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Abstract: This paper proposes a partial differential equation model based on the model introduced
by V. A. Kuznetsov and M. A. Taylor, which explains the dynamics of a tumor-immune interaction
system, where the immune reactions are described by a Michaelis-Menten function. In this work,
time delay and diffusion process are considered in order to make the studied model closer to reality.
Firstly, we analyze the local stability of equilibria and the existence of Hopf bifurcation by using the
delay as a bifurcation parameter. Secondly, we use the normal form theory and the center manifold
reduction to determine the normal form of Hopf bifurcation for the studied model. Finally, some
numerical simulations are provided to illustrate the analytic results. We show how diffusion has a
significant effect on the dynamics of the delayed interaction tumor-immune system.
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1. Introduction

Some local tissue cells in the biological system lose their normal regulation or are
infected by certain viruses in their growth and then become tumor cells. A primary cause
of human death is malignant tumor cells. In order to minimize the possibility of a patient
dying, it is necessary to use some specific treatments or a combination of therapies such as
surgery, chemotherapy, radiotherapy, etc. However, the immune function of the body can
inhibit the attack of normal cells by invaders and the transformation into potential cancer
cells, which is a natural defense of biological organs against tumor growth [1]. For the early
stages of cancer, the use of an immune response is effective to treat tumors [2,3]. Thus,
immunotherapy is becoming an essential treatment for tumors [4]. Furthermore, the study
of the dynamics of the tumor-immune interaction system by mathematical models is very
important and is one of the biomedical models that has attracted considerable attention
over the past few decades.

In order to understand the complex dynamics of the tumor-immune system, mathe-
matical models, such as ordinary differential equations (ODEs) [5-7] and partial differential
equations (PDEs) [8-11], are largely used to explore the dynamics of the immune system
and tumor growth. Various valuable results have been achieved, and these results have
an important theoretical and clinical meaning in tumor research. For example, in ref. [12],
the authors present an analytic approach to describe and establish solutions to a porous
medium system of equations, showing applications in invasive-invaded biological dynam-
ics. Furthermore, interesting analytical results apropos invasive-invaded systems with
nonlinear diffusion and advection are given in [13]. New results on the multidimensional
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stability of V-shaped traveling fronts for a reaction-diffusion equation with a nonlinear con-
vection term in R"(n > 3) are presented in [14]. It is certain that constructing mathematical
models supplies us with a new view to understanding the tumor-immune system.

Scientists have found that the immunity of an organism itself, which can help the
immune cells fight against tumor cells, may be delayed [15]. Furthermore, resting cells
can hunt and kill malignant tumor cells more than they can degenerate and transform into
hunting cells themselves. Meanwhile, such a process can be achieved within a certain time
interval, sometimes even a short time interval. Moreover, numerous scholars researching
tumor-immune system interaction models have used only current information for pre-
dicting the future state [16,17]; however, future development not only depends on present
information but also on past phenomena. For improving this issue, numerous scholars
have considered the time delay in tumor-immune systems [18,19]. Ref. [20] considered
a system of three-dimensional nonlinear delay differential equations, with the authors
including time delay as a representation of the time lag for the conversion of resting cells
to hunting cells. Ref. [21] studied the dynamics of tumor-immune system competition
with time delay, and showed that the dynamical behavior of the system depends on the
time delay parameter. Ref. [22] constructed a system of a number of immune cells that
cooperate to protect the organs from tumor cells; the model included time delay to illustrate
the activation process of immune cells. Ref. [23] proposed a Lotka—Volterra competition
model with a step-wise constant delay to illustrate the interaction between tumor cells
and T lymphocytes, and investigated the necessary and sufficient conditions for local and
global stability.

The motivation for this paper is as follows. First, due to the processes of degeneration,
proliferation, and transformation of tumor cells that can be achieved within a certain
time interval, the existence of a time delay in the tumor-immune interaction system is
necessary. Moreover, many scholars have shown that a time delay induces a change in the
dynamical behavior of models, for example in [24,25], which can be biologically interpreted.
Furthermore, the models governed by DDEs use past phenomena for predicting future
information, which is more realistic. Second, the interaction between tumor cells and the
immune system not only depends on time, but also on the space they live in. Moreover,
tumor cells could spread in organs and trigger some factors, initiating the diffusion of
tumor cells. Therefore, it is important to include time delay and diffusion into the tumor—
immune interaction system, although investigating the time delay in specific mathematical
models, such as models including spatial factors, is significant and more reasonable when
we consider tumor-immune interaction problems. Third, Galach [26] analyzed a simplified
version of Kuznetsov and Talyor’s model [27], where the immune reaction is described by
a linear term, and then included the time delay in the interaction term between tumor cells
and the immune system in the equation that describes the growth of tumor cells. However,
the authors did not investigate the effect of time delay in Kuznetsov and Taylor’s model
with the Michaelis-Menten function. Moreover, the diffusion of tumor cells and immune
cells was not taken into account. Both immune and tumor reactions take a certain amount
of time to identify alien cells and then react after a certain time delay.

Kuznetsov and Taylor’s model explains the response of effector cells to the growth of
cancer cells; this model is different from other tumor-immune interaction system models
because the authors consider the penetration of tumor cells by effector cells. Moreover, they
use the Michaelis—-Menten function to illustrate the production of tumor-specific immune
cells. However, tumor invasion and metastatic spread are two essential and fundamental
spatial processes that must be considered in such an important model. To establish the
spatial effect issue, in this work, we consider Kuznetsov and Taylor’s model governed by
PDEs, considering the time delay in the interaction term. Our model is the first to consider
the time delay and diffusion process together in the original Kuznetsov and Taylor model
(with the Michaelis—-Menten function). In this paper, we analyze the stability equilibria to
obtain the parameters that affect tumor growth and immune response the most. Moreover,
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we provide a detailed study to display the effect of diffusion parameters and time delay on
the stability of equilibria and the occurrence of Hopf bifurcation.

This paper is organized as follows: We present a partial differential equation model
with time delay and diffusion in Section 2. In Section 3, we carry out a qualitative analysis
of the model, investigate the local stability of equilibria and detect the existence of Hopf
bifurcation. In Section 4, by the use of the center manifold reduction method, we determine
the normal form of Hopf bifurcation. We present some numerical simulations in Section 5.
Finally, we present the conclusion of this study.

2. Model Formulation

The immune system contains many mechanisms for the identification and attack of
tumor cells. The immune cells and tumor cells cannot recognize each other immediately,
and there exists a time delay, 7, for responding. This response time may be small; however,
it cannot be neglected. Furthermore, under the conditions of bounded resources and space,
tumor cells and immune cells diffuse in the organs. Although the spatial environment
affects the growth and interaction between tumor cells and immune cells, it does not only
depend on time. Hence, it is also necessary to provide the complex interaction caused by
spatial characteristics. Considering the above aspect, we construct the following system
of non-linear equations governed by the partial differential equations in the presence of a
time delay to study the dynamics of the tumor-immune interaction system:

g (x,t) = 1Au(x, t) +au(l—u) —cu(t —t)v(t—1), t>0,x€Q,
av xt)_cazAv(x ) — ﬁv—i—m—u(t—r)v(t—r), t>0,x€Q, 1)
u v
- - = >
I (x, ) ax(x, £) =0, t>0,x € 00} B
u(x, t) = up(x,t) > 0; v(x,t) = vo(x,t) >0 te[-1,0,x e
where Q) is a bounded domain in R"(m = 1,2,3) with smooth boundaries, 0Q). For

simplicity, we chose Q) = [0, 7], but all calculations can be extended for higher dimensions.
u and v denote the density of cancer cells and immune cells at time ¢ and location x. The
descriptions of the parameters are given in Table 1.

Table 1. Descriptions of the parameters of model (1).

Parameters Description
1 Diffusion rate of cancer cells
cp Diffusion rate of immune cells
« The growth rate of cancer cells
c The coefficient of interaction between

immune cells and tumor cells

g The production rate of immune cells
stimulated by cancer cells

B The natural death rate of immune cells

The number of cancer cells by which
the immune system responds is half of its maximum

T The discrete time delay in interconnection terms
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3. Qualitative Analysis of the Model
3.1. Equilibria

In this section, we will find the positive steady states of model 1 which are biologically
feasible. The steady state of model 1 is the solution of the system:

{ au(l—u)—cuo = 0,
fuv

— _ = 0,

‘Bv+;7+u uv

which are:

1.  Free equilibrium (i.e., the absence of cancer cells and immune cells), Eg = (0,0).

2. The axial equilibrium (i.e., the cancer cells exist), E; = (1,0).

3. The interior equilibrium (i.e., the coexistence of cancer cells and immune cells),
Ey = (u*,0%)

_ <—(,3+77—§)+\/(ﬁ+’7—€)2—4/5’7 rx(2—(ﬁ+17—é)+\/(ﬁ+f7—€)2—4ﬂﬁ>>
2 "¢ 2 ’

If (Hy) B+ 17 > {holds, then Ej and E; are the only equilibria points. If (Hy) +#1 < C
holds, then there is one interior equilibrium point, E; = (1, v").

3.2. Stability and Bifurcation Analysis

To understand the dynamics of the suggested model and detect the effect of time
delay and diffusion in the proposed model, we study the stability of equilibria and then we
develop the bifurcation theory to describe how small parameters can change the qualitative
behavior of the model.

3.2.1. Stability of Eq

The linearized system for model 1 about steady state Eg has the form:

du(x,t) 0%u(x,t)

of = g +au(x,t) + h.o.t,
du(x,t)  0%v(x,t)

af,‘ = CZT — ﬁv(x, t) =+ hot

We can see that the linearized system is independent of the time delay; therefore, the
stability of the equilibrium E; will depend only on the diffusion parameters.
We can investigate the stability of Eq by substituting:

n=20,12,...

{ u(x,t) = cos(nx)uy(x,t),
v(x,t) = sin(nx)v,(x, ),

into the linearized system of model 1 to obtain the characteristic equation associated with
Ey as follows:
A+ c1n? — a][A+ con? + B = 0.

Then, the stability result of the equilibrium Ej is resumed in the following lemma.
Lemma 1. Lef ¢} = hd n=20,1,2,.... The steady state E is locally asymptotically stable

2
n
forall T > 0if c; > ¢}, and is unstable if ¢; < cj forall T > 0.

Proof. The characteristic equation associated with equilibrium Eq has two roots: A; = —con® — B,

o
which is always negative, and A, = —cyn? + a, which is negativeifc; > — = cj, (n #0)
n

and positive if c; < ¢] for all T > 0. If n = 0 (without diffusion), then the equilibrium Ej is
unstable forallT > 0. O
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Remark 1. The above result shows the necessity of including diffusion in the model; however, the
diffusion parameters are responsible for the stability of the equilibrium E.

3.2.2. Stability of Eq

We pass now to the stability analysis of the equilibrium E; to show the parameters
that have an impact on the dynamics of the system.
The linearized system about the steady state E; = (1,0) has the form:

ou(x,t) . u(x,t)
3 (at ) dlaz a(xz | au(x,t) cv(z,t T) + h.o.t,
v(x,t) v(x,t B N B B

The characteristic equation for T = 0 is given by:
(A+d1n2+a> <A+d2n2+/3— é+1> —0.
n+1

The characteristic equation above has two roots:
A= —dlnz —a <0,

and

Ao = —dyn®— B+ o 1.
2 2 ﬁ+17+1

Under hypothesis (Hy), A; is negative. Then, we have the stability results as follows.
Lemma 2. When t = 0 and (Hp) holds, the steady state E is locally asymptotically stable.

3.2.3. Stability and Bifurcation Analysis of the Interior Equilibrium

When (Hj ) holds, there exists an interior equilibrium. In what follows, we present the
stability results for E; = (u*,v").
The characteristic equation around the equilibrium E; is given as follows:

A2 4 ApA + (ByA + Cy)e A +F, =0, )

where A;, By, C,, and E;, are given as follows:

Ay = cn®+c 112—0H—2m1*+,3—i
n 1 2 7’]+M*’
B, = cv*"+u’,
* *
C, = co*(cn?2+p8— Cu )—i—u*aZu*—l +cn2u*+cu*&770,
" (2 P ( ) e (7 +u)?
*
F, = (61”2 + 2au* — oc) <c2n2 +B— ﬂg—:lu* >
For T = 0, the characteristic Equation (2) becomes:
/\2+(An+Bn))\+Cn+Fn :0,
with
A+ By = cn®+eon®+aut —1)+cog > a(2u* — 1+ cov*) >0,
2 2 qu*
Ch+F = (cv*—i—cln + a(2u” —1)) cont+p— —

gno*

+ura(u* +0%) + onPut + out 2
wre)ra o+ )
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Denote
®(n) = Cy + Fy = gon* + ¢11* + ¢y, 3)
where
¢ = cic,
P = ca|B-— cu” +u* ) +coo(cv” +a(2u” —1))

e G R Al G )

Note that under the assumption (H3) a(2u™ — 1) + cv* > 0, ¢ is positive. We are now

able to formulate the next result.

Theorem 1. For T = 0, the stability results for the system (1), when (Hy) and (Hs) hold, are
given as follows:

1.
2.

If o < 0, equilibrium Ej is unstable.
If o > 0 and il > 0, equilibrium Ejy is locally asymptotically stable.
2
If¢o >0, gl <0, CD( {—%J> > 0and CD( L—qjl + 1J> > 0, then the equilibrium

¢ 2¢, 2¢,
Ejy is locally asymptotically stable.

91 _h _h -y
Ifpo >0, > >O,<I>({ 2<P2J> <0and®({ 267 +1J> < 0, then the equilibrium

E» is unstable.

When T > 0, we suppose that +iw (w > 0) are a pair of purely imaginary roots of

Equation (2), and by separating the real and imaginary parts we obtain:

w? — F, = C,coswt+ Bywsinwrt,
—A,w = Buwcoswt — C,sinwrt.
Thus,
coswT  — (w? — F,)Cy — AyBuw?
- CZ i B2
4
Snwr - Byw(w? — Fy) + AyChw
a C2 + B2w? ’
Which implies that
w4 (A2 — B2 —2F)w? +F2 - C2 =0. (5)

Let¢ = w?, then the above equation can be rewritten in the following form:
G(§) =&+ (A, — By —2F))¢ + Fr — C.

The equation G(&) = 0:

Has no positive roots if (Hy) : A2 — B2 — 2F2 < 0.

Has one unique positive root, wy, if (Hs) : F> — C2 < 0 holds.

Has two positive roots, wy o, if (Hg) : A2 — B2 —2F2 <0, F2—-C2>0, (A2-
B2 —2F2)2 — 4(F? — C%)? > 0 holds.

If the assumption (Hg) holds, then the critical time delay is determined as follows:
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1
— {27‘( — arccos < (
wi

]

ou(x, t)
ot

dv(x, t)
ot

ou(x,t)

— |arccos
wp

%u(x,t)

—(u(x,t —Do(x, t —1)+u*v(x, t —1) + 0" u(x, t — 1)) — 0" u(x,t)

w? — F,)Cy — AyByw? _
L C’é +"B%w12” Tl ) + 2kt |, if (W — Fy)Cyp — ApBuw? >0,
forl =0,1,2k=0,1,2,.... (6)
w? — F,)Cy — ApBpw? .
: c% +”B%wlz" it ) +2k7‘(], if (W? — Fy)Cy — AnBpw? < 0,
Now, the transversality conditions yield:
20+ Ay)etT B, z ,
=R ( = G(). =012 k=012,....
k) < A(ByA +Cy) * A(ByA +Cy) F2¢ + B2¢g? (©)

This will signify that at least one eigenvalue exists with a non-negative real part for
(k)

T > 1, Furthermore, the conditions for the existence of Hopf bifurcation are necessary to
prove that periodic solutions exist.

Theorem 2. For system (1), T > 0. If the hypotheses (Hy) and (Hs) hold, and the stability
conditions of Theorem 1 hold, then:

1. If (Hy) is satisfied, then E; is locally asymptotically stable for all T > 0.
2. If (Hs) is satisfied, then Ej is locally asymptotically stable for 0 < T < 13 and unstable for

T > 13, and the system undergoes a Hopf bifurcation at T = Ték) andk =0,1,2,....
3. If (He) is satisfied, then there exists m € N such that:

m—1 . .
(a)  Ejislocally asymptotically stable if T € |0, TZ(O)) Uy (Tl(]), TZ(JH)).
j=0
m=1 . ;
(b)  Episunstableift € | J (Tz(]), Tl(])) U(Tz(m), +00).
j=0
(c) System (1) undergoes a Hopf bifurcation at Ey when T = Tl(k), I =12and k =
0,1,2,---.

Remark 2. If (Hy) holds, then the stability analysis for the equilibrium Ey and E; in the presence
of time delay T are similar.

4. Normal Form of Hopf Bifurcation

In this section, we try to derive the normal formal of Hopf bifurcation at the interior
equilibrium E; = (u*,v*) when T # 0 for the system (1). We define u(x, t) = u(x,t) — u*
and 7(x,t) = v(x,t) — v*. Herein, we have omitted the bar for convenience. The system (1)
is then given by:

32 +ou(x, t)(1—u(x,t) —2u™) —c(u(x,t —1)o(x, t — 1) + uo(x, t — 1) + 0*u(x, t — 1))],

4

g O G (ol )

b
STl @

o Bo(x, t) +

=0, t>0,x €9Q,

u(x,t)

ug(x,t) > 0;0(x,t) = vo(x,t) >0, te[-71,0,xeq.

Let it = (hy1,/12)T be the eigenvector of the linear operator corresponding to eigen-
. 5 T . . .
value iwt, < h*,h >= h* .|h = 1, where h* = (h21,h22)T is the normalized eigenvector
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of the adjoint operator of the linear operator corresponding to the eigenvalues —iwt. We
then obtain:
£ T

h=(h1,hp)" = |1, WJ:;* ,

: 2 C %
Iw—con- — B+ U
IB 17+u , 1 , (8)

h* = (hyy, )T =d

cu*
i iw—cznz—ﬁ+nfmu*+ ,]fu*v* B
cu* —iw +con? + B — qu*u*
Let
U(x,t) = U(x, Ty, Ty, Ts,...) = +Xoloekuk(x, To, Ty, Ta,...) 9)
k=1

be the solution to Equation (7), where

U(x, Ty, Ty, To,...) = (u(x, To, Ty, Ts, ...),v(x, To, Ty, Ty, ...)) T,

10
uk(x/ TO/ Tl/ TZ/ .. ) = (uk(xr TO/ Tl/ Tl/ .. .),Uk(x, TO/ Tl/ TZ/ .. ))T ( )
Deno’reD-—i i=0,1,2 and
l_aTl” — Yrtsreyee.
d d d d
= et F...=Dyg+€D;+€Dy+...,
dt dTy 0Ty a1, —123 (11)
szu]'(x,To,Tl,T2,...), uj,1:uj(x,To—l,Tl,Tz,...), J= L0
T)]' = Z)]'(x, T(), Tl,Tz,. . .), Uj,l = vj(x, TO — 1, Tl, Tz,. . )
We then have
dl(x,t
ﬁ = eDoU; + GZD()UZ + €3D1U1 + e3D0U3 + €3D1UZ + e3D2U1 +...,
12)
2U(x,t) 02U ,02U, 302U; (
ax2 :Gaxz (X,t)+€ W(x,t)—l—e ﬁ(x,t)—l—

We take perturbation T = T + € + p to deal with the delayed terms, we expand
U(x,t —1)and v(x,t — 1) atu(x, To — 1, Ty, Tp,...) and v(x, To — 1, T1, T, . . .), respectively;
that is,

{ u(x,t—1) = €Uy + 621/[2,1 - €3D1u1,1 + 631/!3,1 - e3D1u2,1 — e3D2u1,1 +...,

13
v(x,t—1) =evy1+ 6202,1 — elele + 6303,1 —e¥Dyvyq — e3D201,1 +..., (13)

where M]',1 = uj(x, TO — 1, Tlr T2, .. .), Z)]'Il = vj(x, TO — 1, Tl/ Tz, .. ) andj = 1,2,3, .... Sub-
stituting (9) and (13) into Equation (7), for the e-order terms, we obtain:

2U
Douq — Tecl—zl — Teauy + 2Teaugu™ + cTe(u*v1 1 + 0% uy1) =0,
Dgv —Tca%l—krﬁv —L(u u* +uv*) +te(u v + 0 uq) — 0 Tu _prw =0 .
001 TeCa g TP e, Ty 1 11 11 M\ )

Since LiwT are the eigenvalues of the linear part of (7), the solution to (14) can be
expressed in the following form:

Uy (x, Ty, Ty, To,...) = F(Ty, Ty, ...)e 0 cos(nx) + rest, (15)

where rest means the conjugate of the preceding terms and / is given in (8) . For the €?
order terms, we obtain:
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82u2

Clo g — Tettily + 2Tcauuy + cte(utvoq + Uup10")
P 5 ,

2

d ui
= —Dju; + He1 g + pouy — 2pau*uq + (e D101 — Tev1011 — PuTv11 + Teiqu1 1 — PO UL 1),

Douz — Te

0%v T, +u*
Dovy — Tecza—; + Tefuy — u*—fu;—i—q(uzv* + vou*) — V¥ uy <]7fu*+u2) (16)

0%v; T,
:—D101+}4C28 2 — pupnr u*-fui—i-ﬂ

*
lu
(Tec1u™v1 1 — Tev1011 — Uu* 011 + TeD10 U1 1 — Tetquy g — po*ug 1) + uo'ug <)

(Teuqvq + pu*vy + po*uy)—

n+ u* +1uq
We substitute Equation (16) into (15), we obtain the coefficient vector of term elteTo,
then we obtain:
LRy
i, H

where

*

20y —uteT % — ¥ — ) — cuhprhyp — hfzﬁn%

hahii (v* —n

(hlla + hlz@) - DCM*Tehl'lEe*iwﬁ[e
Suppose that the solution of Equation (16) is

—+o0

Uy = Z (rokFF + rlsz 2iwteTo 4 71 G2 *ZZ‘MSTU) cos(kx),

e (17)
=) (mOka + my et To 4 er_ZZWTeTO) cos(kx),

k=0

where

* u* 1, 1, 1 1, * u*
Tok = —ﬁc (1 +u <77€+ e 1)) (h11h12 + hlzhn) + 2ce* hy1hy (Czkz — Bu” + ﬂi‘ u*)],
T i u* 7 7 u* * *
Mok = —%21( chy1 + hip2e'™ (17€+M*> v* + (h11h12 + h12h11):| {C — <17§+ i 1) (Clkz +au +a+0 C):| ,
. ' u* i u*
= _% (—ce mrreh%l + UéhllhlZ) <c2k2 + 2iw + u§+ - — Bu > + Dé< iu* — 1) hllhlz} ,

My = Lk {(2zw + o1k + au* + o + cu*e 2"‘”6) < ou”_ _ 1) hi1hip — (v* u”_ _ 1) (ce’i“”eh%l + txhuhlz)] ,

u*+1n u*+1n

with -
pr =< cos(nx) cos(nx),cos(kx) >= [ cos(nx) cos(nx) cos(kx)dx.
Jo

,Bu*)+ ;7+u ]/Oncos(kx)cos(kx)dx,

Fj = [(211)@ + ok +aut +a+o ce‘zu‘”f) (Ziw + cok? +
- — pu* >(c1k2+¢xu*+zx+cv )}

%% g ( 2
FEr = |[cv*u + (| cok
2k { 2 +77+

For the € order terms, we obtain:
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2
u3
Douz — TeC1 5 — Teltll3 + 2Tcaus + cte(uvs + uzv*)
2

Uz
sz + poauy — 2yau2 + CTE(Dluzrl + Dzum — V1021 — 027)1,1)

—cpu(u*vy — u*Dyv1q +01011) — cTe(Upv1 + u102) — cp(ugvq + u* vy + v up),

= —Dquy — Doug + ucq

i 18)
d U3 gTe * * * éu*
Dgyvsz — —_— — - - _—
003~ TeCa gy ~ TPV T i n (30" + v3u”) — v"us N+ u* + us
0°v3 Te 4
= —Dqvy — Dyv1 + ,’MCQTxZ — Buvg + PR R (upvq + vouq) + P - (U101 + u¥ vy +v*up)

* * * *
+T5(D2C1M 01,1 + D1u 02,1 — 0102,1 + Dlvlvlll) — ]1(7] 02,1 — 0 Dlvl,lvlvl,l)~

We substitute Equations (15) and (17) into Equation (18), we obtain the coefficient
vector of term ¢/“% 70 then we obtain:

% = EF°F,
with
E= G —aTeEk;)(deOkhn + Byprore 2% + roehye T + ryhype )+
@W Te kg) dy (rokh12richiz + moghin + mlkhl)]
and

7 . - 7T
Gs = {hZI (h1 — cu™Tehye™ %) + hzzhu} /0 cos(7rx) cos(nx)dx.

In conclusion, the normal form of Hopf bifurcation for the system (1) reduced on the

center manifold is
JoF JoF , OF

ﬁ:€ﬁ+€ TTZ‘F

F
Let F — o thus, the above equation becomes:

F = MuF + EF°F.
To obtain the normal form of Hopf bifurcation in polar coordinates, we let F = re®,
we thus obtain:
7 =R(M)ur + R(2)7°,
(19)
b= S(M)u+ I(E)r%

We state the following theorem.

R(M)p
(2)

positive equilibrium.

Theorem 3. If holds for system (19), system (1) admits periodic solutions around the

1. IfR(M)u <0, the bifurcating periodic solutions are unstable.
2. IfR(M)u > 0, the bifurcating periodic solutions are locally asymptotically stable.

5. Numerical Simulations

This part is devoted to the exposition of the results throughout numerical simulations.
The values of parameters are chosen according to [27] and are stated in Table 2.
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Table 2. Corresponding values of parameters for the numerical simulations of both cases, namely
T=0and 7 = 0.197.

Parameter c c1 cp o B 4 Ui

Value 0.2 0.25 0.25 4.1851 0.3743 4.5

Remark 3. The numerical simulations in this paper were carried out using the software Matlab and
were performed over a spatial domain [0, 7t| and over a time domain [0, 100]. Most of the parameters
are as described in the Table 1. In the absence of delay (i.e., T = 0), the "built-in pdepe” function was
used to plot the results. We provide both the spatial patterns of the solutions in addition to solution
profiles for t € [0,100]. When the time delay was positive (i.e., T > 0), numerical simulations were
obtained using a forward-in-time and centered-in-space finite differences scheme. The spatial mesh
interval was Ax = 0.03 and the time step was At = 0.01.

Discussion

When 7 = 0 and 7 = 4.5, we have B + 1 > (. Then, the hypothesis (H) holds. Ac-
cording to Lemma 2, E; = (1,0) is locally asymptotically stable, which is shown in Figure 1.
For T = 0, the positive equilibrium E, is locally asymptotically stable, Figure 2, and for
T =0.19 > 1), E; loses its stability and we observe that Hopf bifurcation occurs, Figure 3.
With the set of values given in Table 1, the hypothesis (H; ) holds, then the system (1) ad-
mits a unique positive equilibrium point E; = (0.1,18)T. We have F? — C3 = —6142.23 < 0,
then (Hs) holds, and the stability of the interior steady state is determined by 7 according
to Theorem 2, i.e., E; is locally asymptotically stable if T € (0,73 ), whereas Ej is unstable if
7 > 7{. With same set of values, we obtain wy = 20.317 and 7§ = 0.02 as the solutions of
Equations (5) and (6), respectively. Therefore, we depict some spatiotemporal patterns for
this case by taking T as a varying parameter and initial conditions of (u(t),v(t)) = (0.1,0.1)
fort € [—7,0].

u(x, t)

vix, 1)

o

A il

t

(a) (b)

Solution Profile Solution Profile

0.5

09" b 0.3
108‘“ 1 > 02|
0.7 q 01|

\.
06 q ot —

05 L L L L L L L L L 0.1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
t t

(c) (d)

Figure 1. Mesh plot formation of solution of the system (1) in the absence of a time delay (a,b) and
corresponding solution profile plots formation (c,d). Here, the parameters are as in Table 2, except
thaty = 4.5.
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u(x, t) v(x, )

(a) (b)

Figure 2. Mesh plot formation of the solutions of the system (1) in the absence of a time delay.
(a,b) represent the solutions u and v respectively.

u(x, t) v(x, t)

(c) (d)

Figure 3. Mesh plot formation of solution of the system (1) in the presence of a time delay (a,b) and
spatiotemporal pattern formation (c,d).

Observing the figures of the numerical simulations with a time delay and in the
absence of a time delay, we notice that when the time delay is inferior to the critical value,
the interior equilibrium is locally asymptotically stable, which means that the immune
system can keep tumor cell growth under control at this moment. Tumor cells may not
proliferate extensively in the organs. It is established that the immune and tumor cells
could coexist in the body. Although the efficiency of the immune system is shown (see
Figures 2 and 4), as the time delay increases, periodic variation is observed (Figures 3 and 5).
This demonstrates that the hyperplasia time for tumor cells is large, which diminishes the
efficiency of the immune system.
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Solution Profile Solution Profile
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Figure 4. Solutions profile shapes of system (1) in the absence of a delay.
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Figure 5. Solutions profile shapes of system (1) in the presence of a time delay.

6. Conclusions

In this work, we explore a mathematical model which explains the tumor-immune in-
teraction system. The model which refers to Kuznetsov-Taylor’s model with the Michaelis—
Menten function is based on partial differential equations with a time delay. First, we
investigate the stability of the equilibria in the absence of a time delay. Using the time
delay as a bifurcation parameter, the necessary conditions for the stability of the interior
equilibrium in the presence of a time delay are established. The critical value for which
Hopf bifurcation occurs is obtained. We show that when the bifurcation parameter, T,
passes through the critical value, the stability of an interior equilibrium changes from stable
to unstable. Applying the normal form together with the center manifold reduction, the
normal form of Hopf bifurcation of the considered model is determined. In this paper, we
consider spatial factors and the essential time for the reaction of the immune system and the
tumor cells; then, by analysis of the results and numerical simulations, we observe that the
critical value of Hopf bifurcation depends on diffusion. The stability of bifurcating periodic
solutions can be also changed. Therefore, the dynamical behavior of the tumor-immune
interaction system can be affected by spatial factors and time delay.
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