x — T2 (2.13)

To proceed with the proof, we will demonstrate that the second condition of the theorem is satisfied[6].
To accomplish our goal, a similar procedure will be pursued as mentioned above. We will start with the

function fy (t, H)
[fu (8 )P

IN A

IN

|H (k1 — 6,H — nT) — iy EH|?
2 2 2 2 2
2|H P (363 + 367 | HIZ + 307 ITII%, ) + 263 | BI% |H]

(2.14)

2 (1+ (3% + 367 | HIZ + 302 |TI2 + i | BIS.) |H)

i (1+[H).
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such that o1 = (347 + 30 [ HII% + 30° | TI% + 12 | BI%, ) < 1.
2t D) = |T (2~ 6T — ¢1I) + po HE + 1 TF| (2.15)
< 3ITP (353 + 383 I, + 303 1112, ) + 33 IH % I BN + 323 | P, | TP
< 33 HI% BN, + (943 + 903 ITIZ + 967 112, + 33 | FII%, ) 1T
(943 + 983 ITI1% + 993 11112 + 33 |1 F1%)
3u3 | H|% B2,

2 2 2
< B l|H|L B | 1+ T|

< i (1+TP),
2 2 2
(943 + 983 ITI1% + 963 11112, + 323 112

< 1and g = 3ud | H|% | E|% .
2 2 2
313 1515 1 E11% T

where g9 =

2
(2.16)

T usE
tD? = |[A+1 el — —p— T

IN

2¢° | T3, | 263 11E]3 2
2A% + |1)? ( o+ — 5o 4 4p? + 4¢3 | T
0T+ITIS 3+ IE] >

oo

2¢° || T2, 20312
<2q I ||o§ . 2N3” ”o; +4p® + 4¢3 |72,
oxz | \NRHITIS 63+ BN

272

|12

IN

s (1+117)

2 2
2¢° |75, 2wsllEl5

2 2
0TI 05+ I11El%

where m3 = 2A? and p3 = ( + 4p* + 4¢3 HTHgo) <1

1fs(tLE)? = |wi+eEF —wE|? (2.17)
wi + 33 [ [|F |12, + 3w3 |E?

3e2 || F||%. + 3w?
302 <1+ &3 || 3||002+ Wy \EP)
w1

IN

IN

IN

i (1+1E7),

2 2
. — e ||F||%, +w
noting that my = 3w? and g4 = MQQ <1,
wy

k3 F (1 — e3F)[? (2.18)
263 |F* (1+ 31 FI)
2(1+e3IFIZ) (1463 1F1)

s (1+1F1).

|f5 (8, F)[?

INIA

IN
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where ms = (1+¢€2||F|% ) and 05 = K2 < 1. For the function g(x,t), we obtain
3 00 3

lgi (z,0)]° = o o (2.19)
< o (1+a)
< m (1+ya;\2),

where ; = o2. The system has a unique solution under the condition

max {01, 02, 03, 04, 05} < 1, (2.20)

It is worth noting that the Picard iteration can be employed to demonstrate the existence of the solution
model. We will not address this here in order to proceed with further analysis. However, more information
about the proof can be found in [6]. O

2.1. Global positive solution of stochastic model

In this subsection, we analyze the global positivity of the stochastic model that takes into account the
interactions between tumors, estrogen, fat, and immune cells[21]. To achieve this aim, we will make use of
the theorem presented below [1-6].

Theorem 2.2. Let us consider a stochastic tumor growth model with initial data
T(0)=(H(0), T(0), 1(0), E(0), F(0)) € R:.

Then, there exists a non-negative solution T (t) = (H (t), T (t), I1(t), E(t), F(t)) for¥ ¢t >0 such that
the solution of the system will remain within ]Ri almost surely.

Proof. Since the coefficients of the system satisfy the local Lipschitz condition, then the stochastic system
has a unique solution T (t) € RS for t € [0, 7], where 7, is known as the explosion time[1-6]. Our aim is to
prove that this solution is global. In other words, we need to demonstrate that 7. = oo it probability one
for each v > 9, v € N, We define the stopping

T = {t € (0,7,) : min {f(t)} < }y or max{f(t)} > 'y}, (2.21)

- 1
assuming that ~ is sufficiently large such that 7' (0) € {, 7',7} .By the definition of the stopping time, 7,
T

is increasing, where v — oo. Let 7o = lim 7, then 7o < 7.. Then we must show that 7., = oo with
’Y—)OO

probability one, then 7. = co almost surely and T (t) € Ri for each t > 0. Where it is incorrect, there exists
a pair ¢ (t) > 0 and ¢ € (0,1) such that
P{re <t} >e. (2.22)

By the Lyapunov functional methodology, one can conclude that the stochastic system admits the existence
of a global positive solution. Thus, we define a C?—function ® : Ri — R given by

®H, 1,1, E, F))=H+T+I+E+F-5—(InH+InT+hl/+mE+InF). (2.23)
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Obviously, ® > 0 since ¢ — 1 —In¢ > 0 for all ¢ > 0. Applying the Ito formula, we can obtain the following

result

i (H, T, I, B, F) — <1 - 1) dt + o (H — 1) dBy (1) (2.24)
(1 )dt—i—@( —1)dBs (1)
+ <1 )dt—l—ag( ~1)dBs (#)
+ <1 )dt+a4( ~1)dBi (1)
(1 - F) dt + o5 (F — 1) dBs (t)
— a®(H, T, I, E, F)dt + 01 (H — 1)dBy (t) + 02 (T — 1)dBs (1)

+o03 (I — 1) dBs3 (t) + 04 (E — 1) dBy (t) + o5 (F — 1) dBs (t) ,

noting that d® : Ri — R.Replacing the right-side function of the system 1' into the above equation

leads to
2

dd = <1 - ) {H (k1 — H —nT) — y HE} + % (2.25)
+

1- T> (T (k2 — 62T — 1 1) + poHE + e, TF} + 22

< 1

1 qT usE a%
<1 I){A+I<91+T 0, +E 7 ¢2T>}+2
< 1

1

+

2
+ 1—E> {'UJ1+52EF—'(U2E}+%

2

(1 - ) {ral (1 —esF)} + 75

I
kiH 40 +0T + 1 E+ kT + poHE +1TF + 52¢1T

qT psE 2T
A I EF
+1 01+T+ 62+E+I+ T + w1 + €2
1+0§+0§+Uz+a§

2

IA

4wy + k3 F + k3esF +
= K,
where K is positive and not dependent on time and T (t) . Thus we have the following
dd(H, T, I, E, F) < Kdt+o1(H—1)dB;(t)+02(T —1)dBs(t) (2.26)
+03 (I —1)dB3 (t) + 04 (E — 1) dBy (t)
o5 (F — 1) dBs (1).
Applying the integral to the equation above and then taking the expected value E on both sides, we obtain

E {@ (T (7 A ¢))] <E [cp (T (0))} + K. (2.27)

Setting F., = 7, < ¢ for v > 40 and then P (F,) > e.
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For each w € F., there exist at least one of H (7, Av), T (7, AY), I (7 ANY), E (14 Atp) or F (7 A)
equaling v or —. Then, we obtain
Y
~ 1
@(T(T,Y/\@ZJ)) 2(7—1—ln7)/\<—1—ln7>. (2.28)
Y

In view of , one obtains
E@@W@)+K¢ > E(h%@@WﬁAwﬂ) (2.29)

{e-1-mya (T -1-ma) ),

where 1, stands for the indicator function of F.. As v — oo, we obtain

v

m>E@@mD+K¢:m, (2.30)

which is a contradiction. Thus, we conclude that 7., = oo with probability one, which completes the
proof. O

3. Numerical simulation

8.1. Numerical solution of tumor growth model with deterministic and stochastic approaches:

In this subsection, we present the numerical solution of the tumor growth model with deterministic and
stochastic approaches. Using the same notations as in equation (2.4]), the deterministic model is represented
by:

’

t) = flzt), (3.1)
(0) = o,

and stochastic model is as follows:

X
X

dx = f(x,t)dt + o;2dB; (1) . (3.2)

Integration above, we obtain
t
x(t) = mo+(1—a)f(a:,t)+a/ f(s,z)ds (3.3)
0

+ (1 — Oé) Uidei (t) + Ot/o o;T (S) dBi (t) .

Considering at t = t,, and t = t,4; and replacing the function f (x,t) by its Newton polynomial [22] we
obtain the following numerical scheme

= 0 (1 0) (F (b ) (1) + O D () (3.4)
(BZ (t’ﬂ-f-l) - B (tn)) + ah (E)hf (tn—Qa xn—2) - gf (tn—lyxn_l) + %f (tnyxn)>

12
+oix (cn) (Bi (tht1) — Bi (tn))

where ¢, € [tn,tn+1]. We need to calculate the predictor term due to the definition of Caputo-Fabrizio
fractional derivative[I8]. Using Euler approximation, the predictor term is obtained as

T =g+ (1= ) f (b, 2") +ah Y f (toa*). (3.5)
k=0
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Remark 3.1. We recover stochastic for classical when o = 1. When the stochastic constant o; = 0, we
retrieve the deterministic case for Caputo-Fabrizio, and also the classical case when o = 1.

For the Atangana Baleanu case[19], the model is modified by:

ABDex (t) = f (t,x) + ogxdB; (t). (3.6)
Applying the integral, we have
o ! a—1
x(t) = xo—i-(l—a)f(a:,t)—kr(a)/of(s,x)(t—s) ds (3.7)

o t
+ (1 — @) ojzdB; (t) + (o) /0 oix (s)dB;(s) .

Then, the numerical scheme is obtained as follows:

ah®

2 (0) + (1 —a) f (tas1,2F1) + Tlat1) S f (th2, @) 10,
h® n _ _
2 — o +% D k=2 [f (tkflaxk 1) —f (tkf%mk 2)] Hi,k , (3.8)
+F(27+3) Do [f (b ™) = 2F (te—1, 2" 1) + f (2, 272) | T3, to < ¢ < T
+ 2 ko 0i (ck) (Bi (tr41) — Bi (tk)) ,
where

I, = [(n—k+1)%—(n—k)"], (3.9)
m. - (n—k+1)*(n—k+3+2a)

nk o —n—k)*n—k+3+3a) |’

of 2(n—k)?+ (Ba+10) (n— k)

e (n—k+1) ( +202 + 9o + 12 )

nk T

o 2(n—k)?+ (5a+10) (n — k)
—(n=h) < +6a2 + 18a + 12 )

For the second scenario, we consider:
§Dex (t) = f (x,t) + oyxdB; (1), (3.10)
where the derivative is with Caputo fractional derivative[17]. In this case, the numerical scheme is as follows:

ha

h.’E (0) + m 22:2 f (tk_g, I‘k_2) H}%k
i R ) 2o [f (b1, @ 71) = f (th2, 2" 72) | IT . (311)
+F(clyl+3) Shoo [f (tks@®) = 2f (tho1, 2" ) + f (tr—o, 2 2)] I 1 to <t < T
+ > k=0 7iz (ck) (Bi (trt1) — Bi (tk))

Figures 1-3 illustrate numerical simulations of both deterministic and stochastic approaches for each class
in the model.
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Figure 1: The graphical representation for the classes H(t) and T'(t)
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Figure 2: The graphical representation for the classes I(t) and E(t)
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Figure 3: The graphical representation for the class F'(t).

4. Numerical solution of the deterministic-stochastic tumor growth model

Natural processes can exist that can facilitate the evolution from memory-less behaviors to behaviors that
include memory or nonlocal behaviors. Moreover, because nature is highly intricate, numerous real-world
problems involve overlapping processes that can be addressed through stochastic-fractional or fractional-
stochastic methodologies. The piecewise model discussed here seeks to model real-world scenarios where
initially there are memoryless processes followed by processes with memory, specifically focusing on power
law memory or Mittag-Leffler process. Therefore, in this section, we aim to construct the numerical solution
for the deterministic-stochastic tumor growth model, estimated by employing the piecewise derivative [20].
This derivative is useful in modeling real-world problems with crossover processes, as it suggests the use of
differential operators that can handle different processes at different time intervals. Moreover, the fact that
many differential operators have been defined in the literature and the possibility of using them together with
the help of this derivative [20]. The use of the piecewise derivative can be chosen according to the behavior
of the process, and different scenarios can be taken into account in order to observe different outcomes of
the system.

Here, we will explore two scenarios for the tumor growth model. First scenario will be to consider
model with stochastic and Atangana-Baleanu cases due to its nonlocal property effect, second scenario is to
consider model with Caputo case and stochastic components.

We start with first scenario which is represented by

dr = f(z,t)dt + o;xdB;(t), 0 <t <t (4.1)
ABDex(t) = f(x,t),to <t <T.

Applying the associated integral, we obtain
{ac(O) + L F (@, s)ds+ [Loww (s)dBi(s), 0 <t <to,

ﬂf(t): { a t a—1
x(to)—i—(l—oz)f(zv,t)—}—mfof(m,s)(t—s) ds,to <t <T

(4.2)

We consider above at t = t,11, and replace the function f (x,t) by its Newton polynomial [22]. Thus, we
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Figure 4: The graphical representation for each class with stochastic-deterministic approaches. For o = 0.99, o1 = 0.14,

o2 = 0.15, g3 = 0.167 g4 = 0.17, g5 = 0.18.

obtain
({2 0) +h X7 f (b a®) + g oi (i) (Bi (thyr) — Bi(t)), 0 <t < to,
glggo) + (1= a) f (tnsr,7"H)
. Ty o] (o ML o
0 1) b [ (B2 = f (b a2 I,
\ +F(Z—h:3) Shemss | ! (tk’f; (Zﬁf,g’z:;ﬁk%) } M, to <t <T.

where the predictor component is calculated as

Tntr =xo+ (1 — ) f (tn, ™) + %a) f (tk, l‘k) H}%k. (4.4)
k=0

Figures 4-5 display the outcomes of numerical simulations conducted on the stochastic-deterministic model,
which combines stochastic processes within the interval [0, 80] and deterministic processes within the interval
[80,160] using piecewise derivatives.

We now consider stochastic and Caputo case

dr = f(x,t)dt + o;zdB;(t), 0 <t <tp. (4.5)
“Dfx(t),to < t<T.
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Figure 5: The graphical representation for each class with stochastic-deterministic approaches. For a = 0.95, o1 = 0.14,
g9 = 015, 03 = 016, 04 = 017, 05 = 0.18.

Applying the associated integral, we obtain
{m —i—fg xsds—i—foaz s)dB;(s), 0<t<tgy,

#{) = { fo (2,8) (t—8)* Tds,tg <t <T (46)

We consider above at t = ¢,,+1, and replace the function f (z,t) by its Newton polynomial. Thus, we obtain
({2 (0) + 73250 f (tes ®) + g 3w (ci) (Bi (tr1) — Bi (te)) , 0 <t < to,

hOé
r (to) + Tlatl) D hemis f (te—2, zk=2) H'}L,k

n+l _ he
' Tat2) (o +2) S ks [ (o1, 2871) = f (thog, 2 72) T2 : (4.7)

he £ (try2®) = 2f (tgoy, 2%1)
F(a—|—3) Zk m+3 |: +f (tk_2,xk_2) H?L,k7t0 <t<<T

The predictor component is calculated as

Tn+1 = To + ﬁ kzzof (tk, xk> H}L,k)' (4.8)

Figures 6-7 illustrate the results of numerical simulations from a stochastic-deterministic model that in-
corporates stochastic processes within the interval [0,60] and deterministic processes within the interval
[60, 160] using piecewise derivatives.

5. Conclusion

As a result of introducing the theory of fractional calculus, new doors have been opened for the devel-
opment of fractional differential operators and their application to real-world problems. We obtained the
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Figure 6: The graphical representation for each class with deterministic-stochastic approaches. For a = 0.99, o; = 0.14,
o9 =0.22, 03 =0.25, 04 = 0.11, 05 = 0.13.

Figure 7: The graphical representation for each class with deterministic-stochastic approaches. For o = 0.95, 07 = 0.14,

g9 = 0227 03 = 025, 04 = 0.11, 05 = 0.13.
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conditions under which the solution of the stochastic model exist and unique. Considering that real-world
problems have crossover tendencies, the deterministic-stochastic model has been taken into account as a
result of the need to use a piecewise differential operator. Thus, simulations that provide more realistic and
different scenarios for the model considered are presented. To verify the obtained analytical results, several
numerical simulations are carried out by employing a numerical method based on the Newton polynomial.
When the simulations are examined, it has been concluded that more realistic and different scenarios have
been obtained for the considered model. We believe that this study, which combines deterministic and
stochastic approaches, will make significant contributions to the literature as it can be applied to models in
different disciplines.
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