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Abstract ’

We present a novel computational approach for computing invariant manifolds that correspond to equilibrium
solutions of nonlinear parabolic partial differential equations (or PDEs). Our computational method combines
Lie symmetry analysis with the parameterization method. The equilibrium solutions of PDEs and the solutions
of eigenvalue problems are exactly obtained. As the linearization of the studied nonlinear PDEs at equilibrium
solutions yields zero eigenvalues, these solutions are non-hyperbolic, and some invariant manifolds are center
manifolds. We use the parameterization method to model the infinitesimal invariance equations that parameterize
the invariant manifolds. We utilize Lie symmetry analysis to solve the invariance equations. We apply our
framework to investigate the Fisher equation and the Brain Tumor growth differential equation.
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1. INTRODUCTION

The focus of this paper is to investigate the geometric theory of differential equations. The geometry of these differ-
ential equations is determined by obtaining the equilibrium solutions, collecting the solutions as invariant manifolds,
and analyzing the stability or instability of these solutions. Equilibria and periodic orbits and their corresponding as-
ymptotic solutions in forward and backward time can explain the global analysis of a dynamical system. The invariant
objects that correspond to these solutions provide a framework for understanding the dynamics of the phase space.
We compute the non-trivial and non-hyperbolic equilibrium solutions of the differential equations and analyze the
stability of the dynamical systems. We utilize Lie symmetry group analysis for gaining invariant manifolds associated
with equilibrium solutions of evolution equations. We concentrate on two evolution equations whose general form is

0
5@ =EQ+5(Q) (1.1)

Where F is an elliptic operator and S is a semilinear operator. For instance, we aim to investigate the Fisher equation
and the Brain Tumor growth differential equation, which are both instances of Equation (1.1). A reaction-diffusion
equation was introduced as a dynamical system by Fisher for the first time and was called the Fisher equation [9].
Fisher equation has numerous applications and is a powerful tool for analysing many problems in fluid mechanics,
chemicals, plasma physics, and other fields. The parameterization method is utilized to compute invariant objects.
We compute the equilibrium solutions of the Fisher equation, Brain Tumor growth differential equation, and
the invariant manifolds attached to them by the Lie symmetry analysis group and tanh method. While numerical
approaches are commonly used to compute invariant objects, we aim to utilize Lie symmetry group analysis instead.
For instance, researchers have developed computer-assisted proofs for the existence of invariant objects in semilinear
PDEs within a theoretical framework [8]. Periodic orbits, equilibrium points, traveling waves, and invariant manifolds
attached to fixed points or periodic orbits are the invariant objects considered in [8]. The Chebyshev-Taylor spectral
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method was developed [16] for studying stable (or unstable) manifolds attached to periodic solutions of differential
equations. High-order expansions of the chart maps for local finite-dimensional unstable manifolds of hyperbolic
equilibrium solutions of scalar parabolic partial differential equations were studied [18]. Different approaches for
computing a global stable (unstable) manifold of a vector field were surveyed [15]. A multiple shooting parameterization
method for studying stable (unstable) manifolds attached to periodic orbits of systems, whose dynamics are determined
by an implicit rule, was developed [19]. An efficient numerical method for computing Fourier—Taylor expansions of
stable (unstable) manifolds associated with hyperbolic periodic orbits was presented [5].

Sophus Lie (1842-1899), a Norwegian mathematician, introduced many fundamental ideas for symmetry method.
The local groups of point transformations of differential equations are groups of diffeomorphisms in the space of
independent and dependent variables that map solutions of the differential equations into the other. These groups are
referred to as the Lie symmetry groups of the differential equations. For further reading on the applications of Lie
symmetry groups to differential equations, we recommend [14, 17]. Indeed, this method is the most effective method
to gain exact solutions. Similarity variables are used to obtain the reduction equations. The similarity solutions for
nonlinear PDEs are obtained by solving the associated reduction equations.

In section 2, we have reviewed the parameterization method for invariant manifolds of evolution problems on
functional spaces. Section 3 presents the equilibrium solutions of the Fisher equation. We solve the eigenvalue
equation and the invariance equation. To illustrate the results, we show some of the graphs of the manifolds. Section
4 is devoted to computing the equilibrium solutions of the Brain Tumor growth differential equation. We obtained
the eigenvalues and eigenfunctions. The invariance equation has been modeled and solved. We parameterized the
invariant manifolds by solving the invariance equation. Some invariant manifolds are displayed in graphs.

2. THE PARAMETERIZATION METHOD FOR THE INVARIANT MANIFOLD OF VECTOR FIELDS

The parameterization method is a functional analytic approach for studying invariant manifolds [1-4, 6, 7, 10-12],
and it is extensively studied in [13].

This section provides a review of the parameterization method used to compute invariant manifolds of evolution
equations on a functional space. Assume that we are working with a functional space F. Consider the following
evolution equation

2 o(0) = H(plt), (2.1)

where H is a Fréchet differentiable mapping. A solution curve (also called an orbit or trajectory) of the dynamical
system (2.1) is a smooth curve ¢ : (o, ) — F that satisfies Eq. (2.1). If (o, 8) = (0,00) ( (e, ) = (—0,0) ), then
¢ is the full forward orbit (the full backward orbit) of the dynamical system (2.1). Equilibrium solutions, which do
not depend on time, are one of the important solution curves of a dynamical system. After getting the equilibrium
solutions, we seek the linear and nonlinear stability of the equilibrium solutions. We analyze the solution curves in a
neighborhood of the equilibrium solutions.

We consider 9Ap(t,x) + h(p(t,x), x) as the vector field H in Eq. (2.1), where ¥ > 0. Therefore, our favourite
equations are of the form

0
Where h : R x A — R is a smooth function and A is a subset of R. Therefore, solutions of the nonlinear elliptic
equation

are equilibrium solutions of the dynamical system (2.2). The pairs of eigenvalues and eigenfunctions (A, u(x)) are
obtained by solving the following eigenvalue problem

IA(u()) + D ho(@), 2)u(x) = (o), (2.4)
an
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where ¢o(z) is an equilibrium solution. We assume the invariant manifolds parameterize by ® : [r, s] — F such that
0 ¢ [r, s]. To parameterize the invariant manifolds, we must solve the following invariance equation

d
)\G@CI)(G) = H(®(9)), (2.5)
where 0 € [r, s]. Let ®(0)(z) = ®(6, x), then the invariance equation ((2.5)) is reduced to

00(0,z) 0?09, x)
A 06 = Ox?

3. PARAMETERIZING INVARIANT MANIFOLDS OF FISHER EQUATION

The first evolution equation that we study in this paper is the Fisher equation. The one-dimensional Fisher equation
is
dp 0%
A S 1— o)
5 =~ agz TP —w)
3.1. Computing equilibrium solutions, eigenvalues, and eigenfunctions. In the first step to gain invariant
manifolds, we solve equilibrium solutions. To find the equilibrium solutions for the Fisher equation, we need to solve
the following nonlinear elliptic equation
d*p
A 5+ Bp(1—¢) =0, B>0 (3.1)
Consider the following one-parameter Lie group of infinitesimal transformations that act on the independent variable
2 and the dependent variable ¢ of Equation ((3.1))

P o= a+0b@,p)+0(0),
¢ = p+o¢(z,¢)+0(0?):
The Lie symmetry is generated by the vector field
0 0
W = — —
&, 0) 5 +C(m7so)8(p

In the given Lie group, ¢ is a group parameter, while £ and ¢ are the infinitesimals for the independent variable x
and the dependent variable ¢, respectively. The functions ¢ and ¢ are the unknown functions that will be obtained
by satisfying the following invariance condition

PrAOW(A)|a,=0 = 0- (3.2)

Here, Pr®W refers to the second order prolongation of W.
A system of PDEs is obtained by Extracting coefficients of ¢, and ¢, , of Equation (3.2). By solving the obtained
system of PDEs, we can obtain the infinitesimal generators

{C(x?@) = 0a€($7¢) = A1}7

0
such that A; is an arbitrary constant. Therefore, the Lie algebra (=) is infinitesimal symmetries of Equation ((3.1)).

We reverse the roles of the independent and dependent variables. We make the substitutions ¥y = ¢ and v = .
Therefore, Equation ((3.1)) is reduced to

0 w)
T dy?
4 By — By® =0 (3.3)
(Zou(y)
d
By making the substitution z(y) = d—v(y), Equation ((3.3)) can be reduced to the following first-order equation
Y
d
—4;*y)
Lg + 5y _ ﬁyQ =0-
2(y)

(=)=
E)NE
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Consequently, the equilibrium solution is

ola) = 3 sec (V2.

where As is an arbitrary constant. Figure 1 shows the equilibrium solutions for various values of A, and (.
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F1GURE 1. Left: Equilibrium solutions of Fisher equation. Center: Eigenfunction associated with
A = 0. Right: Eigenfunction associated with A = 5.

The eigenvalue problem for the computed equilibrium solution ¢g(z) takes the following form

jT:z“ + (5 - 38 <se02 (W))) = A (3.4)

The solution (A, 1) of Equation ((3.4)) represents a pair of eigenvalue and eigenvector. We assume that A is a constant.
The eigenvalue problem (3.4) is a second-order linear ODE, and its solution is given by

o (\/5(1142 - :c))3 <A3 (cos (\/B(Ag - x)) _ 1)2 hypergeom< [_\/B "\‘/B\/ﬁ - )\7 _\/B-F\F\/ﬁﬁ — )\] ,

{_;] cos (\/B(QAg —) | ;)) + A \/2 cos <\/B(A2 - x)) - 2<cos (\/B(A2 - x)) + 1)2hypergeom<

—5¢/B+2v/B—=X 5v/B+2vB =X 5] cos (VB(Az — ) +1
2Vp ’ 2VP 2] 2 2))
We suppose eigenvalues are real numbers. The hypergeometric function hypergeom([r, s, [t], z) is a solution of the

hypergeometric differential equation

2
z(l—z)d—w—i—[t—(r—i—s—kl)z]%—rssz-

(3.5)

dz?

Theorem 3.1. The number of eigenvalues of Equation ((3.4)) is infinite and the equilibrium solution u*(x) is a
non-hyperbolic equilibrium solution.

Proof. In the computed eigenfunction, /8 — A exists, then A < 8. Therefore, the number of eigenvalues is infinite.
Since zero is an eigenvalue, then the equilibrium solution «*(z) is a non-hyperbolic equilibrium solution. O

Figure 1 displays two eigenfunctions.
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3.2. The solutions of the invariance equation. After calculating the equilibrium solution of the Fisher equation
and the solutions of the eigenvalue problem, it is time to solve the invariance equation associated with Fisher equation.
Let A be a constant eigenvalue. Our goal is to find a function ®(6,x) that satisfies the invariance equation

)\98@(6‘,96) _ 0?90, x)
06 Oz

Let us consider a Lie group of infinitesimal transformations for the invariance equation ((3.6)) given by

= 0+o0k(0,z,®)+0(c?),

= z+00,2,®)+0(c?),

= ®+onb,z,®)+O0(c?):

The group parameter is o and &, ¢, and 7 are the infinitesimals for 0, =, and ® respectively. The vector field associated
with the given Lie symmetry group is given by

AFZ

+ 2(0,2)(1 — ®(0,2))- (3.6)

B 8) )

na
00 Ox 0P
The invariance condition is gained by applying Pr? W to (3.6). A system of PDEs is obtained by extracting the coeffi-
cients of the partial derivative of ®(0,2) with respect to 6 and 2z in the condition
Pr®(Ar)|ap—o = 0. The solution of this system is

W= k0,2, 8) 2 4 C(0,2,8) 2 + 50,2,

{H(a, xZ, (I)) = A507 C(Ga x, (I)) = Aﬁa 77(07 z, (b) = 0}7 (37)
0 0

where A5 and Ag are arbitrary constants. Thus, the vector fields {W1 = 9%7 Wy = 8} generate a Lie algebra of
T

infinitesimal symmetries. Therefore, the infinitesimal generators can be expressed as a19% + QQ%, where a7 and

a9 are real numbers.
0

The one-parameter Lie groups G1,Gs : (0,2, P) — (57 z, 5), associated with the infinitesimal generators W; = 6 —

06

0
and Wy = — | respectively, are defined as follows

Ox
Gy : exp(oWy) (0,2, ®) = (0,2, ), Ga: exp(aWs)(0,z,®) = (6, &, D)-
Therefore,
Gy : exp(oWy)(0,2,®) = (e70,2,P), Gs:exp(cWs)(0,z,P) = (0,2 + 0, P)-
Let ®(6,x) be a solution to the invariance equation (3.6). Therefore the functions ®(e~76,z) and ®(f,2 — o) are

solutions of Eq. (3.6).

3.2.1. One-dimensional optimal system. The Lie bracket operation on the set of infinitesimal symmetries forms a Lie
algebra, in which the Lie bracket of two symmetries, W; and Ws, is given by [Wq, Wa] = WiWy — WoW;. Table 1
displays the commutator Table and Adjoint Table. To construct the Adjoint Table, we use the Adjoint action defined
by

Ad(exp(oWi)Wj) = Wj - O'[Wi, WJ] + %O’Q[Wi, [WZ, WJH — e

TABLE 1. Commutator Table and Adjoint Table.

[Wi, Wj] W1 W2 Ad(exp(EWi)Wj) W1 W2
W1 0 0 Wl Wl W2
Wy 0 0 Wy Wy | Wa
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Using Table 1, we can see that the vector fields {W7, W5} form an abelian Lie algebra. Therefore, the one-
dimensional optimal system is given by

0 0 0
/_ = —_— /: = —_— —_—
W1_<W1_089>, Wy = (W1 + oWy 069+aax>, (3.8)

where « is an arbitrary real number.

3.2.2. Group invariant solution of invariance FEquation (3.6). The characteristic equation for the vector field W =

0 0
H(Q,.’IJ, (I))% + C(9,$7 (P)% + 77(97957 (I))

do dx do

k(0,2,®)  ((0,2,®) 0z, P)

The associated similarity variables and similarity solutions are acquired by utilizing characteristic equations of vector
fields W{ and W3,

D e
2% is given by

)
3.3. Symmetry reduction with 9%. The characteristic equation for 9% is % = de = d— Therefore, the

similarity variable is s = log(6). After substituting the similarity variable into Equation (3.6), we can reduce it to the
following equation with independent variables s and x, given by

/\8@(5, x)  0*D(s,x)

) 1-® . .
ds FICI B (s, )( (s, 7)) (3.9)
We employ the tanh method to solve Equation (3.9). We look for traveling wave solutions as follows
O(s,z) = D(¥), O =c(x—ws), (3.10)
0 d 0? , d . . .
such that 75 = Vs and 902 = C g We introduce Z = tanh(d) as a new independent variable. Therefore,
s x
d d
— = (1=725—_
dy ( )dZ’
d? 9\ A o d
Equation (3.9) is reduced to the following equation
d*® dd
A1 - 22)2@ + (e —2Zc%)(1 — ZQ)E + B®(1 — @) = 0 (3.11)

Suppose the solution of Equation (3.11) is the series expansion

l l
d(Z) = Z a; 2"+ Z b, 27",
=0 =1

where the coefficients a; and b; are unknown for ¢ = 1---1. By comparing the highest order of the available derivative
and the highest available power of ® in Equation (3.11), we conclude that I = 2. Consequently, the solution of Equation
(3.11) is

@(Z):a+az+az2+b—1+b—2- (3.12)

0 1 2 AN .

By substituting (3.12) in Equation (3.11), a system of algebraic equations is gained by extracting the coefficients of Z.
The solutions to the system of algebraic equations were obtained using Maple software version 2022 and are displayed
in Table 2.

(&)
ENE
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TABLE 2. The solutions of the produced system by extracting coefficients Z.

Case ag ay as by bo A 8 c v

2-1 —1/2 0 0 0 3/2 0 4c? arbitrary | arbitrary
2-2 3/2 0 0 0 -3/2 0 —4c? arbitrary | arbitrary
2-3 1/4 0 0 1/2 1/4 —10c/v 24c2 arbitrary | arbitrary
2-4 3/4 0 0 -1/2 —1/4 —10c¢/v —24c% | arbitrary | arbitrary
2-5 1/4 0 0 -1/2 1/4 10¢/v 24c? arbitrary | arbitrary
2-6 3/4 0 0 1/2 —1/4 10¢/v —24c% | arbitrary | arbitrary
2-7 -1/2 0 0 0 3/2 arbitrary 4c? arbitrary 0

2-8 3/2 0 0 0 -3/2 arbitrary —4c? arbitrary 0

2-9 0 0 0 0 0 arbitrary | arbitrary | arbitrary | arbitrary
2-10 | arbitrary 0 0 0 0 arbitrary 0 arbitrary | arbitrary
2-11 1 0 0 0 0 arbitrary | arbitrary | arbitrary | arbitrary
2-12 —1/2 0 3/2 0 0 0 4c? arbitrary | arbitrary
2-13 3/2 0 -3/2 0 0 0 —4c? | arbitrary | arbitrary
2-14 1/4 1/2 1/4 0 0 —10¢/v 24c2 arbitrary | arbitrary
2-15 3/4 —1/2 —1/4 0 0 —10c/v —24c% | arbitrary | arbitrary
2-16 1/4 -1/2 1/4 0 0 10¢/v 24c2 arbitrary | arbitrary
2-17 3/4 1/2 —1/4 0 0 10¢/v —24c% | arbitrary | arbitrary
2-18 -1/2 0 3/2 0 0 arbitrary 4c? arbitrary | arbitrary
2-19 3/2 0 -3/2 0 0 arbitrary | —4c? arbitrary 0

2-20 | arbitrary | arbitrary | arbitrary | arbitrary | arbitrary | arbitrary 0 0 arbitrary
2-21 1/4 0 3/8 0 3/8 0 16¢2 arbitrary | arbitrary
2-22 3/4 0 -3/8 0 -3/8 0 —16¢% | arbitrary | arbitrary
2-23 3/8 1/4 1/16 1/4 1/16 —20c¢/v 962 arbitrary | arbitrary
2-24 5/8 —1/4 —1/16 —1/4 —1/16 —20c/v —96¢? | arbitrary | arbitrary
2-25 3/8 —1/4 1/16 —1/4 1/16 20c/v 96¢2 arbitrary | arbitrary
2-26 5/8 1/4 —1/16 1/4 —1/16 20c/v —96¢% | arbitrary | arbitrary
2-27 1/4 0 3/8 0 3/8 arbitrary 16¢2 arbitrary 0

2-28 3/4 0 -3/8 0 —3/8 | arbitrary | —16¢? | arbitrary 0

In case 2-1, ¢ and v are arbitrary. Since the constant 8 > 0, then this solution is acceptable. Since A = 0, therefore

VB

the invariant manifold is a center manifold. Then ¢ = j:T and

13 1
@(9,17)1754’* \/B

? tanh? (i2 (z — vlog (9))) |

Remark 3.2. In the cases 2-2, 2-4, 2-6, 2-8, 2-13, 2-15, 2-17, 2-19, 2-22, 2-24, 2-26, and 2-28, 8 < 0. For this reason,
the obtained solutions are not acceptable. In cases 2-10 and 2-20, S = 0. From this, the obtained solutions are not
acceptable.

vV 1
In case 2-3, ¢ = £ 65 and v is arbitrary, then \ = _10e can be a positive number. Therefore, the computed
v
manifolds can be unstable manifolds with
1 1
1 2 4
(0, x) =+ — + — .
tanh(:ﬁ:l—iﬁ(:ﬂ —vlog(9))) tanhz(il—gﬁ(x —vlog(h)))

Other cases are expressed in Table 3.

(=)
BEE
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TABLE 3. The solutions of Equation (3.6).
Case | Eigenvalue Type of invariant | U(, )
manifold
3
31 | A=0 center -5+ N 2
tanh? <i7 (z —vlog (6‘)))
1 1
5v/6B 3 1
32 | A unstable -+ +
6 v v
v tanh(+ 1(;5 (z —vlog(h))) tanhz(ilif(x —wvlog(h)))
1 1
5V63 1 2 4
33 | A= unstable -+ +
6 V v
v tanh(i5 Sfﬁ (x —vlog(9))) tanhz(i%(m —vlog(9)))
3
3-4 | arbitrary stable and unstable ! + 2
and center tanh%i@x)
3-5 | arbitrary stable and unstable | 0
and center
3-6 | arbitrary stable and unstable | 1
and center
37 | A=0 center —3 + gtanhZ(ig(:v —vlog(h)))
5v/6 1 1 V6 1 V4
38 | A= 7/8 unstable 1 + it h(i5 60/8 (z —vlog(8))) + 1 tanhz(i%(x —wvlog(h)))
568 N 1 1 5/68 _ U, 5/68
39 | A= o unstable y : it h(iT(I vlog(9))) + i tanh (:I:W(I vlog(9)))
3-10 | arbitrary stable and unstable —3 + 3 tanh? (4 gx)
and center
3
1 3 ]
311 | A=0 center -+ §t 12(i£(x7vlog(9)))+ 8
18 4 tanh2(i5\/B(T vlog(h)))
Voo &
3 1 3 1 3
3-12 | A= i/\gz unstable g + 3 tanhl(:ti/\gZ(I — wvlog(9))) + 16 b hQ(i%(I — wvlog(0))) +
i . ic
5vVB 2., 5VB
tanh(+ x —vlog(é tanh”(+ x —vlog(é
(00— vlog(0)  tanh* (=20 — olog(0)
1 1
3-13 = f/\gf unstable % - - tanh(li \/\gf(a: — wvlog(h))) + 1—? tanlf(if/\gf(w — wvlog(9))) +
3 . ic
tanh(+ f/\gf(z —wvlog(h))) tanhQ(:I:?/\gf(x —wvlog(h)))
1 b
3-14 | arbitrary stable and unstable i + gtanh2(i@x)) +— 8
and center tanh?(+ @x))

Based on the analysis of cases 2-1, 2-12, and 2-21, it can be concluded that the parameterized manifolds in these

1
cases are center manifolds. According to case 2-7, the invariant manifold is only function ®(z) = — =+

3
2

L VB

tanh?(

5"

Since A is arbitrary, this function can be a stable manifold, an unstable manifold, or a center manifold. Also, the

(&)
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parameterized manifolds corresponding to cases 2-9, 2-11, 2-18 and 2-27 are the single functions such that are displayed
in Table 3. These manifolds can be of any type.

Theorem 3.3. Based on the analysis of cases 2-3, 2-5, 2-14, 2-16, 2-23, and 2-25, it can be concluded that the
parameterized manifolds in these cases are unstable manifolds.

V 1
Proof. 1) In case 2-3, we have ¢ = jzl—gﬁ and \ = f&.
v
V603 5
V65 05 ~5V%
(a) Let ¢ = BTR then A = ——=— < 5. We gain v < and v is negative. Therefore, A is
v
positive.
V6s3 5
V63 10T 6V
(b) Let ¢ = EETR then A = —————=%— < 3. The result is that v > 5 and v is positive. Therefore,
v
A is positive.
V6 10
2) In case 2-5, ¢ = iTZB and A = —.
v
V606 5
V65 05 Vo
(a) Suppose ¢ = BTR then A = ——==— < 3. We deduce that v > 5 and v is positive. Therefore, A
v
is positive.
V6 5
i 105" 5V’
(b) Suppose ¢ = BETH then A = ——==— < 3. We deduce v < , and v is negative. Therefore,
v

A is positive.
3) Cases 2-14 and 2-16 are similar to cases 2-3 and 2-5, respectively.

V6 20
4) In case 2-23, ¢ = in and A = —TC.
v/ 6
V6B 20( 24ﬁ) —5V/08
(a) Let ¢ = ST then we obtain that \ = —— Consequently, v < Gﬁ , and v is negative.
Therefore, A > 0.
V6B 20(— %8 5./6
(b) Let ¢ = —Q—iﬁ, then A = —M. Consequently, v > 8 ﬁ, and v is positive. Therefore, A > 0.
v
V6 20
5) In case 2-25, ¢ = :I:Tf and A = TC
/63 20 (V68 5. /6
(a) Let ¢ = Q—Gf, then A\ = M. Therefore, v > £ 5 B, and v > 0. Also, A > 0.
v
V6 20(— %8 ~5./6
(b) Let ¢ = _Tf’ then \ = %. Therefore, v < 65 ﬁ, and v > 0. Consequently, A > 0.
O
. . 0 0 . . . .
3.4. Symmetry reduction with 9% + Qo The characteristic equations associated with vector field
de
9% + 0482 are - = @ Then, the similarity variable is y = 6% exp(—z). The invariance equation (3.6) reduces to
x !
d*® dd
y2d—y2 +(1— )\a)yd—y + 6®(1 — ®) = 0- (3.13)
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0
Vector field U is an infinitesimal generator for Equation (3.13), and z = log(y) is the similarity variable. From this,
)

we deduce that Equation (3.13) reduces to

d*® dd
C o (2- ) 4 BB(1 - ) =0 14
1.2 + (2 - ) - + B9( )=0 (3.14)
Let V = tanh(z). Then Equation (3.14) transform to
d*® d®
1-V2P—— + (2= Aa—2V)(1 = V?)— + BO(1 — ®)- 1
(1= VPER (2= —2V)(1 - V)5 1 pa(1 — @) (315)

Suppose the solution of Equation (3.14) is the series expansion

K K
(V)= aVi+> bV
=0 i=1

The coefficients a; and b; are unknown. By comparing the highest order of the available derivative and the highest
available power of ® in Equation (3.15), we conclude that K = 2. The solutions of Equation (3.15) are of the form

b b
(V) :ao+alv+a2V2+V1+V—22~ (3.16)
Substituting (3.16) in Equation (3.15) and extracting the coefficients of V', a system of algebraic equations is obtained.
The unknowns are ag, a1, as, b1, be, A, and §. Solutions of Equation (3.6) are obtained from solving the system. The

solutions to the discussed system are displayed in Table 4.

TABLE 4. The solutions of the produced system by extracting coeflicients V.

Case ag ay as by by A B8
4-1 0 0 0 0 0 arbitrary | arbitrary
4 —2 | arbitrary 0 0 0 0 arbitrary 0
4-3 1 0 0 0 0 arbitrary | arbitrary
4—4 —1/2 0 0 0 3/2 2/« 4
4-5 3/2 0 0 0 —3/2 2/« —4
4-6 —1/2 0 3/2 0 0 2/a 4
4-7 3/2 0 —3/2 0 0 2/« —4
4-8 1/4 0 3/8 0 3/8 2/ 16
4-9 3/4 0 —3/8 0 —3/8 2/« —16
4—-10 1/4 0 0 —-1/2 | —1/4 —8/a 24
4-11 1/4 0 0 1/2 1/4 12/ 24
4-12| 3/4 0 0 | -1/2| —1/4 | 12/a —24
4—-13 3/4 0 0 1/2 | -1/4 -8/« —24
4-14| 1/4 | —-1/2| 1/4 0 0 —8/a 24
4—-15 3/4 1/2 | —-1/4 0 0 -8/« —24
4-16| 1/4 12 | 1/4 | 0 0 12/ 24
4-17 3/4 —-1/2 | —-1/4 0 0 12/« —24
1-18| 3/8 1/4 | 1/16 | 1/4 | 1/16 | 22/« 96
4—-19 5/8 —1/4 | —-1/16 | =1/4 | 1/16 22/ —96
4-21| 3/8 |—1/4| 1/16 | —1/4| 1/16 | —18/a 96
4—-21 5/8 1/4 | -1/16 | 1/4 | —=1/16 | —18/« —96

Remark 3.4. In case 4-2, 5 = 0 and in cases 4-5, 4-7, 4-9, 4-12, 4-13, 4-15, 4-17, 4-19, 4-21, 5 < 0. Therefore, in

these cases, solutions are not acceptable. In cases 4-1 and 4-2, invariant manifolds contain only constant functions 0
an
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and 1, respectively. In cases 4-4, 4-6, 4-8, 4-10, 4-11, 4-14, 4-16, 4-18, and 4-20, the eigenvalues are dependent on «,
and as a result, A can be both negative and positive. Therefore, in these cases, invariant manifolds can be stable or

unstable.

0 0
The solutions associated with subalgebra <9% + aa—> are presented in Table 5.
x

The unstable manifolds introduced in case 3-2 are displayed in Figure 2. The center manifolds in case 3-1 are displayed
in Figures 2 and 3. The unstable manifolds introduced in case 3-13 in Table 3 are displayed in Figure 3.

=
n

—‘10 —‘5 0 ‘5 lb —‘10 —‘5 0 ‘5 1‘0
— 0=1, B=6, c=-1/2, v=1,A=5 — 0=1, =6, c=1/2, v=2, A=5/2

—— 6=1.1,B=6, c=1/2,v=1,2=5 —— =11, =6, c=1/2, v=2, =512
— 0=1.2, B=6, c=-1/2, v=1,A=5 — 0=1.2, p=6, c=1/2, v=-1,A=5/2

— =0, B=1, c=1/2,v=1, 6-1
— =0, B=1, c=1/2, v=1, 6=1.1
— A=0, B=1, c=1/2, v=1,6=12

FI1GURE 2. Left: Three functions on the unstable manifold in case 3-2 in Table 3 with A = 5. Center:
Three functions on the unstable manifold in case 3-2 in Table 3 with A = 3 Right: Three functions

on the center manifold in case 3-1 in Table 3 with A = 0.

v 1,

-5 0 5 10

— =0, B=1, c=-1/2, v=1, 6=1
— A=0, B=1, c=-1/2, v=1, 6=1.1
— A=0, B=1, c=-1/2, v=1, 6=1.2

— A=5/2, B=6, c=1/4, v=2, 0=1
—— A=5/2, =6, c=1/4, v=2, 0=1.1
—— A=5/2, B=6, c=1/4, v=2, 6=1.2

— A=5/3, p=6, c=-1/4, v=-3, 0=1
—— A=5/3, p=6, c=-1/4, v=-3, 0=1.1

— A=5/3, B=6, c=-1/4, v=-3, 0=1.2

FI1GURE 3. Left: Three functions on the center manifold of case 3-1 in Table 3 with A = 0. Cen-
ter:Three functions on the unstable manifold of case 13-3 in Table 3 with A = 3 Right: Three

functions on the unstable manifold of case 13-3 in Table 3 with A = g
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TABLE 5. The solutions of Equation (3.6).

Case | Eigenvalue Type of invariant | U(6,x)
manifold
5-1 | arbitrary stable or unstable | 0
or center
5-2 | arbitrary stable or unstable | 1
or center
3
5-3 2 stable or unstable 1 + %
a 2 tanh”(log(0*) — x)
2 I 3
54 | = stable or unstable -3 + 5 tanh?(log(6*) — z)
Q
2 1
55 | = stable or unstable 1 + gtanhQ(log(ﬁa) - z) +
e
3
8
tanh” (log(6%) — z)
1
8 1 )
56 | —— tabl tabl = —_—
« stable orunstable | 7+ tanh(log(9*) — x) +
1
4
tanh?(log(62) — x)
I
12 1 3
5-7 | — stabl stabl = O R T —
5 o stable or unstable 1 + tanh(log(6%) — 2) +
1
4
tanh? (log(6*) — z)
8 1
58 | —— stable or unstable i~ 3 tanh(log(#*) — z) +
a
1
~ tanh?(log(*) — z)
12 le I
59 | — stable or unstable 1 + 3 tanh(log(#*) — ) +
a
1
i tanh?(log(#*) — z)
22 3 1
5-10 | — stable or unstable 3 + 1 tanh(log(6%) -
e
1
z)  + — tanh®*(log(6*) —
16
1
. 4
2) famh(log(0%) —2)
1
16
tanh” (log(6*) — z)
5-11 1B tabl tabl 3 1t h(log(8%)
- ” stable or unstable | = 14 anh(log
— 2 o _
z)  + 6 tanh*(log(6%)
x) 4 +

tanh(log(0®) — z)
1

16
tanh? (log(6*) — z)

The functions associated with the stable manifolds of case 5-6 in Table 5 and case 5-11 in Table 5 are displayed in

Figure 4.
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[ . :
10 -5 0 I 5 10
-1y
2
24
1
34
-4 " T ; )
-10 -5 0 5 10
— 0=2,0=3,1=-8/3 6=2.2, 0=1,A=-8 — 6=1, 0=10, A=-18/10 6=1.1, a=2, A=-9
— 6=5.5, a=5, A=-8/5 — 6=1.2,0=3,A=-18/3

FIGURE 4. Left: Three functions on the stable manifold of case 5-6 in Table 5. Right: Three functions
on the stable manifold of case 5-11 in Table 5.

4. PARAMETRIZING INVARIANT MANIFOLDS OF BRAIN TUMOR GROWTH DIFFERENTIAL EQUATION

One of the evolution equations studied in this paper is Brain tumor growth differential equation (glioblastomas)
under medical treatment. Since we employ the parameterization method, we should solve an invariance equation. The
solutions of the invariance equation will parameterize the invariant manifolds.

Brain Tumor growth differential equation is as follows

202 +exp(—Q) + %exp(fQQ)o (4.1)

4.1. Computing equilibrium solutions, eigenvalues and eigenfunctions. First, we obtain the equilibrium
solution of the evolution Equation (4.1). For this purpose, we need to solve the following ordinary differential equation

10%Q

3902 +exp(—Q) + 1exp(—2Q) =0- (4.2)

2

Let 2 =z + 0&(z,Q) + O(0?) and Q=Q+ ou(z,Q) + O(c?) be the Lie group of transformations for Equation (4.2).
0
By utilizing maple software, we acquire £ = A} and p = 0. The associated Lie algebra is <%> By a similar method

to solving Equation (3.1), we obtain the equilibrium solution of Equation (4.1). The equilibrium solutions are

log(2) +log VAL +2 sin(\//T’Q (A5 —z) \/i) +v2

Qi) = 2 v , (43)
o —JA, +2sin( /A, (A —2)V2) +V2
Qstx) = B2 1og ! (\/2,4 ’ ) , (4.4)

where AS, A%, Aly, and AL are arbitrary. The equilibrium solutions of Equation (4.1) are shown in Figure 5.
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FIGURE 5. Left: Equilibrium solution 7. Center: Equilibrium solution @%. Right: Eigenfunction
¢2 associated with A =0

If we choose Q)] as the equilibrium solution, the eigenvalue problem is

10°¢: ALV2 245 L= Ady- .
2 0 (\/msin(m (Ag—x)\/i)+\/§+ (\/A'2+2sin(\/E(A§;x)\/i)Jr\/i)Q)d) e -

Here A is an eigenvalue and ¢1(z) is an eigenfunction. The linear differential Equation (4.5) is solved by Maple
software, and the result is

AL2

b1 () = (2 (A, + 2)<sin2 (\/AZ(A;, - m)\/§>) +2,/24% +4 sin (\/@(Ag - m)\/§>) Va4

— VAL +2 36\/A, + 22 + 33A4), 4+ 4\ 4 72) A},? 5A% + 2\/—NA]
<\/2sin< A%(A,?iz)ﬁ)HchnG(if VAL FZ _ (36YA T2V 43345 + N+ THALY 5L+ VA
' 2\/A,+2 T8(V2+ A, +2)3(vV2— A, +2)2 /A, +2 245

aga%aSin( A (glgim)ﬁ)Jr%)A”JrHeunG(fifi Ay +2

(15A) 44X 4 4 /—XA) AL?

)

6(v2+ VAT DAVE - AT TR (4 + L) R
((4A5 + N VAL +2+ (A, — A)V24, 245 + /—XA], (A, + 2X + \/=XAL) A} 11
2/A, F2(V2 - VA, 22 (V2 + A, +2)2 Al T(3A% + 2/ XA (V2 + VAL +2)2(V2 - A, +2)27 27 2
sin(y/A, (A —x)v/2) 1 ,
2 23 +5>A>~ (4'6)

Here A’ and A” are arbitrary constants. Suppose all eigenvalues are real.
The eigenvalue problem associated with equilibrium solution Q% is given by

1 82¢2 \/5142 2A22

o (ﬁ(f (= )+ a (a2 (4, ) VB) f>) e "




280 A. DEHGHAN NEZHAD AND M. MOGHADDAM ZEABADI

300000

200000

100000

— 0=1, v=1,2=0 0=1.1, v=2, A=0 — 0=2, a=1, A=0 0=2.1, 0=2, 2=0
— 0=1.2,v=3,2=0 — 0=2.2,0=3,2=0
FIGURE 6. Left: Eigenfunction ¢9 associated with A = —0.1. Center: Some functions of the center

manifold of case 7-4 with A = 0 in Table 7. Right: Some functions of the center manifold of case 9-2
with A = 0 in Table 8 on the right side.

The solution (), ¢2) of Equation (4.7) represents a pair of eigenvalue and eigenfunction. Maple software was used to
solve the linear differential Equation (4.7), and the resulting solution is

2A'42 .
st = (<R 1 (001 8)-3) T OS] oA

(—36\/§ Y +22 +334) +4x+ 73) A2 7 54 +2,/-24 7 (15A; 44X+ 4, /7>\A2) A2 |
AT G e P A (e (e
sin((/4] (45 — =) v2) . 1>A”” +HWG(\/ﬂ Va2 Ay ((maag = x) Ja vz vE (A - 2)) 2ap 4 /oo

5 ,

3 —

N W
N

Wirs am e (A (i)
(6A'4 +ox+ m) A2

(o2 o0) (o 3] (o)

Where A" and A" are arbitrary constants. Figure 5 displays the eigenfunction ¢; for various values of A}, A5, A’

A", and A. The eigenfunction ¢y for various values of A}, AL, A" A" and X is displayed in Figure 6. The function
HeuneG(a, q,w, ¥, v, k, x) satisfies the general Heun differential equation given by

sin(ﬁ (2{5 - :t) \/5) T %)A”/>' (4-8)

1
757

N | =

z(x — 1)(m—a)% + ((z—=1)(x—a)y+a(z—a)k + z(x — 1)(1+w+¢—’y—m))% + (wyx — q)y =0

4.2. The solutions of the invariance equation. Now we should solve the following invariance equation

v 10%°¥
Ay : )\9% =552

We consider the following Lie group of infinitesimal transformations with parameter o

= 0+o0k(0,r,9)+0(c?),

= x4+ 0((0,2,0)+0(c?),

= U+4on(dz,0)+0(c?),

which act on the variables 0, x, and W. The elements of the Lie algebra of infinitesimal symmetries have the form

1
+exp(—P) + 3 exp(—2%)-

) 8) )

0 0 0
W =k(0,z, \Il)% + C(@,m,@)% +n(0,x, \Il)a—q/
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The invariance condition is
PT(2)W(A\I;)‘A\I,:0 = 0, (410)

which Pr®W represents the second-order prolongation of W. We obtain a system of PDEs by extracting the coeffi-
cients of the partial derivatives of (6, x) with respect to 6 and x. The solution of this system is given by

5(07117\1’) :D197 <(97$7\I’) :D27 n(97x7\1}) :Ov

where Dy, Ds € R are arbitrary. Consequently, the infinitesimal symmetries of the invariance Equation (4.9) are

0 0
10— 4+ as—. Where a1, as € R are arbitrary.

00 or
Remark 4.1. The one-parameter Lie groups of Equation (4.9) are the same as the one-parameter Lie groups of
Equation (3.6). Let ¥(6,x) is a solution of the invariance equation (4.9). Therefore, the functions (e~ 76, z) and
U(0,x — o) are solutions of Equation (4.9).

Remark 4.2. Similar to Section 3.2.1, the obtained Lie algebra is abelian. Therefore the one-dimensional optimal
system is
0 0 0

v n._ 99 I\

"._
wi = (0 20 3

0 0
Symmetry reduction with 9—0. As described in subsection 3.2.2, for the vector field §—, the similarity variable

is given by s = log(#). We substitute the variable s = log(6) into Equation (4.9), resulting in

ov  10%°v 1
55 = 2922 +exp(—0) + 3 exp(—2")- (4.11)

By means of tanh method, we solve Equation (4.11). Considering the change of variable ¢ = ¢(z — vs), we can obtain

0T 1 ,0° 1
—“Aev— = 2% o2 +exp(—¥) + 5 exp(—2¥)- (4.12)

Let Z = tanh(¢), then

d*v dv 1
207Y _ 2 N _ L _ow) — (.
172 +Aev—c"Z)(1-Z )dZ +exp(—V) + 5 exp(—2¥) =0 (4.13)

1
502(1 — Z2)
1 ) )
Suppose the solution of Equation (4.13) is of the form ¥(Z) = log (S(Z))’ where S(Z) = Zfio a; 2" + Zfil b; Z~*.

Equation (4.13) is reduced to

!

1, 99 (=SS + 8" 9 o [ =S
5¢ (1-2%) (5’2 + (Aev—c*2)(1 - Z7) 5

> +exp(—9) + %exp(—ZS) =0 (4.14)

To find the value of K, we consider the highest order of the available derivative and the highest available power of ¥
in Equation (4.14) and balance them. This yields K = 1. Therefore, the solution of Equation (4.14) is

S(Z) = —log (ao +a1Z+ 2) . (4.15)

We substitute Equation (4.15) in Equation (4.14) and extract the coefficients of Z. Therefore, a system of algebraic

equations is gained. The solutions of the system are reported in Table 6. Theorem 4.3 is derived from Table 6. The

solutions to Equation (4.9) are listed in Table 7. The functions ¥y (0, x), ¥2(0,x), ¥3(0,x), and ¥4(0, z) that exist in
an
BE
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Table 7 are defined as follows

vy(0,x)

Il

[
—

o

0]

1 1 3
-1+ 5 tanh(i(ac —wvlog(h))) + tanh(%(az i vlog(@)))) ,

_1
Uy(f,x) = —log —1—%tanh(—%(z—vlog(9)))+ 2 >,

tanh(—3 (z — vlog(6)))

tanh (4 (z — vlog(0)))

1 1 -3

V3(0,z) = —log —1—5tanh(§(ac—fulog(0)))+ ,
1 1 1

Vy(0,z) = —log —l+§tanh(—5(r—v10g(9)))+ .

tanh(—%(l‘ —vlog()))

0
Theorem 4.3. The similarity solutions generated by 6 — parameterize either center manifolds or manifolds that

contain only one function. These functions correspond to the stable manifold or center manifold.

Proof. Eigenfunction (4.6) contains the terms /A%, /A5 + 2, and \/—AA}. From this, we can conclude that A5 >0
and A < 0. Also, in eigenfunction (4.8), there exist \/ A}, /A} + 2, and /—AA}, then A} >0 and A < 0. O

TABLE 6. The solutions of the produced system by extracting coefficients Z.

Case | ag ay by A c v

6-1 | 0 0 0 arbitrary | arbitrary | arbitrary

6-2 | —2 0 0 arbitrary | arbitrary | arbitrary

6-3 | —1 0 1 0 1 arbitrary

6-4 | -1 0 -1 0 -1 arbitrary

6-5 | —1 0 -1 0 1 arbitrary

6-6 | —1 0 1 0 -1 arbitrary

6-7 | -1 0 1 arbitrary 1 0

6-8 | —1 0 —1 | arbitrary -1 0

6-9 | —1 0 —1 | arbitrary 1 0
6-10 | —1 0 1 arbitrary -1 0
6-11 | -1 1 0 0 1 arbitrary
6-12 | —1| -1 0 0 -1 arbitrary
6-13 | -1 | -1 0 0 1 arbitrary
6-14 | —1 1 0 0 -1 arbitrary
6-15 | —1 1 0 arbitrary 1 0
6-16 | =1 | -1 0 arbitrary -1 0
6-17 | =1 | -1 0 arbitrary 1 0
6-18 | —1 1 0 arbitrary -1 0
6-19 | —1| 1/2 1/2 0 1/2 arbitrary
6-20 | —1| —1/2| —1/2 0 —1/2 | arbitrary
6-21 | —1| —1/2| —1/2 0 1/2 arbitrary
6-22 | —1| 1/2 | 1/2 0 —1/2 | arbitrary
6-23 | —1 | —1/2 | —1/2 | arbitrary 1/2 0
6-24 | —1| 1/2 | 1/2 | arbitrary | —1/2 0
6-25 | —1| 1/2 | 1/2 | arbitrary 1/2 0
6-26 | —1 | —1/2 | —1/2 | arbitrary | —1/2 0




CMDE Vol. 12, No. 2, 2024, pp. 266-286

TABLE 7. The solutions of Equation (4.9).

Case | Eigenvalue Type of invariant | Q(6, )
manifold

7-1 |0 center log ( L+ Gh=o log(9>))

7-2 0 center IOg < tanh( x+v log(6))

7-3 10 center log ( Tanh(a— vl% 9)))

74 10 center log ( T g +105(9))

7-5 | arbitrary stable or center log < tdnh @)

7-6 | arbitrary stable or center —log ( tanh( )

7-7 | arbitrary stable or center log ( 1+ tanl}y )

7-8 | arbitrary stable or center log ( tanh(

79 |0 center log (-1 + tanh(m —vlog(h)))

7-10 | 0 center log (—1 — tanh(—z + vlog()))

7-11 | 0 center log (—1 — tanh(z — vlog(h)))

7-12 [ 0 center log (—1 + tanh(—z + vlog()))

7-13 | arbitrary stable or center log (—1 + tanh(z))

7-14 | arbitrary stable or centerr log (—1 — tanh(—=x))

7-15 | arbitrary stable or center log (—1 — tanh(z)

7-16 | arbitrary stable or center log (—1 + tanh(—=x))

7-17 | 0 center U,y (0, z)

7-18 | 0 center Uy (0, x)

7-19 [0 center W36, x)

7-20 [ 0 center Wy (0, )

7-21 | arbitrary stable or center —log ( 1 — §tanh($z) + tan;(élm))

7-22 | arbitrary stable or center —log ( 1tanh(—1z) + m
2

7-23 | arbitrary stable or center —log ( + 3 tanh(1z) + ﬁ

7-24 | arbitrary stable or center —log ( 1— 1tanh(—$z) + m
2

Symmetry reduction with 6
0 0 o dz _ d¥

9%4—(16— are — =

o . .9
90 " “or

Then the similarity variable is y = 0% exp(—=z

Based on the calculations,

283

the characteristic equations for

). By substituting the obtained

@

similarity variable in Equation (4.9), a new Equation is gained
1 2d2\11 1 av 1
= —Aa)y— -U) + = —2¥) =0- 4.1
3V ap +(5 a)ydy +exp(=7) + 5 exp(—2¥) = 0 (4.16)

0
Vector field ya— is an infinitesimal generator for Equation (4.16), and z = log(y) is the similarity variable. By means

of the similarity variable z = log(y), Equation (4.16) is reduced to

1d?w dv 1

S “W) 4 = exp(—2W) = 0 41

5 0 Ao = +exp(—¥) 4+ 5 exp( )=0 (4.17)
We introduce the change of variable T' = tanh(z), and then Equation (4.17) is reduced to

1 L 20 dw 1

“(1-17 T—Xa)(1-T%)— U) + = exp(—2¥) = 0- 4.1

12T 1) (- TP exp(w) 4 L exp(-20) = 0 (1.18)

Suppose S(T') = Zi:o a; T + EZK:1 b, T~ and
(4.18) is reduced to

%(17T2)2 (W) +(T>\a)(1T2)< 5/) +5+ 52 (4.19)

5'2
(&)
ENE

—log(S(T)) is the solution of Equation (4.18). Therefore, Equation
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To determine the value of K in Equation (4.19), we balance the highest available order of the derivative and the
highest power of ¥ and find that K = 1. Consequently,

b
S(T) = —log (ao +a. T+ ;) , (4.20)
is a solution of Equation (4.19). By substituting the solution (4.20) in Equation (4.19) and extracting the coefficients
of T, a system of algebraic equations is gained. The solutions of the system are reported in Table 8. For solving
Equation (4.9), we substitute the values of Table 8 in

10.2) = ~og (an-+ o tanblog0) ) s )

These solutions are reported in Table 8.

0 0
Remark 4.4. The similarity solutions generated by #— + a—— parameterize either center manifolds or manifolds

00

x
that contain only one function. These functions correspond to either stable manifolds or center manifolds.

TABLE 8. Left: The solutions of the produced system by extracting coefficients 7. Right: The
solutions of Equation (4.9).

Gaso [ ag [y [ b1 3 Case | Eigenvalue Typg of invariant | U(0, x)
8-1 0| 0 | 0 |arbitrary manifold I
82 | —-2| 0 0 | arbitrary 9-1 10 center —log (71 + 7)
s =il o0 1 0 tanh(logi()“) —x)

4| — — 9- — [
:é 7} (11 01 g 9-2 |0 center log ( 1 fanh{log(07) = I)>

- 9-3 10 center —log (—1 + tanh(log(0*) — x))

86 |-1]-1] 0 0 94 |0 center —log (—1 — tanh(log(6%) — z))

We show some examples of center manifolds in case 7-4 and 9-2, which are listed in Tables 7 and 8 and depicted
in Figure 6. Three center manifolds in case 7-19 in Table 7 are shown in Figure 7. Also, three invariant manifolds in
cases 7-5, 7-7, and 7-8 in Table 7 (center or stable manifolds) are shown in Figure 7. Functions 7-7 and 7-8 have the
same graph.

[
L

-10 -5 \/ 5 10
— 6=10, v=1/10, 2=0 6=100, v=1/10, 2=0 !
— 6=1000, v=1/10, A=0 [—8-5— 87 —8-§]

FIGURE 7. Left: Three functions of the center manifold of case 7-19 with A = 0 in Table 7. Right:
Three functions 7-5, 7-7, and 7-8 in Table 7 as the stable or center manifold.
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5. CONCLUSION

Our intention was to develop an exact method for computing the invariant manifolds associated with evolution
equations. To parameterize these manifolds, we utilized an analytical method that allowed us to derive exact solutions
for the underlying equations. Our method is a combination of the parametrization method and Lie symmetry analysis
method. The invariant manifolds we obtained were associated with the equilibrium solutions. To apply our method, we
first computed the equilibrium solutions of the underlying equations. The next step involved modeling the eigenvalue
problem using an equilibrium solution and solving it using Maple software. Eigenfunctions and eigenvalues were
obtained by solving the eigenvalue problem. We modelled the invariance equation using the obtained eigenvalues. By
employing tanh method, we solved invariance equations. We presented two examples to showcase the effectiveness and
efficiency of the method used in computing the invariant manifolds. These examples were Fisher equation and Brain
Tumor growth differential equation.

REFERENCES

[1] X. Cabré, E. Fontich, and R. De la Llave, The parameterization method for invariant manifolds I: manifolds
associated to non-resonant subspaces, Indiana University mathematics journal, (2003), 283-328.

[2] X. Cabré, E. Fontich, and R. De la Llave, The parameterization method for invariant manifolds II: reqularity with
respect to parameters, Indiana University mathematics journal, (2003), 329-360.

[3] X. Cabré, E. Fontich, and R. De la Llave, The parameterization method for invariant manifolds II1: overview and
applications, Journal of Differential Equations, 218(2) (2005), 444-515.

[4] M. Canadell and A. Haro, Parameterization method for computing quasi-periodic reducible normally hyperbolic
invariant tori, In Advances in differential equations and applications, (2014), 85-94.

[5] R. Castelli, JP. Lessard, and JD. Mireles James, Parameterization of invariant manifolds for periodic orbits I:
Efficient numerics via the Floquet normal form, STAM Journal on Applied Dynamical Systems, 14(1) (2015),
132-167.

[6] JL. Figueras and A. Haro, Reliable computation of robust response tori on the verge of breakdown, SIAM Journal
on Applied Dynamical Systems, 11(2) (2012), 597-628.

[7] JL. Figueras and A. Haro, Triple collisions of invariant bundles, Discrete, Continuous Dynamical Systems-B, 18
(2013), 2069—-2082.

[8] JL. Figueras, M. Gameiro , JP. Lessard, and R. de la Llave, A framework for the numerical computation and a
posteriori verification of invariant objects of evolution equations, STAM Journal on Applied Dynamical Systems,
16(1) (2017), 687-728.

[9] RA. Fisher, The wave of advance of advantageous genes, Annals of eugenics, 7(4) (1937), 355-369.

[10] A. Haro and R. De la Llave, A parameterization method for the computation of invariant tori and their whiskers
in quasi-periodic maps: rigorous results, Journal of Differential Equations, 228(2) (2006), 530-579.

[11] A. Haro and R. De la Llave, A parameterization method for the computation of invariant tori and their whiskers
in quasi-periodic maps: numerical algorithms, Discrete, Continuous Dynamical Systems-B, 6(6) (2006), 62-121.

[12] A. Haro and R. De la Llave, A parameterization method for the computation of invariant tori and their whiskers in
quasi-periodic maps: explorations and mechanisms for the breakdown of hyperbolicity, STAM Journal on Applied
Dynamical Systems, 6(1)(2007), 142-207.

[13] A. Haro, M. Canadell, JL. Figueras , A. Luque , and JM. Mondelo, The parameterization method for invariant
manifolds, Applied mathematical sciences, 195 (2016),1-95.

[14] PE. Hydon, Symmetry methods for differential equations: a beginner’s guide, Cambridge University Press, (22)
(2000).

[15] B. Krauskopf, HM. Osinga, EJ. Doedel, ME. Henderson, J. Guckenheimer, A. Vladimirsky, M. Dellnitz, and
O. Junge, A survey of methods for computing (un) stable manifolds of vector fields, International Journal of
Bifurcation and Chaos, 15(3) (2005), 763-791.

[16] JD. Mireles James and M. Murray, Chebyshev—Taylor parameterization of stable/unstable manifolds for periodic
orbits: implementation and applications, International Journal of Bifurcation and Chaos, 27(14) (2017), 1730050.

(&)
ENE



286 REFERENCES

[17] PJ. Olver, Applications of Lie groups to differential equations, Springer Science, Business Media, 107 (1993).

[18] C. Reinhardt and JM. James, Fourier—Taylor parameterization of unstable manifolds for parabolic partial differ-
ential equations: Formalism, implementation and rigorous validation, Indagationes Mathematicae, 30(1) (2019),
39-80.

[19] AN. Timsina and JM. James, Parameterized stable/unstable manifolds for periodic solutions of implicitly defined
dynamical systems, Chaos, Solitons & Fractals, 161 (2022), 112345.



	1. Introduction
	2. The parameterization method for the invariant manifold of vector fields 
	3. Parameterizing invariant manifolds of Fisher equation
	3.1. Computing equilibrium solutions, eigenvalues, and eigenfunctions
	3.2. The solutions of the invariance equation
	3.3. Symmetry reduction with  repstopdf
	3.4. Symmetry reduction with  repstopdf+ repstopdfx

	4. Parametrizing invariant manifolds of Brain Tumor growth differential equation
	4.1. Computing equilibrium solutions, eigenvalues and eigenfunctions
	4.2. The solutions of the invariance equation
	Symmetry reduction with  repstopdf
	Symmetry reduction with  repstopdf+ repstopdfx

	5. Conclusion
	References

