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Abstract: Noether symmetries and first integrals of a class of two-dimensional systems of second
order ordinary differential equations (ODEs) are investigated using real and complex methods.
We show that first integrals of systems of two second order ODEs derived by the complex Noether
approach cannot be obtained by the real methods. Furthermore, it is proved that a complex method
can be extended to larger systems and higher order.
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1. Introduction

Lie developed a symmetry method for solving differential equations (DEs) [1-4]. Noether [5]
used these methods to prove that, for DEs obtained from a variational principle, for each symmetry
generator there is a corresponding invariant, first integral. These symmetries are called Noether and,
if they exist, then Noether’s theorem readily provides the associated first integrals. Since they provide
a double reduction of the order of the equation, and a sufficient number can actually be used to
solve the equation, it is worthwhile to obtain them. Furthermore, they are useful for studying the
physical aspects of the dynamical systems, like time translational symmetry gives energy conservation,
spatial translation provides momentum conservation and rotational symmetry implies conservation of
angular momentum. For a scalar ODE, the corresponding Lagrangian has a five-dimensional maximal
Noether symmetry algebra, as guaranteed by a theorem [6], and all the lower dimensions (obviously
except 4).

Though Lie methods involved complex functions of complex variables, they did not make explicit
use of the Cauchy-Riemann (CR) equations. These conditions provide an auxiliary system of DEs
satisfied by the corresponding system of DEs obtained by splitting the complex functions of the scalar
or systems of DEs into the two real ones. One obtains either a system of partial differential equations
(PDEs), if the independent variable is complex or a system of ODEs if it is real. The explicit use of
complex functions of complex or real variables is demonstrated in [7-10] where solvability of systems
of DEs is achieved through Noether symmetries and corresponding first integrals. Furthermore,
by employing complex symmetry procedures: the energy stored in the field of a coupled harmonic
oscillator was studied in [11] and linearizability of systems of two second order ODEs was addressed
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in [12,13]. The complex procedure, indeed, has been extended to higher dimensional systems of second
order ODEs [14] and two-dimensional, systems of third order ODEs [15].

In this paper, we extend the use of complex symmetry methods further to obtain invariants of
systems of ODEs and demonstrate that we can obtain new invariants not obtainable by the usual,
non-complex, methods. The new invariants for systems arise due to complex Lagrangians and first
integrals of the base ODEs involving complex dependent functions of the real independent variables.
Complex symmetries have already been used to construct first integrals through Noether symmetries
and derive invariants for two-dimensional, systems of second order ODEs [8-10]. We first compare the
usual (real) and complex Noether approaches developed to derive first integrals for systems of two
second order ODEs. We find that the latter yields more first integrals than the former for these systems.
The first integrals derived using a complex procedure also satisfy the conditions of the real Noether’s
theorem that exists for systems of ODEs. Next, we prove that Lagrangians and corresponding first
integrals of the complex scalar ODEs will always split into two real Lagrangians and first integrals
for the corresponding system of two equations. For this purpose, we use the CR-equations, which are
satisfied by the Lagrangians and first integrals provided by the complex procedure. Furthermore,
we show that the complex Noether symmetries do not, in general, split into two Noether symmetries
of the corresponding systems. The thrust is not to find directly applicable invariants, which could
turn up but to demonstrate how a complex method can provide new invariants and insights into
Noether symmetries and first integrals. This work also suggests that the class of systems presented
here should, indeed, be singled out when classifying systems of ODEs on the basis of their Noether
symmetries and first integrals as it may not follow the classifications presented by employing real
symmetry methods. Theorems and their proofs in the later part of this paper show that the method
adopted here can trivially be extended to higher dimensions and order of ODEs.

The plan of the paper is as follows: the next section gives the procedures to derive Noether
symmetries, operators and corresponding first integrals for systems of two second order ODEs. In the
third section, we obtain Noether symmetries and first integrals for two-dimensional, systems of second
order ODEs using a real symmetry method. In the subsequent section, first integrals for these systems
are derived by employing complex procedures. We end with a concluding section, which also gives
the proofs of the claims given in the previous section.

2. Preliminaries
For a system of two coupled (in general) nonlinear ODEs

/!

' =8S1(x,y,2,y,7), z

1

=S(xyzYy,7), )
where prime denotes derivative with respect to x, and the point symmetry generator is
X = ¢(x,y,2)9x + m(x,y,2)0y +12(x, y,2)0z, )

where ¢, 171, and 1, are the functions that appear in the infinitesimal coordinate transformations of the
dependent and independent variables, d, = 9/9dx, etc. The first extension of X is

d d d d
1 _ I , “ a4 ,
X X+ <dx771 y d}(@) ay + (dxﬂz z dx{:) 9y, 3)

where d/dx = 9y +y'0, + 20, + - --. If system (1) admits a Lagrangian L(x,y,z,y/,2'), then it is
equivalent to the Euler-Lagrange equations

d (oL oL d (oL oL
dx(ay,)—ay_o, w(az)‘az—o' @)
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The vector field (2) is called a Noether symmetry generator corresponding to the Lagrangian
L(x,y,z,y,2") for system (1) if there exists a gauge function B(x,y,z), such that

XU(L) + D)L = D(B), (5)
where D is the total differentiation operator defined by
D=0x+ydy+20.+y"0, +2"0 +---. (6)

Theorem 1. If X is a Noether point symmetry generator corresponding to a Lagrangian L(x,vy,z,y',z") of (1),
then the corresponding first integral is:

I'=¢L+ (n —Cy’)gyL,Jr(ﬂz—&’)s; - B. )

For a first integral I, of system (1), the following equations
xWr=o, (8)
DI =0, ©

where X!, and D, given in (3) and (6), are satisfied identically. Though the construction of the
variational form of (1) along with Noether symmetries to determine the conserved quantities is
nontrivial, the complex method converts a class of systems (1) into variational form trivially [8,10,11],
which is obtainable from a single (base) scalar complex equation u” = S(x,u, u"). This class is derived
by considering u(x) = y(x) +1z(x), and S(x,u,u") = S1(x,y,2z,y',2') + 1S2(x,y,2,Y/,2"). Such system
admits a pair of Lagrangians L1 (x,y,z,/,z") and Ly(x,y,z,1/,z") as the Lagrangian L(x, u,u’), of the
complex base equation also involves the complex function u(x) and its derivative, hence L = L1 + (L;.
With these assumptions, (1) can be obtained from

oLy dL, d (8L1 E)Lz) - oL, dL; d <8L2 aLl) —0

oy ez dx\ay o Tz dx\ay o

9y 0z dx (19

These are obtained by splitting the complex Euler-Lagrange equation of the scalar complex
second order ODEs. They are different from (4); however, in the later part of this work, their reduction
to (4) is done. The operators

(1)
Y = 895 + (120 — 9z + 139 — 1770)

are said to be Noether operators corresponding to L1(x,y,z,,2') and Ly(x,y,z,1/,2") of (1), if there
exist gauge functions By (x,y,z), and By (x,y,z), such that

XMLy =YWL, + (Dg1)Ly — (D&)Ly = DBy, (12)
XU, +YWLy + (D) Ly + (DE2)Ly = DB,.

Theorem 2. If X!/ and YU are Noether operators corresponding to the Lagrangians L1(x,y,z,y',z') and
La(x,y,2,y,2") of (1), then the first integrals for (1) are

L=&L—&L+im—va +Z’§2)(3§} +22)

(13)
— 3 —y&—78) (5% — ) — By,



Symmetry 2019, 11, 1180 40f12

L=_¢&Ly+&L+i(m -y +Z'§2)(%? -9

5 3 (14)
+ i -y - Z’Cl)(TI;} + #) — B,.
Theorem 3. The first integrals Iy and I, associated with the Noether operators X! and v, satisfy
xUpy -yl =0, xUp+yWE =o, (15)
and
D1ly — D2l =0, D1l + Dyl =0, (16)

where Dy = dx + 3(y'9y + 292 + "9y + 20 + - --), Dy = dx + 3(2/9y —y'9 + 29—y + - --).

3. Noether Symmetries and Corresponding First Integrals

In this section, we reconsider a class of two-dimensional, systems of second order ODEs that is
solved using complex methods [13]. There it was shown that, for this class of systems, dimensions
of the Lie point symmetry algebra remain less than 5, while the base complex equations in most of
the cases possess an eight-dimensional Lie and a five-dimensional Noether algebra. This will help us
here in showing that the number of first integrals for such systems using the real Noether approach
remains less than that generated through the complex procedures. This class of systems of two second
order cubically semi-linear ODEs reads as:

y// — Aloy/?’ _ 3A20y/22/ _ 3A10y/z/2 + AZOZ,S + Bloy/z _ 2320]//2/ _ BlOZ/Z + Cl()y/ _ CZOZ/ 4 DlO/

17
7 = AZOy/3 —+ 3A10y/22/ — 3A20y/z/2 — A102/3 + Bzoy/z + ZBloy/Z/ — BZOZ/2 + Czoyl + Cl()Z/ =+ Dzo, ( )

where Aj, Bjo, Cjo, Djo, (j = 1,2), are analytic functions of x, y, and z. In order to apply the complex
Noether approach, we establish correspondence of the above system with the complex scalar second
order ODE

u" = Ag(x, u)u”® + By(x, u)u'? + Co(x,u)u’ 4+ Do(x,u), (18)
by considering y(x) 4 1z(x) = u(x), A1 + Az = Ao, B1o + tBag = By, C19 + 1Cop = Cp, and Dy + tDag = Dy.
Example 1. The system of two second order quadratically semi-linear ODEs

"

v =x(y?—2?), 2" =2xy7 (19)

admits a three-dimensional Lie algebra spanned by the following symmetry generators

X1 = ay, X, =0;, X3=—x0yx+ yay + 20, (20)
and the Lagrangians
2.,/ 2./
Li=x+ x2y + % In(y?—2?), L= % + arctan(z’,y/). (21)

These Lagrangians yield the first integrals
1, v b4
= T yZ+ 272 L= T2 4z (22)

corresponding to Xy, and X;.
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Example 2. For the system of two second order semi-linear ODEs,

"

y' = =3yy' +3z2/ — > +3y2%, 2 = -3y’ —3zy -3’z +2°, (23)

there are two Lagrangians

3y’ + 3y* — 322 37z +6yz
Ll = ’ LZ = ’ (24)
(By' + 3y? — 322)2 + (3z' + 6yz)? (By" + 3y? — 322)2 + (32 + 6yz)?
coming from the base complex equation
u" = =3uu’ —ud, (25)
and its Lagrangian L = m System (23) has three Lie point symmetries
22
Xy =0y, Xp = x0x —ydy —20;, X3 = 78,( + (1 — xy)dy — xz0.. (26)
Only one first integral for (23), corresponding to Xy, exists
L= {0+ (@ + 4y )yt + 822 + (5% — 8y'2% — 2+ 32%)y — 82(2° — 1y )y 27)
_26 + 4Z4y/ (5y/2 + 3212)2 + zyl 2 + 2y/3},
where
= (Yt + 222 + 2y )y +4yz2 +y? + 2t -2y 4+ 22) (28)
Example 3. For the system of two second order cubically semi-linear ODEs
y// 3]// /2 / _ 3]//2 / /3/ (29)
the Lagrangians are
yl Z/
L1 :2y+m, LZZZZ—W. (30)
The above system possesses four Lie point symmetries
X =0y, Xp = By, X3 =0,, Xy =2x0y +y8y + z0;. (31)

There are three gauge functions, By = Cy, By = 2x, B3 = Cy, for X;, Xo, and X3, respectively, for Ly. Similarly,
Ly generates By = C3, By = Cy4, B3 = 2x, with the same point symmetries as mentioned above. Thus, there is a
three-dimensional Noether algebra for (29) associated with Ly,

o 1 zy/z
II=2y+ /z+/z —Cu b=y — e 2% (32)
I = T C
3 (y2+272)? 2-
Similarly, for Ly, the first integrals are
2 !t
§=22— g5 =G, If = alp — Cu, (33)
13 /2+Z/2 + W — 2x.

Example 4. A nonlinear system of two second order cubically semi-linear ODEs

]/” _ azxy’3 _ 3oc2xy'z'2, S = 30(235]/22/ _ DCZXZIS, (34)
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where w is a constant and possesses the Lagrangians

/ !/

— 9,2 y _ 9,2 z
L1—20L xy—l—m, L2—206 xy—m (35)
The above system (34) has three Lie point symmetries
X1 = ay, Xz = Bz, X3 = xax. (36)

For X1, and X;, we obtain gauge functions with Ly, and Ly that are By = C1x2, By = Cy, and By = Cy, By = Cyx2,
respectively. Thus, two-dimensional Noether algebra is found to exist for (34) and the first integrals corresponding to Ly,

and Ly, are
1 2y/2 ’ 72]/2/
i = vZ1z2 (Y2 +222 Cix’, I3 = W2+ 2272 C2, (37)
and
2y'z -1 2272 5
i = Z+2272 G L= Y2+ 272 T Z+222 G’ (38)
respectively.
Example 5. The system of two second order cubically semi-linear ODEs
]/” _ [ny/?) _ 3aZyIZZ/ _ 306]/]/2’2 + OLZZIS,
3 2 2 a3 (39)
7" = azy® + 3ayy"?z’ — 3azy'z"* — ayz’
has the Lagrangians
2 2 Y Z
Ly =ay” —az” + Y Ly =2ayz — VI (40)
where w is a constant. This system admits a two-dimensional Lie point symmetry algebra
X; =9y, Xp = 3x0yx +Yydy +20;. (41)

The gauge term for Xy, with both L1, Ly, is B = Cy. Thus, there is a one-dimensional Noether algebra that provides
the following first integrals

2’
I{ :(x(yz—z2)+y,2712,2 —Cl, (42)

2/
I;:Zayz—y,zﬁ—q.

Example 6. The system of two second order cubically semi-linear ODEs

v = xyy’® — 3xzy?2’ — 3xyy'z? + xz2"3, 4
72 = xz 3 120 /02 3 ( 3)
= xzy"” +3xyy <z’ —3xzy'z xyz
has two Lagrangians
2 2 Y Z
Ly =xy” —xz +y’2+z’2' L2:2xyz—y/2+z/2, (44)

and one Lie point symmetry

X1 = Xax . (45)
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There is no gauge function corresponding to Xy, for Ly, or Ly, which implies that there is a 0-dimensional Noether
algebra. Hence, no first integral exists by a real method.

4. Noether Operators and Corresponding First Integrals

In this section, we obtain first integrals for all systems considered in the previous section,
by employing complex Noether procedure.

Example 7. By considering y(x) + iz(x) = u(x), system (19) corresponds to a scalar ODE
u" = xu'?, (46)

which has only one symmetry Zy = 9. A complex Lagrangian, L = x + # + Inu', is admitted by (46), yielding the
first integral

L=2%+-=. (47)

1 2 ]// c z

2 + y/z 4z L= 7y/2 422 (48)

of system (19). Notice that both these first integrals are the same as those obtained earlier in (22) by the real method. It shows
an agreement between the complex and real Noether approaches.

Example 8. The base scalar ODE (25) has a five-dimensional Noether symmetry algebra spanned by

Z, =0y, Zp = udx —u’9y, Zz = xuax + (u? — xu?)o,,
Zy = (x — 319, + (2u — 3xu? + 8 )au, (49)

3 2

Zs = (5% — )0 + (1—2xu+3x2” - 2 )0,

The first integrals corresponding to the above Noether symmetries are

_2u'+u? _ u _ (—utxuP4axu’)?

L = 3(uZ )2’ L=x- P Iz = ( W2ty

I, = 1 (W +u?)x—u) 2+ (' +u?) x> —2xu) (50)
=3 Wz’ 2 ,

Is — 3(2—2xu+x2u®+x*u’)

5 — u2+ur .

Putting u(x) = y(x) + 1z(x), these complex first integrals split to provide the first integrals for the system (23)

[©— 1@/ +P=2)h+QF+%2)p e _ 1 (2242y2)i -2y 4y =)o
173 Ji+)3 273 Ji+13 !
£ = x — yh—2/s IC — yla—=z]3 J¢ — Ilstlzls o — Jelz—Isls
3 3+ 7 T4 B+ S JEHZ T 6T 2
€ =1 (19]10 ]11]12)]13+(]10]11+]9]12)]14 51
73 ] +1% ( )
€ =1 (]10]11+]9]12)]13 (]9]10 ]11]12)]14
83 Fis+Ti
+
I§ = 3]3]};_%]16, IS, = 3]3]16 ]4]15

5+
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where

J1 = —dyzz' — 6y%z2% + 2+t 4+ 297y — 222y +y? — 22,

Jo = dyzy' — 4yz® + 247 + 43z + 277 — 2227,

Js=y +y* -2,

Jo =72 +2yz,

J5 = —4x?yzz' + 2xzz' +y? — 22 + 6xyz® — 2xyy’ — 6x%y? 2% + 2x%y%y
~ 22222y 2xP a2yt 4 a2zt a2y - 222,

Jo = ]/4 + 44 yrz _ 6y222 _ 222y’ + 2]/2_1/, _ 4yzz’ _ Z'Z,

J7 = 2x2y'7 + 4x?y3z + 2x%y%2 — 2x22%7 — 4xPyz® — 2xzy' — 6xy?z
— 2xyz' +2yz + 2x23 + dxPyzy/,

Js = 43z + 2y?7" — 4yz® — 2227 +2y'7 + dyzy/,

Jo= (=22 +y)x—y,

Jio =2+ (y* =22 +y')x* = 2xy,

Jn=(2yz+2)x -z

Ji2 = (yz + 2 )x? — 2xz,

Ji3 = —6y222 — dyzz' +2y%y' — 222y +y'? — 22 + y* + 24,

Jia = —22%2" — 4yz® 4+ 2y%2' + 4Pz + dyzy' + 247,

Jis =2 = 2xy + 22(y* — 2°) + 2%/,

J16 = —2xz + 2x%yz + x%7/.

(52)

In the following examples, we show that a complex symmetry approach provides 10 first integrals
for systems of two second order ODEs. In particular, there is a system (43) that has a 0-dimensional
Noether symmetry algebra, but 10 first integrals are generated by Noether operators obtained by
complex methods.

Example 9. The base complex scalar ODE
u' =, (53)
for system (29) has the Lagrangian L = 2u + % For the five Lie point symmetries

Z, =0y, Zy =9y, Z3 = udy, Zy = (u® —2xu)dy —2u%d,, (54)
Z5 = (3u? — 2x)0y — 4ud,

of the ODE (53), the gauge terms found are By = C, By = 2x, B3 = 2x + u?, By = % —2xu? —2x2, Bs = 45,
respectively. The corresponding first integrals are

11:2u+§—c, 12:;—,%—296, 13:u2—2x+i—”,‘, (55)
2
Iy = 5o (U2 — 2x)u’ +2u)?, 15=2M3*4x“+(6uu+4x)+%'

2u’?

Splitting (54) into real and imaginary parts yields the 10 Noether operators that provide the following first integrals:

E=2y+ -2, —Cy, I§=22— 2. -G,
1 Y24z 2 Y24z
c ylziz/z c ZyIZ,
13:—2X—W’ 1/4 :/W, / /
+ —
=y -2 - ox 428t Igzz(yz+%), (56)

> =3yz2—2xy)y'+ (By*z—z>—2xz)7'
y/2+272

IS = y* + 2% — 6y%2% + 4x? — dx(y* — 22) + 4!

222 (y?—z?)+4yzy'Z
+ 4(y )g/2+z/2§2 e ’
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(By?z—z2—2xz)y’ — (y®—3yz>—2xy)zZ’

I§ = 4yz(y* — z%) — 8xyz + 4

y/2+zl2
2yz(y?=22) =202 —2)y'z
+ 4 2 2
(y tz ) (3 32 2)’—}—6 ! (/2 72)+2 . (57)
— 43 Y~ —ozm —2X)Y Toyzz yy—z zy z
15 =y - 3.1/2 - ny + ’22+z’2 . +2 /(2]//2_,_2212)2 ’
a2 6yzy' +(3z2—3y*+2x)z’ z(y"?—z"%)—2yy'Z
If() =3y°z— 2% —2xz + 2 (y/2+z/zy ) +2 v (y/er)Z/Z)zW
Example 10. System (34) is obtainable from a scalar second order complex ODE
u" = a®xu’. (58)

The Lagrangian associated with this equation is L = 2a®xu + % The following gauge functions

By = a®x?, B, = 2a®xusin(au) + 2ax cos(au), Bz = 2a%xu cos(au) — 2ax sin(au), (59)
By = a®x?(2au cos(2au) — sin(2au)), Bs = a®x?(2au sin(2au) + cos(2au)),
correspond to the respective Lie point symmetries
Z1 =9y, Zp =sin(au)dy, Zz = cos(au)dy, (60)
Z, = ax cos(2au)dy + sin(2au)dy,, Zs = axsin(2au)dy — cos(2au)0y.
Hence, there are five Noether symmetries and corresponding first integrals
L = _—1 — oczx2
_ sin(au)
I =2 (= —axcos(au) ),
=2 M + axsin(au) ), (61)
I = a2x2 sin(2au) — sm(Zau) +2zxxcos(2acu)’
Is = — 22 cos(szu) + cos(21xu) _._thxsm(Zacu).
The real and imaginary parts of (61) yield 10, first integrals for (34).
Example 11. The system (39) and Lagrangian (40) correspond to the complex scalar linearizable ODE
u" = auu'3, (62)

and Lagrangzan L = au? + L, which have the following gauge functions B; = C, By = 2x + %‘3, B3 = 55, By =

2,2,6 _
34

u’ 7
axud — 3x%,Bs = —3a2u’, for the following Lie point symmetries

Z1 =0y, Zp = udy, Zz = audy — 29,

63
Zy = (au* —3xu)oy — 3u?dy, Zs = (—5aud + 6x)dy + 12ud,,. (63)
Thus, there are five complex first integrals
L=au?+2/u'-C, I, = %(20@13 - 6x2) + %,
2 2,.1\2 33/ 43
(= (64

Is = —20%u5 + 6axu? — 200000 _qp

which split into 10 real first integrals for system (39).
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Example 12. System (43) is obtainable from the complex linearizable ODE

w” = xuu', (65)
with the Lagrangian L = xu?® + % It admits a five-dimensional Noether symmetry algebra, which yields 10 first integrals
for system (43). In the previous section, we showed that there is no Noether symmetry for system (43) by real methods,
but the complex method yields 10 first integrals.

5. Conclusions

In this paper, we demonstrated, by considering explicit examples that the complex methods
provide Noether invariants that do not appear by real methods. While the examples, in themselves,
do prove the point, one would like to understand why this should be the case. For this purpose,
we state and prove the following theorems that summarize our results and provide insight into how
the complex methods work and go beyond the real methods.

Theorem 4. The Lagrangian and associated first integrals of complex nth (n > 2) order ODEs with complex dependent and
real independent variable provide Lagrangians and first integrals, respectively, for corresponding two-dimensional systems of
n'" order ODEs.

Proof. We prove the result for n = 2, as its extension to higher orders is trivial. In this case, i.e., for a scalar second
order ODE, the Euler-Lagrange equation reads as % (%) - g—ﬁ = 0, which expands to

Lyy + ulLuu’ + u”Lu’u’ —-L,=0.

By considering u(x) = y(x) + 1z(x), L(x,u,u’) = L1(x,y,2z,¥,2') + 1L (x,y,2,9,Z'), in the above equation
and splitting it into the real and imaginary parts, one obtains

Z/

1 /
E (Ll,xy’ + Lz,xz’) + yZ(Ll,yy’ + LZ,y’z + L2,yz’ - Ll,zz’) - Z (LZ,yy’ - Ll,y’z - Ll,yz’ - LZ,ZZ’)

y// 2 1
JrZ(Ll,y’y’ + Lz,y’z’ + L2,y’z’ - Ll,z’z’) - Z(LZ,y’y’ - Ll,y’z’ - Ll,y’z’ - LZ,Z’Z’) - E(Ll,y + LZ,Z) =0,
1 / Z/
E (LZ,xy’ - Ll,xz’) + yZ(LZ,yy’ - Ll,y’z - Ll,yz’ - LZ,ZZ’) + Z (Ll,yy’ + LZ,y’z + LZ,yz’ - Ll,zz’)

1 "

+

z 1
Z(LZ,y’y’ - Ll,y’z’ - Ll,y’z’ - LZ,Z’Z’) + Z(Ll,y’y’ + LZ,y’z’ + LZ,y’z’ - Ll,z’z’) - E(LZ,]/ - Ll,z) =0.
Both of the above equations reduce to

Li/xyl —+ }/,Li,yy’ + Z/Li,y’z —+ y//Li,y’y’ + Z//Li,y’z’ — Li,y =0,
Li,xz’ =+ y/Ll',yz’ =+ Z/Li,zz’ + y//Ll',y’z’ —+ Z//Li,z’z’ — Li,z = 0,

fori = 1,2, by employing the CR-equations Ly, = Ly, L1, = —Lzy, L1,y = Lo, and Ly = —Ly,s. Notice
that these are Euler-Lagrange Equations (4) for two-dimensional systems of second order ODEs. Hence, the real
and imaginary parts L;, for i = 1,2, of a complex Lagrangian L(x, u, u") satisfy the Euler-Lagrange equations for
systems obtainable from complex scalar equations. In other words, the Euler-Lagrange Equations (10) become the
Euler-Lagrange Equations (4). A similar argument applies to first integrals I;, for i = 1,2, obtained for a system of
two second order ODEs from complex first integral I(x, u,u’), of a scalar second order complex equation which
satisfy DI =0, i.e.,

L4+u'l,+u'l,=0.
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Considering u(x) = y(x) +1(x), I(x,u,u') = L(x,y,2z,y,2") +1h(x,y,2,y,Z'), D = Dy + 1D,, and splitting
into the real and imaginary parts and employing CR-equations I, = b, L, = —Ly Ly = b2,
Il,z’ = 712’y/, yields

L+ Ly +2 T, +y Ty +2"T, =0, i=1,2

This is exactly the criterion whose first integrals of a system of two second order ODEs satisfy DI} = DI, =0,
where D is the derivative operator for such systems given in (6). O

The above result is extendable to higher dimensional systems of ODEs of order more than two as
the CR-equations and their derivatives establish a connection between Lagrangians and first integrals
of the complex base equations and the corresponding systems. Therefore, for those systems (of nth
order ODEs) that correspond to complex DEs (of the same order), their Lagrangians and first integrals
are obtainable from the complex Lagrangian and first integrals of the base equations.

The base complex equations in Examples (2)-(6) and (8)—(12) admit an eight-dimensional Lie and
five-dimensional Noether symmetry algebras. It implies that there exist five first integrals for these
scalar equations, which, when considered complex, convert into ten first integrals (as guaranteed by
above theorem) of the corresponding two-dimensional systems of second order ODEs. Based on these
observations, we can state the following result.

Corollary 1. For two-dimensional systems of second order ODEs with symmetry algebras of dimension d, (d < 5) that are
obtainable from complex linearizable scalar ODEs, a complex Noether approach provides more first integrals than the real
symmetry method.

Theorem 5. The real and imaginary parts of the complex Noether symmetries of the complex scalar second order ODEs are
not necessarily the Noether symmetries of the corresponding two-dimensional systems of second order ODEs.

Proof. A complex first integral I(x, u, u’) satisfies the invariance criterion Z['/I = 0, where
ZW = 2o, 4+ 43y + 10w

is the first extension of the Noether symmetry of a second order complex ODE. Splitting it into the real and
imaginary parts leads to two invariance conditions (15) that expand to

1
G1lix — Galox + E{Ul(ll,y +hz) - 772(12,y —h.)+ Ui(ll,y’ +Ipy) — Ué(IZ,y’ — )} =0,

1
C1lhx + 82l x + E{Wl(lz,y — L) +m2(liy+ D)+ 11y — L) +na(hy + b))} =0,

respectively, where X, and YV, are the operators given in (11). Applying the CR-equations on Ij, and I,
the above equations become

Sy — b+ by + iz + 01y + il =0,
Silox +8alix + 1oy + 12l + 1Ly + 120l =0,

while the real invariance criterion for systems reads as X I; =0, for i = 1,2, which yields two equations

Ehx+mly +mlz+ iy +mhy =0,
Ehx +mby + 1l + 11k + 13k = 0.

A comparison of these equations with the previous two implies that the real and imaginary parts of a complex
Noether symmetry of the base scalar equation split into two Noether symmetries for the corresponding system of
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ODEs only if §; = 0, which implies that, if the infinitesimal coordinate ¢, of a complex Noether symmetry is a
function of both the real independent variable x, and the complex dependent variable u(x), then it does not split
into Noether symmetries for the corresponding system. [

Author Contributions: Conceptualization, M.S. and A.Q.; methodology, M.S. and A.Q.; software, M.S.; validation,
M.U.E; formal analysis, M.U.F. and M.S.; investigation, M.S. and M.U.E,; resources, M.S.; writing—original draft
preparation, M.S. and A.Q.; review and editing, A.Q.; supervision, A.Q.

Funding: This research received no external funding.

Acknowledgments: We thank the anonymous referees for their useful suggestions, which helped with refining
the results and presentation of the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lie, S. Klassifikation und integration von gewohnlichen differentialgleichungen zwischen x, y, die eine
gruppe von transformationen gestatten I, II, IT and IV. Archiv. Math. 1883, 8, 187224, 249-288, 371-458.

2. Lie, S. Uber differentialinvarianten. Math. Ann. 1884, 24, 537. [CrossRef]

3. Lie, S. Theorie der Transformationsgruppen I, 11 and I1I, Teubner, Leipzig, 1888; Chelsea Publishing Company:
New York, NY, USA, 1970

4. Ibragimov, N.H. Elementary Lie Group Analysis and Ordinary Differential Equations; Wiley: New York, NY,
USA, 1999.

5. Noether, E. Invariante Variations probleme. Nachrichten Der Akadmie Der Wiss. Gottingen, -Mathemtisch-Phys.
Klasse 1918, 2, 235-237.

6.  Ibragimov, N.H. CRC Handbook of Lie Group Analysis of Differential Equations, 1, 2, 3; CRC Press: Boca Raton,
FL, USA, 1994-1996.

7.  Ali, S. Complex Lie Symmetries for Differential Equations. Ph.D. Thesis, National University of Sciences and
Technology, Islamabad, Pakistan, 2009.

8.  Ali, S.; Mahomed, EM.; Qadir, A. Complex Lie symmetries for variational problems. J. Nonlinear Math. Phys.
2008, 15, 25-35. [CrossRef]

9. Ali, S.; Mahomed, FM.; Qadir, A. Complex Lie symmetries for Scalar Second order ordinary differential
equations. Nonlinear Anal. Real World Appl. 2009, 10, 3335-3344. [CrossRef]

10. Farooq, M.U.; Ali, S.; Mahomed, M. Two dimensional systems that arise from the Noether classification of
Lagrangian on the line. Appl. Math. Comput. 2011, 217, 6959-6973. [CrossRef]

11. Farooq, M.U.; Ali, S.; Qadir, A. Invariants of two-dimensional systems via complex Lagrangians with
applications. Commun. Nonlinear Sci. Numer. Simul. 2011, 16, 1804-1810. [CrossRef]

12.  Safdar, M.; Qadir, A.; Ali, S. Linearizability of systems of ordinary differential equations obtained by complex
symmetry analysis. Math. Probl. Eng. 2011, 2011, 171834. [CrossRef]

13. Ali, S.; Safdar, M.; Qadir, A. Linearization from complex Lie point transformations. J. Appl. Math. 2014, 2014,
793247. [CrossRef]

14. Safdar, M.; Ali, S.; Mahomed, EM. Linearization of systems of four second order ordinary differential
equations. PRAMANA ]. Phys. 2011, 77, 581-594. [CrossRef]

15.  Dutt, HM.; Safdar, M.; Qadir, A. Linearization criteria for two-dimensional, systems of third order ordinary
differential equations by complex approach. Arab. |. Math. 2019, 8, 163-170. [CrossRef]

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/BF01447449
http://dx.doi.org/10.2991/jnmp.2008.15.s1.2
http://dx.doi.org/10.1016/j.nonrwa.2008.07.011
http://dx.doi.org/10.1016/j.amc.2011.01.104
http://dx.doi.org/10.1016/j.cnsns.2010.08.007
http://dx.doi.org/10.1155/2011/171834
http://dx.doi.org/10.1155/2014/793247
http://dx.doi.org/10.1007/s12043-011-0177-1
http://dx.doi.org/10.1007/s40065-019-0238-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Preliminaries
	Noether Symmetries and Corresponding First Integrals
	Noether Operators and Corresponding First Integrals
	Conclusions
	References

