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In this paper, we introduce and solve the nonlinear forms of two-

dimensional Lane-Emden system equations. Using the properties of a Modified Dif-
ferential Transform Method, we obtain exact analytical solutions for these equations
without resorting to linearization, discretization, or perturbation, while requiring
minimal computation.
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1 Introduction of Lane-Emden System Equations

The linear and nonlinear two—dimensional Lane-Emden type equations were first intro-
duced by Wazwaz, Rach and Duan in [1], as follows:

X
uwx'i_*
x

u(x,0) = h(z),

Ug + Uyy + g“y +g(z,y)f (u) =0, (1)
x>0, y >0, o> 0, 8 >0,

where ¢ (x,y) f (u) is a linear or nonlinear term.
In [2], N. Teyar introduced the linear and nonlinear two—dimensional Lane-Emden

system equations

* Corresponding author: mailto:teyarnadir@gmail.com

(© 2025 InforMath Publishing Group/1562-8353 (print)/1813-7385 (online)/http://e-ndst.kiev.uab30


mailto: teyarnadir@gmail.com
http://e-ndst.kiev.ua

NONLINEAR DYNAMICS AND SYSTEMS THEORY, 25 (6) (2025) 631
Uz + %ua: + Uyy + Suy + f (.CL‘,y,U) = 0;

Uz + L0 + Vyy + Sv, + g (2,y,u) =0,

x>0, y>0, o>0, B >0, v >0, 0 >0,
(( )) ((C;U), uy(?o())):o(,)
u(0,y) = h(y)7, e (0,9) =0, (4)
(Oy)—k(y% vz (0,9) =0

This type of systems can model configurations such as double stars in gravitational
interaction or gaseous structures in hydrostatic equilibrium under the influence of several
components. Because of the spherical symmetry of the solutions of the Lane-Emden
equation, the second line of conditions (4) is not mentioned in general. These equations
generalize the Lane-Emden equation to a coupled two-field system in two dimensions,
which could describe: 1- Anisotropic self-gravitating fluids (e.g., accretion disks, gas
clouds); 2- Two interacting astrophysical components (e.g., a coupled gas-star system);
3- Modified gravity effects (e.g., alternative gravity models for stellar structures).

In this paper, we apply modified differential transform methods for solving this kind
of elliptic system problems, with singularities in both x and y, for obtaining exact solu-
tions, by using a new product and quotient properties of the MDTM proved in [2], which
implies a minimum of computation. We will obtain exact analytic solutions for these sys-
tem equation. Liliane Maia, Gabrielle Nornberg and Filomena Pacella in [3], introduce a
dynamical system approach for the second-order Lane—Emden type problems by defining
some new variables that allow us to transform the radial fully nonlinear Lane-Emden
equations into a quadratic dynamical system. For the one-dimension Lane-Emden equa-
tion, the original formal conservation of specific entropy along streamlines was given by
a PDE in function of t (time) and r (radius).

2 Definition and Properties of Modified Differential Transform Method
(MDTM)

We introduce the basic definitions of the modified differential transform method as fol-
lows.

Definition 2.1 The modified differential transform of u(x,y) with respect to the
variable y at yg is defined as

U(z,h) = ! (ahu(a: y)> ke N (5)
AT N ’

where u(z,y) is the original function and U(z, ) is the transformed function.

Definition 2.2 The modified inverse differential transform U(x,h) of u(x,y) is de-
fined as

o0

u(x,y) = Z U(x, h)(y — yO)h~ (6)

h=0
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Original functions Transformed functions

w(z,y) =au(z,y) £ Bv(z,y) | W(x,h)=aU(z,h)+ BV (z,h)

w (z, )—xy W (z,h) =2™6(h —n)
w(m,y) ™y u (z, y) W(m,h)—x"LU(az h—n)
w(z,y) =u(z,y)v (ﬂi,y) W (x,h) =330 o U(z,5)V (z,h —s)
w (z,y) = [u(z,y)]® W (z,h) = Zr 025 o Uz, h—7)U (x,s)U (x,1 — 5)
w(z,y) = a“éi; - W (x,h) = %0
w(a,y) = TeG0 W (a,) = Tz
w (z,y) = %gw W (z, h) = m+1)(xh+n
w(z,y) = iggﬂ W (z,h) = (h+1) (h+2) U (z,h + 2)

cau (@) U0 =0

w(@,y) = W, h) = { ay ) VAU (2, s+ )W (e, h—s—1), h>1

Table 1: Fundamental properties of the MDTM.

Then combining equations () and@ we write

0 h
o) =3 g (geen)  w-w )

h=

0), then (7) can be expressed as

y) =Y Ulz,h)y"
h=0

Some important properties of the MDTM used in this paper, are listed in Table

When (x,yo) is taken as (x,

3 Theorems and Corollaries

Theorem 3.1 (2] If w(z,y) = ugi;’; and V(z,0) # 0, then the modified differential
transform version is

U (z,0)
V(z,0)°

ifh=0,
W(z,h) =

U(z,h)— Zf o W(z,i)V (z,h— z)
V (z,0)

and V(x,0) # 0, then the modified differential

ifh>1.

Corollary 3.1 (2] If w(z,y) = ;‘(Tyy)
transform version is

z"d(n)
V(,0)

ifh=0,
Wz, h) =

™ 8(h—n) =" W (a,i)V (x,h—i)

S ifh>1.

Corollary 3.2 (2] If w(z,y) = m and V(x,0) # 0, then the modified differential
transform version is
V(als,o) if h=0,
W(z,h) =

— P W(a,i)V (z,h—i)
V(x,0)

ifh>1.
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Theorem 3.2 (9] If w(z,y) = “S;f;{} and (z,y) # (0,0), then the modified differen-

tial transform version of w(x,y) is
Uz, h
Wz, h) = M

xm

Corollary 3.3 [2] If w(z,y) = @, x # 0, then the modified differential transform

Version 18 Ule.h
Wz, h) = %

Corollary 3.4 [9] If w(z,y) = %, y # 0, then the modified differential transform
Version s

W(xz,h) =U(xz,h+1).

4 Main Result and Description of Method

The classical Lane-Emden equation describes the structure of a self-gravitating, spheri-
cally symmetric polytropic gas cloud:

1d [ ,doN | .

where 6(r) represents a dimensionless density profile, and n is the polytropic index. We
will solve the following system of two equations:

Ugg + %ux + Uyy + guy + f (m,y,v) =0,
(8)

Vg + 205 + Vyy + Svy + g (2,y,u) =0,

x>0, y >0, o> 0, 8 >0, v >0, 6 >0,
u(z,0)=h(z), uy(z,0)=0, v(x,0) =k (x), vy (2,0) = 0. (9)

In Table [2], we compare the physical meaning of some variables in the classical Lane-
Emden equation and the variables in our system of equations.
The following theorem constitutes the main result of this paper.

Theorem 4.1 The Lane-Emden system of equations given by , subject to the ini-
tial conditions @[), can be effectively solved using the Modified Differential Transform
Method (MDTM), yielding exact symmetric solutions.

Proof: From Table[[]and Corollaries the modified differential transform version
of is

OUh) | QUM 4 (h 4 4 1) (h+2)U (2,h+2) + F (x,h) =0,

OVeh) o 2 0VEEh) 4 (4 g4 1) (h+2)V (2,h+2) + G (x,h) =0,
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Feature Classical Lane-Emden | Our System
Dimension 1D (radial r) 2D (z,y)
Symmetry Spherical Possibly cylindrical or more
general
Nonlinear source | 0" flz,y,v),9(x,y,u) (self-
term interacting fields or relativis-

tic corrections)

Number of equations

Single equation

Coupled system

Physical meaning

Polytropic stars

Two-component fluid, modi-
fied gravity, or plasma model

Table 2: Comparison of Classical Lane-Emden system and our System.

where F (z,h) and G (z

of f (z,y,v) and g (z,y
are

,h) are, respectively, the modified differential transform version
,v). Also, the modified MDTM versions of initial conditions @

U (x,0) = H(x), U(x,1)=0, V(z,0) = K(x), V(x,1) =0.
Then
- *U(z,h) | o OU(m,h
U(@,h+2) = gagr s Tipt) 4 o SO 4 (o h)}
— 92V (z, 8 T
Vi(z,h+2) = (h+9+11)(h+2) ‘ga(v ) 4 i V( h) +G (z, h)}
— 82U (z, o~ OU (z,
oo | U@ =t | TE S 20 4 (0, 0)
or i =0: _1 [V L 10V | o
14 (LC,?) 200+1) 7 + = 9z + ($,0) .
For h =1:
U(III73> — 3(B_+12 ) |:8 U(w 1) + o BU(ac 1) +F(.’E 1):|
V(z,3) = 3(9;12 ) [a Va(; SO 73\/(11 4G (x, )] .
For h = 2:
U(z,4) = gy | 2552 + 2282 4 F (2,2)]
V(2,4) = gy | 2552 + 220 4 G (2,2)]
For h = 3:
2
U(2,5) = sz [3 Ded) 4 «0UE3) | (g, 3)]
V (z,5) = 5(9;14 ) [8 Va(; 3) 4 'yBV(z 3) —|—G(a: 3)} .
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After computing the first terms U (z, h), we obtain the series solution

oo

u(z,y) = Z Uz, h)y".

h=0
5 Applications
Example 1. Consider the system of equations
Upg + 2y + Uyy + Suy + 67 =0,
Vpe + %vm + Vyy + %vy — 14u =0,

1
u(z,0)=— Uy (2,0) =0, v (z,0) = 2lnx, vy (2,0) =

x2’
with exact solutions

1

2 @y =In(z® + ).

u(z,y) =

635

2 3
The terms —u, and —u, suggest a formulation in cylindrical or spherical coordinates,
x

commonly used for modeling a stellar structure or gravitational equilibrium in astrophys-

ical settings.

The term 6e~2Y suggests a nonlinear source term, which could represent an energy

density or a self-interaction potential, as in plasma physics or cosmology.

The coupling between u and v in the equations suggests an interaction between two
physical fields, possibly related to density-pressure relations in a self-gravitating system.
From Table|l|and Corollaries the modified differential transform version of

1S
PUlg) o 200 4 (4 4) (h+ Q) U (3, h +2) + 6F (z,h) = 0,

0x? x

T 2OV 4 (h15) (h+2) V (2,h+2) = 14U (2,h) =0,

z Oz

where F (x,h) is the modified differential transform version of e =2V (Table 1), such as

=2V (@,0) —

L h=0,
F(‘rﬂh):

—222;&5';1V(a?,s+1)F(x,h—s—1), h>1.

Also, the modified MDTM versions of initial conditions are

1
U(z,0) = —, U(z,1)=0, V (z,0) = 2inz, V(zx,1)=0.
x
Then )
U, h+2) = Gy [6 g;:?h) + 290N 4 6P (a, h)} ;

_ 8%V (z,h VvV (z,h
V(2 h+2) = gy | gt + 2255 — 14U (a,m).
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82U (2,0 oU (z,0
[ 2050 4 2200 1 6 (z,0)]

oo‘I
AR

=T [=+iF+a]=%7
For h = 0:

V(2,2) = 3 [ 2450 + 22920 14y (3,0)]

xZ

For h=1: (F(z,1) = =2V (z,1) F (z,0) = 0)

U,3) = 32 [ 2550 + 22950 — v (2,1) F (2,0)] =0,

V(2,3) = 7 [2550 4 2 140 (2,1)] = 0.

For h = 2:
Uw4) = 3¢ | Z5E2 + 220052 +6F (2,2)]
=@ riE-Rl=
V (0,4) = 51 [a V(a2) | 30V (5572)} ,
= w2 F+u] = =
For h = 3:
U(w,5) = 54 | Z5%2 + 220 +6F(w 3)] =o.
v 3 [P 11 s] o
For h = 4:

U(ZE 6) 7§ |:3 U(:L’4)+28U(134)_|_6F( ) :;1%83
V (z, 6)—_1 [a V(zd) | 30V(zd) — 14U (z, 4) :3%.

54 Ox? x Oz
Then by substituting the quantities U (x,h), V (z,h) in (7), we get the series solutions
1 AN ANN A
= 5 (- -
u(@,y) x? ( x * x x
@y =2ma+ () =29+ 1 ()

VDY) = ane T 2\z 3 \z

And the exact solutions are

1

U(x,y)zm,

v(z,y) =In (x2 + yz)
on the region z > y.

By applying the symmetric conditions of

u(0,9) = o5, 1z (0,y) = 0,v(0,y) = 2Iny, v, (0,y) = 0,

we obtain the series solutions
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u(x,y>;2(1(;)2+ (;)4(;)6...)

2 4 6
v (z,y) = 2ny + (%) -3 (%) +3 (5)
which converge to the same exact solutions on the region x < y.

Example 2. Consider the system of equations

gy + 3Us + Uyy + Uy — 24071 =0,

(12)
Vge + 20z + vy + Svy +6u”! =0,
4 1
u(xz,0) = 2%, uy (2,0) =0, v(z,0) = —, vy (2,0) =0 (13)
- 1
with exact solutions
_ 2 212 _ 1
u(;my)—(m +y)a ’U(xay>_$2+y2

This system could model two interdependent physical quantities evolving under nonlinear
interactions and spatial symmetries possibly within a self-gravitating system, plasma
configuration, or cosmological model. The presence of the terms +6u~! , —24v~! in the
equations indicates a nonlinear coupling between two functions v and v. Physically, this
might correspond to the interactions between two fields such as pressure and density, or
temperature and concentration in self-regulating systems like stars or gases under gravity.

From Table [I] and Corollaries the modified differential transform version of

@ s

PUleh) | 10U o (4 2)2 (3, h + 2) — 24F (x,h) = 0,

FViah) | 20V | (4 4) (h+2)V (2, h+2) + 6G (z,h) = 0.

x

where F (z,h) and G (z,h) are the modified differential transform versions of
-1 -1

vt u™!, respectively, such as (from Corollary [3.2))
1 _
T = & h =0,
FED=Y o reoveny
=D i i x,h—1i
N (2.0) ’ h=1.
11 _
Ule,0) — =40 h =0,
Gt = S Gl U hi)
X0 R— h=1
Also, the MDTM versions of initial conditions (13| are
1
U (x,0) = 2%, U(z,1) =0, V(x,O):ﬁ, V(z,1) =0.
Then i
_ 8%U (z,h oU (m,h
U,k +2) = gk [ 25520 1 1200 _o4p (4, )]

— 8%V (z,h oV (z,h
V(z,h+2) = Gt { Vinh) | 28V(h) | gg (x,h)].



638 M. LAIB AND N. TEYAR

_1 [8%U U
U(2,2) = 3 | 2550 + 12000 — 24F (2,0)]
= 2 [122% + 1423 — 2427] = 222,
For h = 0:

U(2,3) = 5t | LYl | 1906 _yyp (g, 1)] =,
V(2,3) = 54 | LYl | 20V@D) | 6 (,1)] =0,
For h = 2:
U(n4) = 33 |5 + 18 —uF (@,2)]
F 4+ Lac—24] =1,
V(x,4) = 51 [3 V(za)  20V(®2) 4 6q (g, 2)}
—1 12 24 1
ﬁ[ a:'z" Q:G]:24:1:6:F'
For h = 3: ,
U(z,5) = o | 298 | 10U@S _o4p (z,3)| =0,
2
V(2,5) = 35 | 2558 4 22V@3) | 66 (2,3)] =0.
For h = 4:
U(x,6) = 52 | LYled) 4 100G 24F(:1:,4)} -
V(2,6) = 72 |2 g};"*) + gavgg@ +6G (z,4)] = 3.

Then by substituting the quantities U (z, h) in (7), we get the exact solution

w(z,y) = o'+ 20%% +y* = (2% + %)’

and the series solution

The exact solution is

(2.9) = -
v(z,y) = ———

on the region x > y.

By appling the symmetric conditions of (13)

u(0,y) =y', us(0,y)=0, v (0y) =%

el Vg (Oa y) =0,
we obtain the series solutions
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. 2 4 6
=3 (- + (- ()"
which converge to the same exact solutions on the region z < y.

Example 3. Consider the system of equations
um—i—%ugﬁ—&—uyy—i—ﬁuy— % =0,
Vgo + %vx + Vyy + %vy —24e* =0,
u(x,0) =2lnz, wu,(z,0)=0, v (z,0) =z, vy (2,0) =0 (15)
with exact solutions
u(e,y) =@ +y7), v(zy) =6 +y)"

From Table[1|and Corollaries the modified differential transform version of
is

{ TOGR 4 38R + (1 5) (b + DU (2,5 +2) = F (1) =0,

PV’ TV | (4 22V (a,h+2)  24G (a, h) = O,

where F (z,h), G (x,h) are the modified differential transform versions of

1
— and e, respectivel such as
Jo p Y,
eU(;E,O) = 2 ; h = 0,

G (z,h) =
S (5,54 1) G, h—s—1), h>1.

Also, the MDTM versions of initial conditions are

U (z,0) = 2In, U(z,1) =0, V (x,0) = 2*, V(z,1)=0.
Then
Uz, h+2) = grstiry [ = Fapt) 4 20U 14F (a h)} :
V (@, h+2) = Gk [8 Vieh) | 1 ‘W(”” B — 240G (z, h)]

For h = 0, we have

1{8° 1 1 1

U,2) = 7 2952 + 32520 — 14F (2,0)]

So,

V(2,2) = —1 {0 V(@0) | 1ava(wo) 24G(x,0)} 7

’I'

— =1 (1202 + 1403 — 2427] = 82% — 952,
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For h = 1, we have

Fla1) = = (a <1>> _ —1<5”($79) ! )
y 1! 8y U(gg’y) =0 2 8y 'U(x,y)m y=0
0

-1
- VY e

G(z,1)=U(z,1)G (z,0) = 0.

So,
U(2,3) = 12 206D | 300D _ yp (g 1)] =0,
V(2,3) = 5t [ZVeD) L 1V@D _ 9y (2,1)] = 0.

For h = 2, we have

ren = a(ip (), - 3 G (o),

- F(EELeew S ve )

G(a;,2):nglU(a:,sH)G(a;J—s): %U(x,l)G(a:,l)+U(x,2)G(;c,O)

s=0
_ 2 _
So,
Uz, 4) = 52 [ 2552 + 22902 — 14p (2,2)]
=3 [z 2.3 + 3]
- Q;%U
2
V(2,4) = 7 [ 2552 + 1222 246 (2,2)],
=T3[4+ tdr—24] =1.
For h = 3: ,
U(z,5) = 52 [29@8) | 3003 14p (z,3)| =0,
2
V(x,5) = 55 | 2553 4 1OV 946G (2,3)| =0
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For h = 4:
2
Ua,6) = 53 |25t + 22020 —14F (2, 4)] = ok,
—1 [8*V(z,4 OV (z,4
V(2,6) = 7 [ 2564 1 12900 _ 946 (5,4)] = 0.

Then by substituting the quantities U (z, h) in (7), we get the exact solution
v(z,y) =2 + 2072 + ¢t = (22 +4?)°

and the series solution

u(z,y) = 2nx + (g>2 _ 1(%)4 +

the exact solution is
u(z,y) = In(z” +y?)

on the region z > y.
By applying the symmetric conditions of
u(0,y) =2ny, u,(0,9)=0,  v(0,y) =y v, (0,y) =0,
we obtain the series sglutions . .
w(ey)=2ny+ (2) =3 (2) +4(2) -

which converge to the same exact solutions on the region z < y.

6 Conclusion

In this study, we are the first to introduce the two-dimensional Lane-Emden system
equations and to derive exact analytical solutions without resorting to linearization, dis-
cretization, or perturbation techniques. By successfully applying the Modified Differen-
tial Transformation Method (MDTM) to these nonlinear forms, we obtain highly accurate
solutions with significantly reduced computational effort. This approach leverages novel
product and quotient properties specific to various differential transform methods, which
we previously established in another paper.

References

[1] A.M. Wazwaz, R.Rach and J.S. Duan. Solving the two-dimensional Lane-Emden type
equations by the Adomian decomposition method. J. Appl. Math. Stat. 3 (2016) 15-26.

[2] N. Teyar. Properties of MDTM and RDTM for Nonlinear Two-Dimensional Lane-Emden
Equations. Nonlinear Dynamics and Systems Theory 24 (3) (2024) 309-320.

[3] L. Maia, G. Nornberge and F. Pacella. A Dynamical System Approach for Lane—Emden
Type Problems. Rio de Janeiro: IMPA, 2021, Brazil.

[4] R. Abazari and M. Abazari. Numerical study of Burgers—Huxley equations via reduced
differential transform method. Comp. Appl. Math. 32 (1) (2013) 1-17.

[5] X. Bao and Y. Chan. An application of nonlinear integro-differential equations by differ-
ential transform method with Adomian polynomials. International Journal of Dynamical
Systems and Differential Equations 12 (6) (2022) 467—476.

[6] M.J. Jang, C.L. Chen and Y.C. Liu. Two-dimensional differential transform for partial
differential equations. Appl. Math. Comput. 121 (2001) 261-270.



642
(7]
(8]

(9]
[10]

[11]

[12]

M. LAIB AND N. TEYAR

O. Figen Kangalgil and F. Ayaz. Solitary wave solutions for the KdV and mKdV equations
by differential transform method. Chaos Solitons Fractals 41 (2009) 464-472.

B. Ibis and M. Bayram. Approximate solutions for some nonlinear evolutions equations
by using the reduced differential transform method. Int. J. Appl. Math. Res. 1 (3) (2012)
288-302.

A.S.V.R. Kanth and K.Aruna. Comparison of two Dimensional DTM and PDTM for solving
Time-Dependent Emden-Fowler Type Equations. Int. J. Nonlinear Sci. 2012 (13) 228-239.

Y. Keskin and G. Oturanc. Reduced differential transform method for generalized KdV
equations. Math. Comput. Appl. 15 (3) (2010) 382-393

A. M. Al-Rozbayani and A. F. Qasim. Modified a-Parameterized Differential Transform
Method for Solving Nonlinear Generalized Gardner Equation. Journal of Applied Mathe-
matics (2023) Article ID 3339655.

A. Saravanan and N. Magesh. A comparison between the reduced differential transform
method and the Adomian decomposition method for the Newell-Whitehead—Segel equation.
J. Egyptian Math. Soc. 21 (3) (2013) 259-265.



	Introduction of Lane-Emden System Equations
	Definition and Properties of Modified Differential Transform Method (MDTM)
	Theorems and Corollaries
	Main Result and Description of Method
	Applications
	Conclusion

