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Abstract

In this paper, we consider a second order nonlinear ordinary differential equation of the form
T+ klﬂ—z + (ko + k3x)d 4 kga® + ksa?® + kex = 0, where k;’s, i = 1,2, ..., 6, are arbitrary parameters.
By using the modified Prelle-Singer procedure, we identify five new integrable cases in this equation
besides two known integrable cases, namely (i) ko = 0, k3 = 0 and (ii) k1 = 0, k2 = 0, k5 = 0.
Among these five, four equations admit time dependent first integrals and the remaining one
admits time independent first integral. From the time independent first integral, nonstandard
Hamiltonian structure is deduced thereby proving the Liouville sense of integrability. In the case
of time dependent integrals, we either explicitly integrate the system or transform to a time-
independent case and deduce the underlying Hamiltonian structure. We also demonstrate that
the above second order ordinary differential equation is intimately related to the two-dimensional
Lotka-Volterra (LV) system. From the integrable parameters of above nonlinear equation and all

the known integrable cases of the latter can be deduced thereby.
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I. INTRODUCTION AND STATEMENT OF RESULTS
A. Introduction

In this paper we investigate the integrability properties associated with the second order

nonlinear ordinary differential equation (ODE) of the form

i+ kl%Q + (kg + k32)® + kya® + ksz® + kex = 0, (1)
where k;’s, © = 1,2, ..., 6, are arbitrary parameters and the over dot denotes differentiation
with respect to ‘t’. Equation () is a combination of two different classes of equations, namely
Liénard type equation (k; = 0) and equation with quadratic friction (ks = k3 = 0). Using
the transformation z = & one can reduce Eq. (Il) to the Abel equation of the second kind*2.
However, the resultant equation is not integrable in general. A set of integrable parametric
choices of this equation has been listed in Refs. 1 & 2. The importance of the study of Eq.
(1) arises from the fact that this equation contains many physically interesting equations
such as the modified Emden equation, unforced Duffing oscillator, Helmholtz oscillator, etc
and is intimately related to the much analyzed biological model, namely the two dimensional

Lotka-Volterra system®* (LV),

T = x(al + blll’ + blg’y), (2&)

Y = y(az + by + baoy). (2Db)

In order to study the integrable properties of Eq. (Il) we employ the modified Prelle-Singer
procedure (PS) which has been intensively used to identify new integrable cases for several
equations®®. Using this procedure we identify several new integrable parametric choices and
deduce their corresponding integrals of motion. In order to prove the integrability we either
associate a conservative Hamiltonian structure to the equation constructed from the time
independent integrals of motion, thereby proving Liouville sense of integrability, or explicitly
integrate the integrals of motion to obtain general solution, proving complete integrability.

During the past three decades or so several attempts have been made to explore the
integrable cases in the LV system because of the immense importance of the problem in
mathematical ecology and biology”—!2. Integrals of motion of the LV system have been con-
structed for several parametric choices?1%12-19 However, we find that all these parametric

choices effectively reduce to one of the three general parametric choices for which integrals



of motion have been reported®. Interestingly, we recover all these three integrable cases in
addition to many subcases by comparing and expressing the parameters appearing in () in
terms of the LV system parameters. The results exactly coincide with the reported ones in
the literature. Thus, as a by-product, we recover all the known integrable cases of LV by
investigating the integrability properties of Eq. (Il). At this point we stress the fact that
as far as integrability is concerned one can extract complete information about (2)) from ()
and not vice-versa. In other words when one tries to deduce the integrable cases of ([Il) from
(@) only partial results can be extracted. That is one will loose a major portion of the results

when we proceed in the reverse way (see Sec. VI for more details).

B. Results

Our main results can be summarized as follows. Using the modified PS method we identify
seven integrable parametric choices of which five seem to be new as far as our knowledge

goes. The underlying forms of the equations are

i+ kl%z + (o + k3z)id + kaa® + kzki 4((13 i ;f;l)x? k/ig%£2++k]f)l)$ =0, (3)
i+ klj“; + (ko + ksx)i + g i ;C}f)ll;g ? 3 ]jfl;?}ﬁ)xz + kgz = 0, (4)
i+k1§+(k2+k3x)i+%2 %xzo, (5)
i+k1§+k2¢+k5x2+281—w =0, (6)
i+ kli; + (ko + k32)d + kaz® + G ljfl;zl)ﬁ g i S}f)ll;gx = 0. (7)

For these five cases we prove integrability either in the Liouville sense by constructing the
time independent Hamiltonian structure or deduce the solution by explicitly integrating the
time dependent integrals of motion.

The remaining two cases which are already known in the literature are

-2
i+ k{% + ka® + kg2 + kgz = 0 (8)
and
i+ kgxd 4 kya® + ker = 0. (9)

We note that equation (8) can be reduced to the Bernoulli’s equation, which can then be
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integrated to give the solution in terms of quadratures. Equation () is the modified Emden
type equation with linear forcing term which has been studied in some detail in Refs. 20
& 21. The Hamiltonian structure for this equation for the parametric choices k3 > 8k,
has been given in Ref. 20. Here we present the Hamiltonian structure for the parametric
choice k% < 8k4 as well. In addition to these seven integrable parameteric choices we find

the following equation

2 ks(ko £
T+ ]ﬁ% + (]{72 + ]fg:(f)l’ + M$2 + ]fﬁl’ = 0, (1())

where w = \/k3 — 4(1 + ki)ks, for which we obtain a time-dependent integral of motion.

However, we are able to prove its complete integrability only with an additional parametric

k1)k2 . 1
G and ke = (i, which reduces Bq. (I0) to Eq. (). In this

parametric choice we are able to explicitly integrate the time-dependent integral of motion

restriction ks =

to find the general solution.

The plan of the paper is as follows. In the following section we briefly describe the
extended Prelle-Singer procedure®S applicable to second-order ODEs. In Sec. [Tl we identify
the integrable parametric choices of Eq. () which admit time independent integral of
motion through the extended PS procedure. In Sec. IV we construct explicit conservative
Hamiltonians from the time independent integral of motion. Further we transform these
Hamiltonians to simpler forms using canonical transformations in order to explicitly integrate
the canonical equations of motion. In Sec. [V we then identify the integrable cases of
(@) which admit explicit time-dependent integrals of motion. To establish the complete
integrability of these cases we transform the time-dependent integrals of motion into time-
independent integrals of motion and integrate the latter and derive the general solution. In
Sec. [VI] we present the connection between Eq. () and the LV equation. In Sec. VII we
rewrite the results in terms of the LV parameters and point out the integrable equations.

Finally, we present our conclusions in Sec. [VITII

II. EXTENDED PRELLE-SINGER (PS) PROCEDURE

Let us rewrite Eq. (1) in the form

j;2

i = _(kl? + (kg + k3x)d + kaz® + ks2® + kex) = ¢(2, 7). (11)



Further, we assume that Eq. ([Il) admits a first integral I(¢,z, 1) = C, with C' constant on

the solutions, so that the total differential becomes
dl = Iidt + I,dx + [;dx = 0, (12)

where subscript denotes partial differentiation with respect to that variable. Rewriting
Eq. () in the form ¢dt — di = 0 and adding a null term S(¢, z, &)&dt — S(t, z, *)dx to the

latter, we obtain that on the solutions the 1-form
(¢ + 2S)dt — Sdx — di = 0. (13)

Hence, on the solutions, the 1-forms (I2) and (I3)) must be proportional. Multiplying (I3]) by
the function R(¢,z, 1) which acts as the integrating factor for (I3]), we have on the solutions

that
dI = R(¢ + Si)dt — RSdx — Rdi = 0. (14)
Comparing Eq. (I2) with (I4]), we have the relations
Iy = R(¢p+S), I,=—-RS, I;=—-R. (15)

Then the compatibility conditions, Iy, = I, Lz = Ly, I.; = I;., between the different

equations of (IH]), provide us the relations

S+ @S, + ¢S; = —¢p + 0:S + 57, (16)
R,— SR, — RS; = 0. (18)

Solving Eqs. (I6)-(I8) one can obtain expressions for S and R. It may be noted that two
sets of independent special solutions (S, R) are sufficient for our purpose. Once these forms

are determined the integral of motion I(t,z, %) can be deduced from the expression
I / R+ d ( )| di (19)
=71 —7T9— —(r1—r T
1= 72 A ;

where

"= / R(6+ iS)dt, 19— / (RS + %rl)dx.



Equation (I9) can be derived straightforwardly by integrating Eq. (IH). We solve Eq.
(@) through the extended PS procedure in the following way. For the given second-order
ODE (), the first integral I should be either a time-independent or time dependent one.
In the former case, it is a conservative system and we have I; = 0 and in the latter case we
have I; # 0. So, let us first consider the case I; = 0 and determine the null forms and the
corresponding integrating factors, and from these we construct the integrals of motion and

then we extend the analysis to the case I; # 0.

III. TIME INDEPENDENT INTEGRALS : INTEGRABLE PARAMETRIC
CHOICES

In this section, we identify a set of parametric choices of (I]) for which time independent
integrals exist. For this purpose we first find the null forms and integrating factors corre-
sponding to equation ([I]) and using these functions we construct time independent integrals

of () through the relation (I9I).

A. Null forms and integrating factors

Since I; = 0, one can easily fix the null form S from the first equation in (I5) as

. —_¢ _ (klx_; + (ko + ksz)d + kax® + ksz? + kex)
T I :

S

(20)

Of course one can easily check that the S form given above satisfies Eq. (L6]).
Substituting this form of S, given in (20)), into (IT7) we get
Lt‘2 (kl.l’ ]{?4LU3 + ]f5.§(72 + ]{365(7

LL’Rm — (1{31; + (]{72 + ]fgi(])l’ + ]{341’3 + ]f5£(32 + ]fGSL’)Rm = T i

) R.(21)
Since we are interested in time independent integrals we take R; = 0. As we noted earlier
any particular solution of the above equation along with the null form S is sufficient to
construct an integral of motion. To derive a particular solution of (2I]) we make an ansatz
for R of the form
T
~ (A(z) + B)i + C(a)a?)"

where 7 is a constant and A(x), B(z) and C(z) are arbitrary functions of their argument. The

(22)

reason for choosing the above form of ansatz is as follows. To deduce the time independent



[(z,@)
g(w,&)?

arbitrary functions of z and &. Using (I2)) we obtain S = I./1; = (fo9 — f92)/(fig — f9:)-

first integral I we assume a rational form for I, that is, I = where f and ¢ are
and R = I; = (f:g — fg:)/9? and from these two expressions we find that the numerator of
R should be the denominator of S and so we fixed the numerator of the R in Eq. (22) as &
(see expression (20)) for S), that is R = ﬁ, where h is an arbitrary function. However, it is
difficult to proceed with this choice of h. So, we further assume that h(z, %) is a polynomial
in . To begin with we consider the case in which h is a quadratic function in z, that
is h = A(x) + B(x)x + C(x)#?. Since R is in rational form while taking differentiation or
integration the form of the denominator remains the same but the power of the denominator
increases or decreases by a unit order from that of the initial one. So, instead of considering
h to be of the form h = A(z) + B(z)i + C(x)i?, we consider a more general form h =
(A(z) + B(z)2 + C(x)#?)", where r is a constant to be determined. We note here that this
form of ansatz played a crucial role in deducing the time independent integrals of certain
dissipative systems, see for example Ref. 20.

Substituting (22) into (2I)) and solving the resultant equation, we find that the solution
exists only for certain specific choices of k;’s. In the following we provide these parametric

restrictions with the resultant forms of R:

Case (i) :
ko
ks = ka(3 + 2k ke = ka(1+ )2+ k)p?, pr = ——————, k1 # —1
5 = ka(3 4 2k1)p1, ke = ka(1 4+ F1)(2+ k1)p7, m o+ ) 1 7
T
, k2 <4k (24K
R (2 + k)2 + k3w (p1(2 + k1) + )T + kaz?(p1(2 + k1) + x)? ’ o 1()23)

i.x(2—r)k1

ks(r — D)(01(2 + k1) + @)z + 2+ k)ra]” k2 > 4ky(2+ ki)




k2 £ ks k2 — 4ky(2 + Ky)

h pr—
where r THCENN
For the choice k; = —1, we find ky = 0, kg = kaks R = o (24)
1 — ) 4 — Y, g — ]{,’3 y = kigl’i'_‘_kaQ
Case (ii) :
ko =0, ks =0, R = iz*™ (25)
Case (iii) :
kIZO, k2:0, k’5:0’
T
k2 < 8k
2]€4i’2 + k3$(k4x2 + k6) + (]f4$(72 + k6>27 3 < 8k
" - K2 > 8k, p = RSk (26)
(i + %k:},ﬁ + %)T - 4k,

The question now remains as to whether the functions S and R given above satisfy the
third of the determining equations (vide Eq. (I8])) or not. One can easily check that all the
above three sets of functions S and R do indeed satisfy the equation (I8]). The parametric

restrictions given above fix the equation of motion (] to the following specific forms:

Case (i) Eq. (3):

2
i+ k:{% + k3(pr(1 + k1) + 2)@ + kax® + kapy (3 + 2k1)2® + ka(1 + k1) (2 + k) pix = 0,

ko
ks(1+ kq)
Case (ii) Fq. (3):

22
Pk 4 hya® 4 Rz + kg = 0.
X

where p; =

Case (iii) Fq. (9):
¥+ ksxd + kg + kex = 0.

In the next section, we construct time independent integrals for the above equations.
We mention here that the last equation (@) is nothing but the modified Emden equation
with additional linear force term which admits a conservative Hamiltonian description for
all values of k3, ks and kg. For the special choice, ky = %g, this equation has been shown
to exhibit unusual phenomena like amplitude independent frequency of oscillations and

conservative Hamiltonian structure (for more details one may refer 21).



B. Integrals of motion

Having determined the explicit forms of S and R, one can proceed to construct the inte-

grals of motion using the expression ([I9) for the above cases. Substituting the corresponding

forms of S and R into the general form of the integral of motion (I9) and evaluating the

resultant integrals, we obtain the following time independent integrals for the above three

cases:

Case (i):
log [2*1{(2 + k1)d® + [(2 + k1) p1 + ] [kzxd
ks tan—1 [ 2(2:2)
+haz®((2+ k1) o + 2)]}] — oo [y |

Q(z)

V/Aka(2+k1)—k2

rk1(2-7) [k‘gl’((Q + k‘l)pl + :p) + (2 + kl)’l“l’]
{kf?,(’l“ — 1)1’((2 + kl)pl + ;p) + (2 + kfl)T’jZ}r_l )

ks

k3

~
i
Il

log |:(k’31’[(2 + k‘l)pl + ;1;'] + 2(2 + kl)llf) l.kl:|
_ 224 k)
ksz((2+ ka)py + 2) + 2(2 + k)

k3

| o+ Ikt + (K3 + 55 logla] — £ log [yt + 5]k,
where ®(x, &) = ksz® + (2 4 k) (kszp; + 2%),
and Q(x) = \/4(2 + k1)ky — K3 {(2 + k1)p1 + x} x.

Case (ii):
I = $_2 + kﬁ + 2(2 + ]{?1)]{75.]} + (3 + 2k1)]€4l’2 gj2(l+k1)
T\ Ttk 2+ k)(2k: +3) )

Case (iii):
( log[2k4x2 + kg(k4l’2 + k‘@)l’ + (k‘4l’2 + k6)2]

1| kga+2(kyz2+kg)
ks tan—1 | katt2(kazT+ke)
&/ 8ky—k2

\/8ka—k3 ’
— . (r=1) 2 rk - . . ks .2 r2k
I (:L’ + 5 ksr® + k_;) {:L’(I + Zr* + (r—l)Gkg)
2
r—1 7“2
+i= (%:ﬁ - (T_ffkg) } ks

Aksx
\ k§$2 + 4]{331' + 8]{56

_|_

— log[k32* + 4ksi + 8k, k2

< 4]{34(2 + k‘l)

> Aky(2 + ky)

(27)
=1

(28)
< 8ky

(29)
> 8k,
= 8]{:47



Note that in the above the ranges of x and & should be so restricted that no multivaluedness

occurs. In a recent paper?? we have shown that the general equation of the form

L 9@ f(2)
T+ T8+ a——= 30
@ g )
is related to the damped harmonic oscillator equation
d
y'+ay' + Ay =0, (’ = —) (31)
dr

through the nonlocal connection

y_/f )dz, dr fE;dt (32)

By suitably choosing f(z) and g(z) one can show that the damped harmonic oscillator
gets transformed to Eqs. (@), (8) and ([@). By applying this transformation to the time
independent integrals of motion of the damped harmonic oscillator one can also obtain the
above results. However, it is not possible to obtain the time dependent integrals of motion
of Eq. (I) using the above form of nonlocal transformation. We mention here that the
time independent integrals for the specific equation (@) (Liénard type equation) can also be

deduced by the procedure described in Ref. 23.

IV. TIME INDEPENDENT INTEGRALS OF MOTION: INTEGRABILITY &
GENERAL SOLUTION

A. Hamiltonian description and integrability

In the previous subsection we showed that the equations (@), (§) and (@) admit time
independent integrals of motion. Interestingly one can interpret these integrals as time
independent (but nonstandard) Hamiltonians for the respective systems and they can be
treated as conservative systems. In the following we deduce the underlying Hamiltonian
structure for the Eqgs. ([B)-(d) from the first integrals ([27)-([29). To do so we assume a

Hamiltonian of the form

where L(x, ) is the Lagrangian and p is the canonically conjugate momentum. From (33))

we get
ol Op.

10



from which we identify

p= / ];d:c (35)

It is clear from (B3] that once I is known p can be determined in terms of & and x and
inverting one can express & in terms of x and p. Substituting the expression for & in terms
of p into the expression for I and from (B3]) one can deduce L. Once p and L are known the
same expression (33)) can be utilized to derive H. Using this procedure one can deduce the
Hamiltonian from the first integrals for all the three Cases (i)-(iii). The Hamiltonians and

the corresponding canonical conjugate momenta read as follows:

Case (i):
(
log | 2% (py (2 4 ky)z + 2?) sec {%H
— s (012 + k)@ + 2?), k2 < Aky(2+ k)
where Q(x) = \/4(2 + k1)ky — k2| (2 + k1)p1 + x} x.
H pu—
(r=1) k&3 ksp(r—1) 2y 12
1 r—1) __ 2 4 2
(7“ _ 2) (pZL' ) T(Q—I— kl) (pl( + kl)z+$ )a k?, > k4( + kl)
o bR o kgt ) k2 = 4ky (2 + ky)
0g P 2(2 + k1> 1)P1 x), 3 — 4 1
\
where

)
e [m((2+kl)m$m)+2(2+’“” LR <dk(2+ k)
p= k3 (r—1) L2k —r. k% > 4ky(2 + ky). (36)
(i+ 50D (@t k) pro422))
\
Case (ii):
2 k z(2(ky + 2)ks + (2k1 + 3)kqz)
H = 2(k1+1) p 6 1 , - .
x A2k +1) + 1 + TR TG =2 (37)

11



Case (iii):

( k k k k
ng <x2 + k_i) — log {(:)32 + k_i) sec[?(:)s2 + k_i)] , k3 < 8ky
(r—1) c=2 (r—1) o Tpkg
H = =1 — k — k2 > 8k
(7" _ 2)p 2T 3p$ ]fg ) 3 > 4 (38)
k‘g 1'2 4k6 2
| loglp] — 5p (5 + = ) : k2 = 8ky
where
T x? L
2 tap! L:’m) | k2 < 8ky, v =1\/8ky — k2
- y(x2+38) 2y(2?+42) 2 (39)

P + (7’2—101)]{:3:1:2 + %7 ]{;g Z 8]{74

One can check that in all the above cases the second order equivalence of the Hamilton’s
equation of motion coincides exactly with the associated equations (@), (8) and (@) for the
appropriate parametric choices. The existence of the time independent Hamiltonian for
the Egs. (@), () and (@) assures us that they are Liouville integrable*. However, our
target is to go beyond this statement and construct the solutions for these equations. On
the other hand, we find that it is difficult to integrate the Hamilton’s equations of motion
corresponding to the above Hamiltonians except for the second case (vide Eq. (37])) whose
solution can be deduced using the standard methods. In order to deduce the solutions we
introduce suitable canonical transformations so that the new Hamilton’s equations of motion
can be integrated. However, we are able to construct the explicit solution of Eq. (B) only
for the parametric choice p; = 0, making the resultant equation equivalent to Eq. (7]) whose
solution is constructed in the subsection [V -Cl Hence we do not discuss the solution of case

(i) separately here.

B. General solution

In this sub-section we discuss the method of finding the general solution for the case (ii)
and case (iii).
Case (ii):

We find that one can rewrite the first integral (28) straightforwardly into the following

12



quadrature

dx
t—1ty) = ) (40)
I l'_2k1 _ k4(3+2k1)m4+2k5(2+k1)m3 _ k6m2
1 2k2+7k1+6 T+k1

On the other hand the solution of () can also be obtained by transforming it to the
Bernoulli equation through the transformation & = z(x), where x is the new independent
variable. The solution of this reduced Bernoulli type equation is again given in terms of
quadratures?.

Case (iii) a): Parametric choice k? < 8k,
In order to obtain the solution for the under damped case (k3 < 8k,) we use the following

canonical transformation,

1k
Tr=— k—itan

and transform the Hamiltonian H = %p <x2 + %Z) — log [(:)32 + g—i) sec[ 2 (x* + i—i)]] into

, p= ——CO0S

ke

]{?6 kﬁ
_p _—
ka

P
ka

: (41)

k [k k
H =log [k‘_i sec? k—iP sec [%U} — ZgU. (42)
The corresponding Hamilton equations of motion are
‘ kg kg = ks v o
S L9 1Y% B S PO ;
U » an » 1 ptan 2U (43)
From the first equation we can express P in terms of U, that is, P = i—g tan—! [\2/5‘;—(2}
and substituting this form of P into (42)) we obtain
(4]{76 + k4U2) Y ]{33U
H=log |——= [— } ———=F. 44
og 1% sec 2U 1 (44)
Rewriting the last equation (@) for U as
: k k
U =2 |exp |E+ U] cos [ZU] _ % (45)
4 2 k4

and integrating we arrive at the following quadrature

t—toz/ v ) (46)
2\/exp [E+ %U} cos [%U} — i—i

13



Case (iii) b): Parametric choice k2 > 8k,

In order to obtain the solution for the over damped case (k3 > 8ky4), we use the following

g, p= U® and obtain a new Hamiltonian of the form

canonical transformation x = 5

2 ]{73(7"— 1)P2 ]{567’U2
H=0,Unz — 47
o—lw<4r +0, (47)
where 07 = . The canonical equations in the new variable assume the form
2712
2
-~ ksP(1—1) - kerU  2U™2
U=———*~ P= — ) 48
2r ’ k‘g 7“12U ( )
From the first relation one can express P in terms of U, that is P = = %’iUT, Substituting
the latter in the Hamiltonian we get
k U?
H=E=oUn: — o4 = (49)

2]{53 ]{53(1 —7’)

which in turn leads us to the quadrature of the form

ks(1 —
t—m:(3 T)‘/ (50)
\/E—a Uiz 4 kgl

Case (iii) c¢): Parametric choice k2 = 8k,

Finally, now we focus our attention on the critically damped case (k3 = 8k;). Using the

same canonical transformation z = £, p = %2 we rewrite the underlying Hamiltonian (38])
as
ks (P
H= 210g[U] - Zs (7 + k’ﬁU2) (51)

The corresponding canonical equations turn out to be

—ksP sk

U=——, P_T—%. (52)
Substituting P = ——3 in the Hamiltonian, we get
H=E=2log[U] — —k3k4U2 - k—gU2 (53)
Rearranging we get,
- <8k:3 log[U] — lzgkﬁw - 4Ek3)5 | 50

14



which upon integrating reduces to the following form of quadrature

t—to=va [ Y . (55)
V/8k3log[U] — k2keU? — 4Ek;

Summarizing the results, we find that the nonlinear equations (3), (8) and (@) admit

time independent Hamiltonians for all values of the system parameters and can be classified
as integrable ones in the Liouville sense. While constructing the solution for these three
equations we find that the nonlinear system (R]) can be transformed into Abel equation
which in turn can be integrated into a quadrature. Solution of Eq. (9) is given in terms of
quadrature by applying suitable canonical transformation to its Hamiltonian. By using again
canonical transformations the Hamiltonian corresponding to Eq. (B]) can be transformed and
the canonical equations corresponding to this transformed Hamiltonian can be integrated

and the solution is given in terms of quadratures for the parametric choice p; = 0 (see Sec.

).

V. TIME DEPENDENT INTEGRALS ([; #0)

In this section, we explore the parametric choices for which () admits time dependent
integrals. The underlying procedure is same as that of the time independent integral case
but involves somewhat lengthy calculations. As a first step in this process we derive the

null forms and integrating factors corresponding to Eq. (I) by solving the determining Egs.
(16)-([8).
A. Null forms and integrating factors

In the previous section we considered the case I; = 0. As a consequence S turns out to be

%b. However, in the case I; # 0, the function S has to be determined from Eq. (I6), that is

-2 -2
S, + 1S, — (kf + (kg + k3z)® + ka® + ks2? + k‘gx) S; = —k;f
. 2 2]{715(3 2

Since it is too difficult to solve Eq. (B6) for its general solution, we seek a particular solution
for S, which is sufficient for our purpose. The time independent integral case clearly indicates

that S should be in a rational form. To begin with one may consider S = g (ﬁii where f
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and ¢ are arbitrary functions. However, it is difficult to solve Eq. (B6) with this form of
S. So one may assume that f and g are simple polynomials in & with coefficients which are
arbitrary functions of ¢t and x. We seek a simple rational expression for S in the form

_a(z,t) + b(z, t)E + oz, t)3?
~d(z,t) + ez, t)d + f(x,t)i?]

(57)

where a, b, ¢, d, e and f are arbitrary functions of x and ¢ which are to be determined. One
may also consider a cubic polynomial in & both in the numerator and in the denominator.
However, the resultant analysis did not yield any new result. So we confine our presentation
here to the form (B7) only. Substituting (57) into (56) and equating the coefficients of

different powers of & to zero, we get

—a2 + atd — CLdt + CLde — d2]€6 + adkgflf — 2d2]€5.§(: — bdkﬁ.ﬁl] + aek6x — 3d2]€41172
—bdksz? 4 aeksx® — bdkya® + aekyx® = 0,

2adk
azd — 2ab — ad, + byd — bd; + are — ae; + 2aeky — d?ks — 2dekg + @i

+ 2aeksx
x

—Adekyz — 2cdkgr — 6dekyz® — 2cdksz? — 2edkya® = 0,

byd — b* — 2ac — bd, + c;d — cdy + agze — aey, + be — bey — cdks + beky — 2deks — €%k

d’ky  bdky  3aek
L S cdksz + beksx — 2€°ksx — ceko

x2 x x
—3e%ky2? — ceksa® — cekyx® =0,
2dek 2bek
cpd — cdy — 2bc + bye — be, + cie — ce; — €2k + 62 LS €h1 =0,
x x

2k k
cxe—CQ—cex—l—e—;jLE:O. (58)

x x

We obtain four parametric choices for which we are able to find nontrivial particular
solutions of the above set of coupled partial differential equations. We present the parametric
choices and the null forms S in Table-I. We find that the null forms S obtained are incidently
independent of time.

Next, the above identified forms of S along with their corresponding parametric restric-
tions are substituted in the determining equation (7)) for R. To solve the resultant equation
for R we make use of the ansatz

F(1)S,

= A T B+ Clary

(59)
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where Sy is the denominator of S. We demand the above form due to the following reason.

f(t7x7w)
g(t,z,&)’

f and g are arbitrary functions of ¢, x and #. From (I3]), we know that S = I,/[; =
(feg — f92)/(fig — fg:) and as we find the deduced S forms are independent of time, the

where

To deduce the first integral I we assume a rational form for I, that is, [ =

numerator and denominator of S should share a common factor which is a function of time
alone, that is, the numerator and denominator of S should be of the form (f,g — fg.) =
F(t)fi(z, &) and (fig — fgz) = F(t)g1(z, ), respectively. Moreover, from the relation R =
I = (fig — fg:)/g* we find that the numerator of R should be the denominator of S.

On solving the resultant equation, we obtain the integrating factor R. We present the
forms of R along with the S forms in Table 1. Once S and R are determined then one has
to verify the compatibility of this set (S, R) with the extra constraint Eq. (I8). Having
verified the compatibility of (S, R), we substitute S and R into Eq. ([9) and construct the
associated integral of motion. In this way we identify four sets of integrable parametric

choices. We present the explicit form of these integrals of motion in Sec [V Bl

B. Integrals of motion and general solution

(1+ k1)k3 _ koks

(34 2k)2 " 342k
The parametric restriction given above fixes the equation of motion (1) as

Case (i) ki, ko, ks, k¢ : arbitrary, ky =

. @2 o K(1+k) koks
z+k1;+(k2+k3£)x+ (3+2k1)2x 3+ 2k)

2% + ke = 0. ()

Equation () reduces to the generalized modified Emden equation for the parametric choice
k1 = 0 whose integrability has been studied in detail in Ref. 5. The integral of motion
associated with Eq. () for k; # 0 turns out to be

. _ dwt 2(1+k1)
(ia) L1 =e (j;+ CE 5
2(1+ky) L T P2

i+ AReFw) ooy p2x2)

(ib) 1 = et (kz(i" + kaa?) + m)

i

ic) I =t—
(ic) (34 2k ) kot + 2(1 + kn) (ksa? + (3 + 2k1)i)’

where py = 34— w = \/k3 — 4(1 + k1 )ke.
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TABLE I: Parametric restrictions, null forms S and integrating factors R of = + k‘li; + (ko + k3x)d + kyx® + ksz? + kez = 0

Case|Parametric restriction Form of S Form of R
. 1+k1)k32
(i) |ka= E3+212)1)3>
ke — koks ksx  z tetwiy
57 342k1- B+2k) = P
(sitgizor i)
k1, ko, ks arbitrary w=/k2 —4(1 + k1 )k
. _ k3(kotw)
(i) ks = 5(2+k1) ,
]{74 =0. %(ka Fw+ 2]{73$) + ]{;1% e%(kg:l:w)txlﬁ
ki1, ko, ks arbitrary
_ 2(342k1)k3
(ili) |ke = (5Tkl)22’ .
AATRRS 12 4 (54 4k ks 2 +2(14-2k1 Yhawd+ky (544K )32) | 26+2k1 kot
ks = 0, ky = 0. 514k 21k2;+(5+4k1);;'p 2 1 1)2?) e otaky p2k1 <2k2w +(5+ 4/@1)3&)
k1, ko arbitrary




61

Case

Parametric restriction

Form of S

Form of R

(iva) |ks = 325, <k2w +(3+ 2k1)5c> [(2 + k1)k3x® 4 (3 4 2k ko (ksa® + 2(2 + k1))
-1
2 . 1’3 . .
ko = rsl3 RiL 4 ks + ettt G 4 (34 9k 2 (kaat + & (ksa? + (2 + k1))
ki, ko, ks, k4 arbitrary
(IVb) k5 = 313?521’
_ (2+k1)k3 i (3+2k1 ) kaz®
ke = (3+211ﬂ>%’ ki + kst GTaR et
(2=r) 24k ) kot
kg = (r—1)k§2 e 3t (k2x+(3+2k1 )ir)ak1 (2~
= R

ki1, ko, ks arbitrary

((2+k1)r(3j2;;1+¢) +k3(r—1)x2>




Rewriting (60) - (62) as first order ODEs we find that the resultant equations are of
Bernoulli type which can be solved using the standard method?. The general solution to ()

in each of these cases turns out to be

+co tey
eot [ [ — eTWt] 20 . I, — etwt] 20 .
(ia) x(t) = {026% {L} (e=F — Il)j;wl I —2py {%} (e — h)gﬁ

I

Fco
:l:(Cl — Cg) +Co Co ei“t -1 —(]1 — €iUJt)2 20
X F 1F— —= 5> k1 # -1 (63
|: 2% ) 2w , L=+ 2(4)7 [1 Co ]1 s vl # ( )
(ib) 2(t) = (Iye® + kse® / e~ Pdt) ™, kp=-1  (64)
ka(3 + 2k1) (—c;;)ﬁexp [@} 24k 2+ Fk c(t—1)
(ic) z(t) = - (2 TR (1 + k) ksl [ , }
([; — t) T 14k 2
-1
L3+ 2k1)k2(—c3)ﬁ) Lw=0 (65)
where F' is the hypergeometric function, I' is the gamma function, ¢; = l;ﬁ‘f, Ccy = 'ffk‘;,
c3 = 131, = 1“2]“6’527%%%, I; and I, are the integration constants.
2
Case (ii) ki, ko, ks : arbitrary, ks = 'f;g;;:;;x ks =0, w= k3 —4(1 + k1)ke
The parametric restriction given above fixes the equation of motion () as
Lt‘2 ]{73(]{72 + (A))
i+ ki — 4 (ko + ks)d + ————22% + kgx = 0.
Z+ 1x+(2+ 3T) T + 2(2+k1)x+ 6T ()
The system (I0) possesses a first integral of the form
1 ) ko F w
L =eatdltphi (5 2R oy 5a? )k #£ 1, 66
1 21 + k1) P3 17 (66)
_ _k
where p3 = € +i’;ﬁ).
For the parametric choice k; = —1, we obtain the same first integral as we have obtained

in Case (ib) above. On the other hand for the choice ky = —2, Eq. (60) gets reduced to the
Riccati equation which in turn can be integrated by the standard methods and the solution
can be obtained of the form?

x(t)

2c et

= 67
]1 + 2]2016201t — 2p3€clt’ ( )

where ¢; = %(k‘g + w), I; and I, are the integration constants.

For other choices of k; one is able to integrate the first integral (G0l only by imposing addi-
2+ ky)k32 ksko(1 + K
tional parametric restriction. For example, choosing kg = ﬁ, and ks = ﬁ,
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one is able to transform the time dependent integral of motion (G6]) into the following time

independent integral of motion

k’g(l—l—k‘l) 24k d

I =w'+ =i, = (68)
1

where w and z are the new dependent and independent variables, respectively and are given

by

__kat
(1+kq)kot 3+ 2k1 e 3+2k
w=e 3 gith z = _L l{;) : (69)
2

The additional parametric restrictions fix Eq. (I0) to the specific form

. 2 ksko(1 + k) (2 + ky)k2
kr— + (kg + kaz) d 2 2y =
&+ ki + (ko + ksw) & + 31 2k) T (3+2k1)293 ;

Integrating (G8) we get,

/ dw
2= 2 = 25k 0
] o k3(1+k1)wliki
1 2+k1

24k
1+ ]{31 3+ 2]{31 kwi+k 1
= wkF 1 70
~ ks(1+k
where F' is the hypergeometric function?* and k = % We also mention here that
1

Eq. (B) contains several sub-cases which are already known to be integrable, see for example
Ref. 1.
. k1)k2
Case (iii) kq, ko, ks : arbitrary, k3 =0, ky =0, k¢ = %
The parametric restriction given above fix the equation of motion (I]) as

-2

x+k1;+p5(5+4k1)x+k5x2+2(3+2/€1)p§x:0, (@)
h %2 Tpe first integral for thi tion i
wnere = = . € II1rst 1mtegral 10r 1S equation 1S
5= 15+ 4ky) & q
L =z (:L“z + 4p32° + gﬁﬁ + 4,05:m") 23 +2k)pst (71)

This time independent integral can be transformed into a time independent integral by
introducing a transformation of the form

1 e~ rst
w = —I1+k162(1+k1)p5t, P

\/§ Ps'

(72)
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where w and z are new dependent and independent variables, respectively. Rewriting the

integral of motion in terms of the new variables, we obtain

2 §
I =w?+ 2 () %waﬁ% : (73)
1

Eq. (73) can be integrated further and one can obtain the general solution as

(74)

~ 342k
Il |:1—|—k’1 1 4—|—3k’1 kw 1+k
Z—2p=wW

e (3426 2°342k T

(3+2k7)
where F'is the hypergeometric function?* and o = 220k k((lﬂ

+2k1) -
i ; 2tk K2
Case (iv) ki, kg, ks : arbitrary, ks = 20 ks = 23122)1) _
The equation of motion in this case turns out to be
jj2 k2k3 2 k%(Q + ]{?1)

. - . 3 =
x—l—k‘lx + (kg + ksw)d + kyx +(3—|—2k1)x (3—|—2k1)2$

The first integral reads
(iva) I; = log {x”ﬂ ((2 + k1) (4 + pex)® + ksa® (& + pe) + kw”‘ﬂ

—1 [ 2(24+k1)(@+pex)+ksz?
2k3tan ( mz\/4(2+k1)k4—k§ )

VA2 + Ky )ky — k2

+2(2+ k1)pst,  4ky(2+ k1) > ki

ki (2-7) <k3$2 + (2 + kl)r(i + xpﬁ)) e(2+k1)(2=7)pst
(ks(r — 1)a2 + (2 + ky)r (@ + 2p6))"

(ive) It = (2+ k1) pet + log [kzx®™ +2(2 + ky)a™ (& + pez)]
224 Fk1)(2 + pe)

kst 4+ 22+ k1) (& + 2p6)

(ivb) I, = ;o Aky(2+ k) < K3

4ky(2 + k1) = K2,

ke - k2dks/k3—4ka(24k1)
(3+2k1)> T 2ka(2+k1)

In the above forms of I;, we now introduce the following transformation,

where pg =

6_p6t

w=xze, z=-— P (75)
6
so that in the new variables the integrals of motion read,
ks tan ! { kyw? 224k )u’ }
w2/ 4(2+k1 ) ka—k3
iva) I = log [w®{(2 + k) w™ + [ksw’w + kqaw?]}] — , 76
(iva) Iy = log [w? {(2 + k) + [k Wil - — e (76)
ki(2—r) kearn? 24k /
(1Vb) ]1 _ w [ 3W —|—( + 1)7’11}7,]_17 (77>
{ks(r — Dw? + (2 + ky)rw'}
. 2(2 + ]{fl)’LU/
I =1 2 4+2(2 Nuwht| —
(ive) I, =log [(k‘gﬂ] +2(2+ ky)w )w } Fan? 1202+ ) (78)

22



In terms of the new variables w and z Eq. (@) reduces to the form

w” + k‘l%/z + ksww' + kyaw® =0 (79)
which is equivalent to Eq. (B)) with k; = 0. We find that it is very difficult to integrate
the resultant integrals even after removing the time dependent factors. To establish the
integrability of Eq. ([]) we transform these time independent integrals into time independent
Hamiltonian and thereby establish the Liouville integrability of Eq. (7).

By following the procedure given in Sec. we obtain the following Hamiltonian for
the above cases, namely

242+ ki)ky — k3p kapw?
va) H = log |0?* sec | Y P Pk (24 k) > K2
(iva) og [w sec [ 22+ k) 22+ 1) 1(2+ k1) > k3 (80)

k3p(7" - 1) 2
rC k)

] r—1 =2
(ivb) H = ET — 2; (pw kl)(“” —
wk kspw?
i H=1 — —
(ivc) og{p ]+2(2+k1)’

Aky(2+ k1) < k3 (81)
4ks(24 k1) = k5 (82)

where p is the canonical momenta defined by

2 /
(iva) p = 22+ k) tan™! [ kgw” 4202 + lnJw : 4ky(2 + k1) > k2 (83)
w2\/4(2 + k) ky — k2 w2\/4(2 + k) ky — k2
(2—7r)k1
(ivb,c) p = v Aky(2+ ky) < K2 (84)

r—1’
ks(r—1)w?
(’LU,—I— i(2+k1) )
The existence of the time independent Hamiltonian confirms that the system () is an

integrable one. However, in the following we briefly point out the method of integrating the

underlying Hamilton equations of motion associated with the Hamiltonians (80) - (82])

C. General solution

To derive the general solution, we use the following canonical transformations.
Case (iv a): Parametric choice k3 < 4k4(2 + ki)
By introducing the canonical transformation, w = % and p = %2, where U and P are new

canonical variables, we transform the Hamiltonian (80) (for the choice k% < 4k4(2 + k1)) to

U 2+k1
(F) SecC

23

the form

H=F=4(2+ ky)log

(85)

U? U2+ ki )y — k3 2
— ksU~.
4(2 + ky)



The underlying canonical equations of motion then become

- #W, ( _ dilz) (86a)

4(2 + ky)?

U2\/A(2 + k) ky — K2

P = 2%kl —
3 42+ ky)

_ou <\/4(2 )k — kg) tan

] (s6b)
Eq. (86l can be solved in the following way. Expressing P in terms of U, by using the

Eq. (86al), and substituting it in (85]) we obtain

U\/4(2 + ki) by — K2 )
424 k1) ” — kU, (87)

E = 4(2+ k) log | i (UU')* ™1 sec

4*(2+k1)(_1)k1
(2+k1)2(2+k1)

By splitting U" and U in (87),

where 1 = and E is an arbitrary constant.

E+k3U?
exp [4 2tk 2]
U= — — (38)
U2, /4(2+k1)ka—k2 | ) BTFD)
u </L1 sec [ A(2+Fk1) 3} )
and integrating the above expression, we get
1 4(1,1 + Zk‘g 4(1,1 (5 + 2]{31) + Zk‘g 2iai U2
z—2= F ’ ’ , —em
2‘|‘k51 8&1(2+k51) 8&1(2“—]{31)
51k 2& 7(E+k3(U2)+)2ia1U2
2+k 2(2+k
(ke T (89)

(ks — diay) ;™

12
where a; = % and F' is the hypergeometric function?.

Case (iv b): Parametric choice k2 > 4k4(2 + k)
The Hamiltonian (8T]) (for the choice k3 > 4k4(2 + k1)) can be rewritten in terms of the

new canonical variables, w = % and p = %2, as
H =2(2+ ky)rrip (PPRU)" —2m2 kg (r — 1)U?, (90)

where we have defined r5 = % The Hamilton equations of motion corresponding to the

above Hamiltonian are

202+ ky)?rryy (PPN
U/ _ ( +P1) ris ( i ) ’ (91&)
2k1 (2 + ky)rr?, ((PEHRONTE
Pl — 27“12]{:3(,,,. _ 1)2U + 1( +U 1)TT12 < Uk;l ) . (glb)
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Now we integrate Eq. (@Ial) by following the same analogy described in the previous subcase.
First we rewrite Eq. (@Ia) for P and obtain

Ukir2y! OFRDET
P=|——— ) 2
(2(2 + kl)zrr%2) (92)

H = M2Um1U/m2 + M3U2 = E, (93)
where
2(2
iy = ( + k‘l)rrl2 . p = —2T12]€3(T . 1)’
(2(2 + kl)g,,,r%2>m3(2+k1)7‘12
my = ]{31 ((2+k1)m3—r12), meo :7’12(2+/<:1)m3.

From (O3) one can express

1
E—M3U2 ma
U=|—"_—"— . 94

( p2U™ ) (64)

Integrating (04) we get

(95)

Z— 2y =

2m2 ’ mg’ 2m2 ’ E ’

mgU ,LLQUml %2 P mi + Mo 1 my + 3m2 ,LL3U2
mi + Mo 1)

where F'is the hypergeometric function? and ¢, is an integration constant.

Case (iv c¢): Parametric choice k2 = 4k, (2 + k;)

We use the same canonical transformation w = %, p= %2 and rewrite the Hamiltonian
(82) with the parametric choice k2 = 4(2 + k1) as
Uk ks
H=1 —log[P?] + ——U".
The associated canonical equations of motion now become
, 1
U = —F(2+k1), (97a)
k1 2k3U

P=——=+—"—). 97b
<U+4(2+k:1)) (97b)

Rewriting ([@7a) for P = % and substituting the latter into (O6) we get

ksU?

_ ki(__ N2+k1
H = log|U™ (—4U") ]+4(2+k1)

E (98)
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which in turn can be brought to the form

k (2+1k1)
r_ =+ —k1 3 2
U =-— <U exp|E e kl)U ]) . (99)

Now integrating the above equation (Q9) we get

L 204k))

EU 2R 1 + k’l —k’gUz :|
z— 29 = , , , 100
0 N [2 + kA2 k)2 (100)
(2+k1)2
- 444k
where F = —22th exp (%) and I is the gamma function:.

We summarize the results obtained in this section. Solving the determining equations
(I6)-(I8)) we find that the system ([l) admits time dependent integrals for four parametric
choices and their respective equations are ({),([5), (6) and (7). For () explicit solution is
deduced by integrating the corresponding time dependent integral of motion. Using suitable
variable transformations, solutions of Eq. (@), Eq. (6) and Eq. () are found in an implicit

form.

VI. CONNECTION WITH 2D LOTKA-VOLTERRA SYSTEM (LV)

The detailed study made on the integrability of the second order ODE ([I) in the previous
sections helps one to identify the dynamics of 2D-LV system which we find to be related to
the second order ODE () under appropriate choice of k;s. The 2D-LV system

T = :)s(al + blll' + blgy),

¥ = y(ag + bz + baoy), @)

models the the population dynamics of two interacting species®. Interestingly Lotka-Volterra
systems arises in other branches of physics also such as the coupling of waves in laser physics?®
and the evolution of electrons, ions and neutral species in plasma physics. In hydrodynamics
they model the convective instability in the Benard problem?¢. Similarly, they appear in
the interaction of gases in a background host medium?”. In the theory of partial differential
equation they can be obtained as a discretized form of the Korteweg-de Vries equation?®.
Since the 2D-LV system is a planar dynamical system it is also being thoroughly inves-

tigated from a mathematical point of view. Due to the multi-faceted importance of the
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2D-LV system, several in-depth and independent studies have been made to classify the in-
tegrable cases™ 1'%, Integrals of motion of the 2D-LV system () have been studied for several
parametric choices all of which reduces to any one of the following 3 parametric choices or

subcases thereof :

a1b22 (bn - b21)

as = , 102

27 by (biy — ba) (102)

by = 12, (103)
12

a; = Q9. (104)

for which integrals of motion have been explicitly deduced®. Interestingly, we find that all
these three cases (see LV 1, LV 8, LV 15 below), in addition to several subcases of the above
parametric choices, and their associated integrals of motion can be deduced from the results
of Eq. () straightforwardly.

In the following we show that Eq. (2] can be transformed to the form (Il and thus the

integrable cases of () can be correlated with the integrable cases of (2I).

A. Transformation

To transform the system (2]) to the form of Eq. (I, first we rewrite Eq. (2al) for the variable

Y as

1 [z
Yy — (— — blll’ — al) s blg 7& 0 (105)

- b12 T
Then we substitute the latter into Eq. (2B]) and obtain the following equation,

b o b b b
T — (1 + 2) =+ ((21)112 —by1 — b))z + (2a1b—22 — az)) T+ (b21b11 - bﬁbfl) a’

bi2) x b2 12 12

b b
+ (ban + bglal — 2a1b11b£) 1’2 + (a1a2 — bﬁa%) x=0. (106)
12

12

which is of the same form as (Il). Now comparing (I06) with Eq. (IJ) we find the parameters

are connected in the following way

b b b
k1:—(1+£)7 k2:(2a1£—a2), k3:2611£—611—621,
b12 b12 b12
b b b
k’4 = (bglbll — 2[)31), k‘5 = (b11a2 + bglal - 2&1()112), k‘@ = (alag — 2&%) (107)
b1 bi2 bi2
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One may note that both the Eqs. (1) and (I06]) contain six parameters and thus one ends
up with six relations connecting them. Here we emphasize that one can obtain the results
of the LV equation from the results of Eq. (Il straightforwardly, while it is difficult to
deduce all the results pertaining to Eq. () from the known results of LV equation. This is
illustrated with an example. One of the integrable parametric choices of the LV equation (2))

a1b2a(b11—bo1

isag = ) Upon substituting the above parametric choice in the relations (I07) and

b11(bi12—b22)
. ; koka(3+2k kak2(2+k —katr/k2—4(2+k1)k
solving for k;’s we get, ks = %, ke = % and by, = — 2(23+k1) 22 where by
. . . . . —k3t4/ k§—4(2+k1)k‘4
is a real and arbitrary constant. We find that this by; is equivalent to r = ST

of the parametric choice k2 > 4(2 + k;). However, we have obtained integrals of motion for
all the three parametric choices k3 > 4(2+ k) and k3 < 4(2+ k;) which cannot be obtained

going back from the results of LV.

VII. RESULTS IN TERMS OF LOTKA-VOLTERRA EQUATION PARAMETERS

Now we rewrite the results obtained in Secs. [[II - [Vl in terms of the LV parameters using
the relation (I07). In total we obtain 16 parametric choices in terms of the LV parameters
(designated as LV 1 - LV 16) and the results are tabulated in Tables[[Tland [TI}, corresponding
to time independent and time dependent integrals, respectively. It may be noted that out
of the 16 parametric choices, 15 of them reduce to any one of the three parametric choices
LV 1, LV 8 and LV 15 (given in the last columns of Tables [l and [II), while the remaining
one (LV 6) is the uncoupled case. Also we note that no new parametric choice is obtained
other than the ones already reported in the literature %12:13.15.16 a5 far as the Lotka-Volterra

system (2)) is concerned.

To deduce the integrable choices LV 1 - LV 16 from the results of Eq. (I) one can
derive the corresponding integrals of motion for each one of the cases from the results of the
second order equation and the relation (I07)). As we pointed out earlier, the integrability
of the parametric choices obtained in this analysis have already been established in Ref.
[9,12,13,15,16]. In the following we illustrate the procedure to deduce the time independent
integral from the results of the second order equation (Il for the parametric choices LV 1
and LV 2. Integrals of motion for the remaining cases can be deduced similarly and the

procedure is straightforward. Therefore we do not present the details here.
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TABLE II: Parametric cases of Eq. ({) possessing time independent integrals of motion in terms of the LV parameters

Case Parametric restrictions

in Eq. ()

Parametric restrictions in terms of LV parameters

Integrable choices of the LV equation

(i) ]{75 _ koka(3+2k1)

k3(1+k1)
kak2(24k1)

ke = E2(1+k1)

(i) ky=0,ks=0

(iii) ki =0, ky =0,
ks =0

(i) (agb11(b12 — ba2) + a1(bo1 — b11)b22) =

(ii) ap = ag, b21 =0

as — 2‘211722 =0, b1 + b — 2b11)1b22 =0

baz +1=0, 2a1b22 as =0,

D12

b11a2 + b21a1 — 20,1[)11 b22 =0

_a1baa(bi1—b21)
LV 1a = b11(b12—b22)

LV2a1:a2,b21:0

LV 3 az = 2a1byy b21 = b11 (2b22 - 1)

b12 b12

LV 4 bip = —b, a1 = =%, b1 =0

LV 5 512 = —522, a; = ag =0
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TABLE III: Parametric cases of Eq. () possessing time dependent integrals of motion in terms of the LV parameters

Case Parametric restrictions

Parametric restrictions in terms of LV parameters

Integrable choices of the LV equation

in Eq. ()
. — (1+k1)k2 ba1(b11(bi2—2b22)+ba1bo2) _ _
() k1= Graints 21(u (b2 =22 )mbaz) — ), LV 6 by =0, b2 #0
_ kok boi(ai—az) _ _ _ ba1b
ks = 3—32131 ?7112—125222 =0 LV 7 a1 = az, bu = _b122i226222
2
(i) ki=0, buba — 2 =0, LV 8 by = b
_ k3(kotw) asbi2(b11 —b21)+2a1 (bi2ba1 —bi11b22)Faz(bi1bia+bi2ba1 —2b11b22) o - - o
k‘s — 23(25-191) 2012(b11 —021 1(012021 61121_26222 2(011012+012021 1%2) _ gLV 9 a1 = as, bll — O, LV 10 a; = O, bll =0
2
(iii) ]{73 = 0, k‘4 = 0, % — b21 — b11 = 0, b11b21 — blbl% = 0, LV 11 a) = 2(12, b11 = 0, b21 =0
_ 2(342k1)k3 (a1—2a2)(a1boa+2a2ba2—asbia) _ a2(b12—2b22) _ _
ke = 25T 1) bea foantee —azbiz) LV 12 ay = 20222 py — 0, by =0,

LV 13 a1 = 2az, b1y = ba1, bi2 = b2

LV 14 a1 = —asg, b1 = bay, bio = bao

ba1(ar—a2) __ 0
bi2—2ba2

(a1—az)(arbzataz(baa=b12)) _ )
b12—2b22

= 342k’ LV 15 a; = as

_ (24k1)K2
ke = (3+21191)§

LV 16 a; = 2ti2=2) 3, — ¢

bao




Considering the integrals of motion of the second order system (I} we note that case (i)
have three types of integrals (vide Eqs. (217)) depending on the values of the parameters.
To rewrite these integrals for the first order LV system (2)) first we check whether the LV
parametric relations LV 1 and LV 2 are consistent with these conditions. While verifying
this we find that both the LV systems are subcases of the overdamped parametric choices
k3 > 4ky(2 + k1), see Eq. (27).

Once the respective integral has been identified then one can replace the variable % in
terms x and y (vide eq ([2))) in (27). The integrals of motion for the above two LV cases turn

out to be, respectively,

b22(b21 —b11) b22b11—b12b23

LV1I= Y br1b12—b22) (CL1 (bn — bgl) + bll(bll — b21)x + bn(blg — b22>y> b11(b12—b22) (108)

—boo

b
LV 2 [1 = (CL1 + ngy) (bnl’ + (b12 — ng)y) b12321’22 xb12-b22 (109)

We also note that the well known LV equation

T = l’(al — bgl’y), (110&)

y = y(az + by ), (110b)

is a subcase of LV 1. The integral of motion corresponding to (II0]) is deduced from the
integral (27)) (with k1 = —1) as

I = by (z + y) + ag log[z] — ay log[y]). (111)

For the remaining cases LV 3- LV 16, similar analysis can be performed straightforwardly.

VIII. CONCLUSION

In this paper, we have investigated the integrability properties of Eq. () and shown
that it admits a set of integrable parametric choices. To identify them we have divided our
analysis into two categories, that is systems which admit time independent first integrals and
equations which possess time dependent integrals. After carrying out the detailed analysis
we found that there exists a new equation which admits time independent integral. To
interpret this integral as a Hamiltonian we first deduce the corresponding Lagrangian and
then construct the Hamiltonian using the Legendre transformation. Since we have identified

a conservative Hamiltonian description for a dissipative system, we expect the study can be
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extended to the quantum case as well in future. The other two systems which admit time
independent integrals are already known in the literature. However we have also given the
Hamiltonian description for both of them.

We then moved on to identify the systems which admit time dependent integrals. Our
results show that there exist four integrable cases in ([I]) that admit time dependent integrals.
We have also reported the explicit forms of these integrals. For the first three equations
we have also found the general solution from these integrals. Since the integral of the
fourth equation turned out to be a very complicated one it became difficult to integrate
it straightforwardly. So first we have transformed the time dependent integral into a time
independent one. Then from the latter we identified a Hamiltonian. We then introduced
a canonical transformation to this Hamiltonian and transformed the latter into a relatively
simpler Hamiltonian. This Hamiltonian has been integrated to obtain the general solution.

We have transformed the identified integrable choices of the second order equation to the
LV system. Out of the 16 LV parametric choices obtained, 15 reduces to any one of the
three parametric choice LV 1, LV 8, LV 15. The 16" one, namely LV 6, is an uncoupled
case. Interestingly our results reproduce all the known integrable cases of the LV system in

the literature.
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