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Abstract

For a given second-order ordinary differential equation (ODE), several
relationships among first integrals, integrating factors and A-symmetries are
studied. The knowledge of a A-symmetry of the equation permits the
determination of an integrating factor or a first integral by means of coupled
first-order linear systems of partial differential equations. If two nonequivalent
A-symmetries of the equation are known, then an algorithm to find two
functionally independent first integrals is provided. These methods include
and complete other methods to find integrating factors or first integrals that are
based on variational derivatives or in the Prelle-Singer method. These results
are applied to several ODEs that appear in the study of relevant equations of
mathematical physics.

PACS number: 02.30.Hq
Mathematics Subject Classification: 34A05

1. Introduction

First integrals and integrating factors play a central role in the study of ordinary differential
equations (ODEs). In fact, finding a first integral of a given ODE is equivalent to obtaining an
integrating factor of the equation. Several authors have obtained necessary and sufficient
conditions for a function w(x, u, i) to be an integrating factor of a second-order ODE
it = ¢ (x,u,ir). Most of their approaches rest on the fact that the function (it — @ (x, u, #t)) is
a total derivative and therefore its variational derivative is null. As a consequence integrating
factors can be determined as solutions of a second-order linear system of PDEs [1-4]. Since
solving this system is usually a more difficult task than solving the original ODE, many studies
have been done to investigate special classes of integrating factors, through specific ansdtze
for u [2, 5]. In [6] and [2] integrating factors appear as the solutions of the adjoint equation
of the linearized equation and an additional equation that describes an extra adjoint-invariance
condition.
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Integrating factors have also been connected with the symmetries of the ODE. For a first-
order ODE, Lie’s symmetry reduction yields the quadrature of the equation. Lie also showed
that this is equivalent to finding a first integral and the corresponding integrating factor of the
ODE. However, the equivalence between integrating factors and Lie point symmetries fails
for higher-order equations, because there exist exact equations without Lie point symmetries
[7,8].

The integrability of equations that lack Lie point symmetries has been considered by
several authors: nonlocal symmetries and hidden symmetries hold important roles in these
studies [9—11]. However, the main problem associated with nonlocal symmetries is how to
determine them. Although no general method to calculate them has been derived, several
strategies can be followed in some cases [12]. A route to the determination of some nonlocal
symmetries necessary to the complete specification of some nonlinear 1+1 evolution equations
has been designed by Myeni and Leach [13, 14].

Many of these nonlocal or hidden symmetries can be connected with A-symmetries
(also called C*°-symmetries) [15]. These A-symmetries can be calculated by a well-defined
algorithm, include Lie point symmetries as a very specific subclass, and have an associated
order reduction procedure, somehow similar to the classical Lie method of reduction [16].
Although A-symmetries are not Lie point symmetries, the unique prolongations of vector
fields (in the space (x, u)) to the space of variables (x, u, .. ., w™) for which the Lie reduction
method applies are always A-prolongations, for some functions A(x, u, it). This result has been
proved by the authors [17] and is implicit in the work of Pucci and Sacomandi on telescopic
vector fields [18]. From a geometrical point of view several studies and interpretations on
A-symmetries have been made by several authors [19-21] including further extensions of
A-symmetries to systems [22, 23], to PDEs [24] and to variational problems [25, 26].

In the context of integrating factors, two important facts are that any exact ODE admits a
A-symmetry, although the equation may have no Lie point symmetries, and that a first integral
of the ODE appears in the reduction procedure associated with the A-symmetry [27]. This
motivates us to study in depth the relationships among first integrals, integrating factors and
A-symmetries, which is one of the aims of this paper. For simplicity we present here the results
for second-order ODEs.

This paper is organized as follows. We first prove (theorem 2) that any first integral of a
second-order ODE determines a A-symmetry of the equation and, conversely, there is a class
of first integrals associated with any given A-symmetry. As a consequence a procedure to
determine a first integral, when a A-symmetry is known, is derived; only first-order ODEs are
involved in this algorithm. This method extends the results in [7] and can be applied to the
examples that appear therein; some of these examples correspond to ODEs without Lie point
symmetries.

Once it has been shown how a first integral / determines an integrating factor and a A-
symmetry of the equation, section 3 is devoted to the study of conditions on two functions p
and X in order for u to be an integrating factor or v = du to be a A-symmetry of the equation.
This is done through the study of the compatibility of a first-order system which involves the
two functions p and A and an unknown function /. The compatibility of the system permits
the determination of a first integral of the equation through a line integral.

In section 4 it is shown that, when a A-symmetry of the equation is known, a class of
integrating factors of the equation can be determined as solutions of a first-order linear system
of two coupled PDEs, which could be solved by standard methods. At this point it should be
mentioned that the classical determining equations of the integrating factors of a second-order
equation constitute a system of two second-order PDEs [1, 2]. In section 6 we derive these
determining equations without using variational derivatives. As a particular case, when a Lie
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point symmetry of the equation is known, that first-order linear system can be expressed in
terms of the characteristic of the symmetry and its solutions are integrating factors of the ODE.
As far as we know, this is the first time that a direct connection between Lie point symmetries
and integrating factors is given for equations of order higher than 1. A different and more
indirect method to derive first integrals through Lie group analysis can be seen in [28].

It is well known that two independent first integrals of a second-order ODE provide the
general solution of the equation. It is natural to raise the question whether two different A-
symmetries of the equation yield two independent first integrals. This is addressed in section 5
and an easy-to-check condition determines when two independent first integrals, associated
with these two A-symmetries, can be found.

These results are applied to the Ermakov—Pinney equation [29]. This equation has wide
applications in several branches of physics, such as in the analysis of traveling-wave solutions
associated with Schrodinger equations, accelerator physics or the one-dimensional Vlasov—
Maxwell equations. It also arises in the moving shoreline analysis of rotating liquid motion in
a circular paraboloidal basin. The Ermakov—Pinney equation has widely been studied in the
context of symmetry analysis [30-33]. In this paper, as a direct consequence of our results,
we present a novel derivation of the nonlinear superposition principle and its relationship with
the Schrodinger equation.

In section 7 we first consider the relationship between our methods and the Prelle-Singer
method of constructing integrating factors. This was introduced in [34] for first-order ODEs,
has been adapted and applied to second-order ODEs in [35] and has been extended to nth-order
ODEs in [36]. For a second-order equation of the form ii = ¢ (x, u, it), the method tries to
add to the differential form ¢dx — dit a ghost differential form S(x, u, 1) (it dx — du) in order
for the resulting differential form to admit an integrating factor. We show that this happens if
and only if v = 9, is a A-symmetry of the equation for A = —S. In fact the examples given
in [35] correspond to Lie symmetries of the equations. In this section we also consider the
relationship between our methods and the method based on variational derivatives to obtaining
integrating factors. This provides alternative proofs of some of our results.

Needless to say, examples have been chosen to illustrate easily the algorithms rather
than to obtain innovative results on the equations. However, the generality of the issues
will hopefully yield fruitful results when applied to a wide variety of physically important
equations.

2. First integrals and A-symmetries

This paper is devoted to investigating the relationships among first integrals, integrating factors
and A-symmetries of a given second-order ordinary differential equation

i =a¢(x,u,t). (1)

We denote by A = 0, + %9, + ¢ (x, u, i)9; the vector field associated with equation (1).
In terms of A a first integral of (1) is any function 7 (x, u, &) such that A(/) = 0.
An integrating factor of equation (1) is any function p(x, u, i) such that

wlii — ¢ (x,u, )] = D, 1, 2
for some function 7 (x, u, it), where D, is the total derivative vector field: D, = 9, + 1d, +
o, + -

The relationship between first integrals and integrating factors is well known. We put this
relationship in the next theorem for further reference.
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Theorem 1.

(a) If I (x, u, i) is a first integral of equation (1), then v = I, is an integrating factor of (1).
(b) Conversely, if u(x, u, 1) is an integrating factor of (1), then there exists a first integral
I1(x,u,u)of (1) such that u = I.

Proof.
(a) If AT =0, then I, +ul, + ¢p(x,u,u)l, = 0. Therefore I, +itl, = —¢(x, u, ) I, and
DXI = Ix +I/.l1u +i/tlu = _¢(x7 u, u)Iu +MIM = Iu[u - ¢(-xa u, I/.l)] (3)

(b) If wlit — ¢ (x,u, )] = DI, for some function 7 (x, u, 1t) then necessarily u = I and
—u¢p = —I;¢p = I, +ul,. This proves that I, + il + ¢ (x, u,u)l, = 0,ie., Al =0. O

If v =&, u)d, +n(x,u)o, is a vector field and A = A(x, u, it) is a smooth function
on the space of variables (x, u, it), then the nth-order A-prolongation v ! of v [16] can be

characterized as the unique vector field on the space M @) of variables (x, u, i, ..., u"™) such
that

[W*®1 D] = ™™+ yD,, 4)
where v = —(D; + A)(§) = —(A + 1)(§). When n = 1, the explicit form of v M1 is

oDl = £9, 479, + [(A+2) () — (A +V)(E)i]dy. (5)

The vector field v is a A-symmetry of equation (1) if and only if
W A] = 2D 4y 4, (6)
When v = 9,,, v is a A-symmetry of (1) if and only if
Gu+ A = AG) +32. (7)

Our next theorem establishes a first relationship between first integrals and A-symmetries.

Theorem 2.

(a) If I (x,u, ) is a first integral of (1), then the vector field v = 9, is a A-symmetry of (1)
for » = —1I,/1; and v M1 = 0.

(b) Conversely, if v = 0, is a A-symmetry of (1) for some function A(x, u, it), then there exists
a first integral I (x, u, i) of (1) such that v M1[ = 0.

Proof.

(a) Since for any function A(x, u, i)l =3, + A9,, it is clear that

v[)"(l)][ — Iu — ;—MIM =0

u

when A = —1,,/1,. Since h(x, u, #t) = x and I (x, u, i) are first integrals of v M1 D T
is an invariant of v»@®! [16]. By applying v**®! to both members of the identity
I;lit — ¢ (x,u, )] = D, I we obtain

L - v i — ¢+ 0* (1) - i — ¢] = v PUD, ) = 0.
This implies that
L - v — (e, u, )] =0 when i = ¢(x,u,it).

Since I, # 0, it is clear that v = 9, is a A-symmetry of (1).
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(b) If v = 9, is a A-symmetry of (1) for some function A(x, u, i), then
[v[“l)], Al= - D1 (8)

Therefore {v™ (V1 A} is an involutive set of vector fields in M1 and there exists a function
I(x,u, i) such that v =0 and AT = 0. O

Theorem 2 provides us a procedure to determine a first integral of (1) when we know that
v = 0, is a A-symmetry for some known function A(x, u, it).

Suppose that w(x, u, i) is a nontrivial first integral of v e w(x, u, i) is a solution
of the first-order partial differential equation

wy, +Alx, u, )w,; =0 &)

such that w; # 0. Since h(x, u, it) = x is obviously another first integral of v ()1 any first
integral I (x, u, it) of vV can be written in the form

I(x,u,it) = G(x,w(x,u,u)) (10)

for some function of two variables G (x, w).
By theorem 2 we can search for a common first integral for the vector fields v**(V! and
A. We first observe that, if I (x, u, &) has the form given in (10), then

A(I) = I, +ul, +¢(}C, u, M)Iu
= (G +Guwy) +u(Gywy,) +d(x, u, 1) (Gyw,)
=G, +Gy - [wy +iw, +o(x,u, )w;] = Gy + A(w) - Gy. (11)

Hence in order to find a common first integral of the vector fields v (V! and A we must solve
the equation

Gy +A(w) -G, =0. (12)

In principle, equation (12) is a first-order partial differential equation in variables (x, u, it).
Nevertheless that equation can be considered as a first-order ordinary differential equation
because A(w) depends only on (x, w). This is a consequence of (8): since v™*Ml(w) = 0,
we have that v»DI(A(w)) = 0 and A(w) functionally depends on the first integrals
h(x,u,u) = x and w(x, u, 1t). Therefore there exists a function of two variables F (x, w) such
that A(w)(x, u, 1) = F(x, w(x, u, z)) and equation (12) can be interpreted as the first-order
ordinary differential equation
Gi+F(x,w)-G, =0. (13)
Suppose that G = G(x, w) solves (13). Then by (10) I (x,u, ) = G(x, w(x, u, it))
satisfies A(I) = 0, i.e., I (x, u, i) is a first integral of (1).
In summary, if we know that 9, is a A-symmetry of (1) for some known function A (x, u, i),

i.e., A is a particular solution of (7), then a procedure to find a first integral 7 (x, u, it) of (1),
and consequently an integrating factor of that equation, reads as follows:

(1) Find a first integral w(x, u, i) of v je a particular solution of the equation
wy +A-w, =0. (14)

(i) Evaluate A(w) and express A(w) in terms of (x, w) as A(w) = F(x, w).
(iii) Find a first integral G of 9, + F'(x, w)dy.
(iv) Evaluate I (x, u,t) = G(x, w(x, u, r)).

Then I (x, u, it) is a first integral of (1) and w(x, u, ) = I;(x, u, i) is an integrating factor
of (1).
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3. First integrals, integrating factors and A-symmetries: a first relationship

Theorem 2 and the former procedure work when v = 9, is a A-symmetry. If / is a first integral
of (1), then u = I is an integrating factor of (1) and —u¢ = I, +ul,. If I is also a first
integral of v (] for some function A(x, u, i), then I, = —AI;, = —Ap and the system

I, = p(ha — @), I, = —ipu, Iy = 1, (15)
is compatible; i.e., when A(x, u, i@t) is such that v = 9, is a A-symmetry, we know that system
(15) is compatible. Therefore system (15) could be used to obtain through a line integral a
first integral of (1) associated with p.

Now we try to investigate the properties of two functions w(x, u, &) and A(x, u, it) which
make system (15) compatible. In this case what system (15) says is that there exists a common
integral to the vector fields A and v**(D1, We are going to prove that, when (15) is compatible,
necessarily v = 9, is a A-symmetry.

First we observe that, if (15) is compatible,

pr = Li)x = (Ie)i = (Wit — @))i = pa (Mt — @) + (it — @),

16
My = L)y = (L)a = —pid — Udy. (16)

By using (16) we obtain after some simplifications
Lo = —palA(hie — @)] — plha (Mt — @) — (Mit — P)al, an

Ly = —paA(hit — @)] — plry + A(hit — @)ul.
The compatibility of system (15) implies that I, = I, and (17) gives us
= (u + Ai) + (hy + ity + Py +217)] = 0. (18)
When u # 0, (18) implies that v = 9, is a A-symmetry. Hence we have proved the following

theorem.

Theorem 3. A system of the form (15) is compatible for some functions A(x, u,it) and
w(x,u,n) if and only if 1 is an integrating factor of (1) and v = 9, is a A-symmetry of (1). In
this case I is a first integral of (1).

It must be observed that the compatibility of (15) implies that both x and A are uniquely
defined by © = I, and A = —1,/1;,. In section 4 we prove that, when (A, ©) makes (15)
compatible, A is also uniquely defined by ;1 as A = A(u)/ i + ¢y

4. On integrating factors and A-symmetries

In theorem 2 we have shown that if v = 9,, is a A-symmetry of (1), there exists a common first
integral of the vector fields v/*(D1 and A, i.e., the following system is compatible:

I+ A(x,u,u)l;, =0, Ii+ul, +¢(x,u,u)l; =0. (19)
By differentiation with respect to iz we obtain
Ly + ALy + Al = 0, Lo + Ly + il + @ ly + @1y, = 0. (20)

If we set u = I, the first equation in (19) implies that /, = —XAu and system (20) can be
written in terms of y as

My + Aty + A = 0, A(p) + (pu — M) = 0. (21)
Therefore, if v = 9, is a A-symmetry of (1), (21) is compatible and necessarily
A
A= AW + i (22)
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The first equation in (21) can be written, without any dependence on A, as
Mu + [A(w) + uyla = 0. (23)
We now suppose that p is any solution of (23) and that A is defined by (22). Then

(1) u is not necessarily an integrating factor of (1).
(i1) v = 9, is not necessarily a A-symmetry of (1).

This can be shown through the following example:

Example 4. Let us consider an equation of the form

it =¢(x,u). 24)
It is clear that, if © = @ (x), then w is a solution of equation (23) and
A .
o AW o P 25)
M p(x)

For most equations . (x) is not an integrating factor of (24) and A(x) = f(x)/u(x) is not a
A-symmetry of (24).

If one assumes that p is a solution of (23) and A is defined by (22), this raises the following
questions:
(A) If A is such that v = 9, is a A-symmetry of (1), is i an integrating factor of (1)?
(B) If u is an integrating factor of (1), is v = 9, a A-symmetry of (1)?

To answer question A it is enough to prove that, when p is a solution of (23), the
corresponding system (15) is compatible. By using (22), (23) and the third equation in (15)

L)i = =) = —[A(W) + uduale = pu = Li)u- (26)

By using (26) we also have

(Io)i = [(A)a — neli = Ap)att + (Ap) — i — i
= —(Litt + (A1) — pad — ni
=~y — Uy — QUi — Ui + [y + (A1)
= —[A(W) + ugil + px + (Ap)
= —[A(W) + uul + px + [A(R) + il = px = (L)« (27)

It can be proven that (1,), and (I,), are given by (17). These second-order derivatives
are identical because we assume that v = 9, is a A-symmetry of (1) and (18) holds.

Therefore the answer to question A is positive.

To answer question B we now suppose that  is an integrating factor of (1). By theorem 1
we know that there exists a first integral J of (1) such that pu(ii — ¢) = D, J. This equation
implies that

Ji =, (28)

—ud = J+id,. 29)

By differentiation of both members of (29) with respect to iz and by using (28) we obtain
—Hi® — wPu = Jeu + Ju + ity = px + gy + Jy.

Therefore by (22),
Ju = =[x +itphy + Ppia — pi] = —[A(n) + pgy] = —ip. (30)
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By using (28) and (30) we finally obtain that
Jo=—pp —uldy = —pp —u(—rpn) = nru — ¢). (31

Equations (28), (30) and (31) prove that J is a solution of system (15) and this system is
compatible. By theorem 3 v = 9, is a A-symmetry of (1). Thus we have proved the following
theorem:

Theorem 5. A function u(x, u, it) is an integrating factor of (1) if and only if p is a solution
of (23) and A = A()/ 1L + ¢y, is such that v = 9, is a h-symmetry of (1).

We now suppose that A(x, u, i) is such that v = 9, is a A-symmetry of (1). If p(x, u, it) is
such that A = A(w)/u + ¢, then theorem 5 ensures that, if p satisfies (23), w is an integrating
factor of (1). Therefore we have obtained the following corollary.

Corollary 6. If M(x, u, tt) is such that v = 9, is a A-symmetry of (1) then any solution . of
the first-order linear system
A(w) + (9 — M) =0, P + (Ap)y =0 (32)

is an integrating factor of (1).

We now consider the relationship between integrating factors and Lie symmetries.
Suppose that v = £3, + 19, is a Lie point symmetry of (1). The first prolongation v
of vis vV = £9, +nd, + nV9, where n'V = D,n — (D,&)i. Since & and n do not depend
upon i, we can also write n) = A(n) — A(&)it = A(n — Eit) + £¢. Therefore,

v = Ed, +0d, + A(n — Ei)d; + £,
= — )0y + A(n — §1t)0; +§[0x + 13y + Pp0u]
=vy +&-A, (33)
where Q = n — & is the characteristic of v and
vy = Qd, + A(Q)d;. (34)

Since v is a Lie point symmetry of (1), we have [, A] = —A(§)A. By using (33) we can
write

—AEA =", Al = [y +£A, A] = vy, A] — A©)A. (35)

Therefore [v(Ql), Al =0and

(o) 2= (g)w= (") () =+ (ge).

where A = A(Q)/Q. If we denote v = 9,,, equation (36) proves that ¥ is a A-symmetry of (1).
As a consequence of Corollary 6 we have the following theorem.

Theorem 7. If v is a Lie point symmetry of (1) and Q is its characteristic, then v = 9, is a
A-symmetry of (1) for A = A(Q)/Q and any solution of the first-order linear system

A(Q) A(Q)
A(p) + <¢u - —) u=0, My + (—u) =0 37
Q Q i
is an integrating factor of (1).
Example 8. Consider the second-order equation [37]
2uii — 60 +u’ +u® = 0. (38)
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It is clear that v = 9, is a Lie point symmetry of (38). It can be checked that this is the unique
Lie point symmetry of (38).
The vector field associated with (38) is

, 16>
A=0,+ud,+-—|——u"—u)o, 39
2\ u
and the characteristic of v is Q = —u. The corresponding second equation of (37) becomes
. 3 ut+u) N 3+u4+u 0 (40)
u - — Q=5 | Ul - A = V.
’ u 2012 # PR TER K
The solution of equation (40) can be obtained by the characteristic method of Lagrange:
21 45 2 _ 4 5_,2
WO, i) = o (o, L TR (41)
u® 4ub

where M is an arbitrary function of x and w = (4i? — 4u> — u?)/(4u®). Since yu must also
satisfy the first equation in (37),

M, (x,w) =0. 42)
This implies that M depends only on w and
. 21 447 — 4w’ — u?
wlx,u, i) = EM (4—146) 43)

is an integrating factor of (38), where M is an arbitrary function.

In order to find a first integral I of (38) such that I, = u, we must solve the system
that corresponds to (15). If, for example, we choose M (w) = w then we get the particular
integrating factor u(x, u, i) = w(4iu® — 4w’ — uz)/(2u12) and the corresponding system, (15),
becomes
(u5 +u?— 6u2) (4u5 +u?— 41‘42) ! w(4u? — 4w’ —u?)

Ix = Ov Iu = - 4M13 ) u — 21412

(44)
By evaluating the corresponding line integral we get the general solution of (44) and a class
of first integrals of (38):
(4u5 +u’ — 4L'L2)2

e +C (C eR). (45)

I(x,u,u) =

5. Integration by using two A-symmetries

Ifv; = &0, + 1m0y, va = &0, + N0, are two vector fields on M and A;, A, are two functions
on M, then by (5),

vl = &0, + 019, + [(A + 1) (Q1) + £1¢]10,,
w21 = £0, + 120, + [(A + 12)(Q2) + £20010.,
where Q; = n; — &ufori =1, 2.

We investigate the linear dependence of the set of vector fields {A, plAe 1P, (O - 1
can be checked that

1 P
S m (A+A)(QD)+&¢| = Q1(A+22)(Q2) — O2(A+11)(Q1).  47)
& nm (A+X)(0Q2) +609

(40)
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This is a motivation to define an equivalence relationship between pairs of the form (v, ).
We say that two pairs (vq, A1) and (v, A,) are A-equivalent and we write (vq, A1) . (v2, A2)
if and only if

Q1(A+32)(Q2) — Qs(A+21)(Q1) = 0. (48)

It is clear that these two pairs are A-equivalent if and only if the set of vectors
{A, v W1 P21 g Jinearly dependent. In this case we can write

1
POl = L |:
)

& m
& m

A+ Qlu';““'] : (49)

Suppose that v; is a Aj-symmetry, v, is a Ap-symmetry and (vy, A1) L (va, Ap). Iflisa
first integral of vector fields A and u&“*““, then by (49) I is also a first integral of v?"(m.

We now prove that, if (v, A;) is not A-equivalent to (v,, X,), there exists a first integral
I; of A and vl[’\i’(l)] that is not a first integral of vE.A/’(])] fori,j € {1,2} andi # j. If there

is a nonconstant function I (x, u, &) such that A(/) = 0, UEM’(D](I) =0 and vé“*“”(l) =0,
then this linear system would have a nontrivial solution and the determinant (47) would be
identically null.

By using (49) it can be checked that for any pair (vy, A1) the pair (v2, X;) = (3,,, A+ %)
is A-equivalent to (vq, A1). This proves that in any equivalence class there is a unique pair,
(v, A), such that v = 9,. In particular two pairs of the form (d,, A1) and (9,, X,) are A-
equivalent if and only if A; = A,. Therefore two different functions, A; and A,, generate two
different A-equivalence classes.

As a consequence of these results, if we manage to obtain two different solutions A,
and A, of equation (7), then v = 9, is both a Aj-symmetry and a A,-symmetry. Two
independent first integrals /; and I, of (1) can be obtained by solving the linear systems
{A() = 0, v W1y = 0} and {A(L,) = 0, v*>DI(1,) = 0}. This leads to the general
solution of (1). In the next section we apply these results to the Ermakov—Pinney equation.

6. Applications to the Ermakov-Pinney equation

We consider the Ermakov—Pinney equation
b2
i+ —+alx)u =0, b >0, (50)
4u3

where a(x) is an arbitrary function depending upon x.
The vector field v = 0, is a A-symmetry of equation (50) if and only if A(x, u, i) is a
solution of the determining equation,

. b2 ) 3b?
Ay + 1A, — e +a()u ) Ay + A7 = e —a(x), (&2))

that corresponds to (7). In order to find some solutions of (51), we seek solutions that are
linear in&t: A(x,u, ) = a(x, u)it + B(x, u). Then o and B must satisfy

b? 3b?
ait+ B+ (o i+ By,) — (—3 + a(x)u) a+(@i+p)——+a(x) =0. (52)
4u 4ut

It is clear that the first member of (52) is a second-order polynomial in # the coefficients of
which must be null. Therefore

o, +a* =0, (53)

10
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oy + By +2ap =0, (54)
b? , 3b?
By — <@ +a(x)u>a+,3 — m+a(x) =0. (55)
It is clear that or(x, u) = 1/u is a particular solution of (53). For this @ equation (54) becomes
Bu + 25/3 =0. (56)
The general solution of (56) is of the form
Blx,u) = rb(t—)zc) (57)

where r(x) is an arbitrary function on x. This function 8 must satisfy (55) and therefore r (x)
must satisfy the equation:

r'(x) b? r(x)?  3b?
2 m+a(x) + i —W+a(x) =0. (58)
It is clear that r{(x) = b and r,(x) = —b are two different solutions of (58) which determine
the two following solutions of (51):
. 1. ) 1. b
(e, u i) = -+ —, Ao, u i) = —it — —. (59)
u u u u

Hence v = 9, is both a A;-symmetry and a A,-symmetry of (50). Since A; # X,, the pairs
(v, A1) and (v, A;) are not A-equivalent. It can be checked that in any of the two equivalence
classes associated with these two pairs there are no Lie point symmetries.

We now calculate a first integral I (x, u, it) associated with the A;-symmetry v = 9d,. This
requires one to solve the following system:

b2
I +u¢, — (m + a(x)) I, =0, (60)

1 b
Iu+<z+_2> Iu =Oa (61)
u u

that corresponds to (19).
The general solution of equation (61) is given by

1 b
Toui)=H(x, L+-2), (62)
u  2u?

where H is an arbitrary function of x and w = #t/u + b/ (2u?). Since I must also satisfy (60),
H satisfies the equation

Hy(x, w) + (W — a(x))H,(x, w) = 0. (63)
We assume that wy = wy(x) is a known particular solution of the Riccati equation

w+w?+a(x) =0. (64)
If wy(x) is such that w; = —2wow; and w, = —wy, then

H(x,w) = % +wa(x) (65)

is a solution of (63). Therefore a first integral of equation (50) is given by
2w (x)u?

2uit + b — 2uwo(x)

Li(x,u,nn) = + wy (x). (66)

11
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An integrating factor associated with [ is given by
4w (x)u’
 Qui+ b — 2ulwy(x))?
A similar procedure can be used to calculate a first integral associated with the A;-
symmetry v = du. In this case we would obtain

2w, (x)u?
2uit — b — 2uwy(x)
The corresponding integrating factor is

4wy (x)u’

M](X,Lt,l;t) = (67)

L(x,u,u)=

+ wy(x). (68)

pale, . i) = = QQuit — b — 2u?wg(x))?’ (©9)
Since A; # Xy, I} and I, are functionally independent first integrals of (50).
The general solution of (50) can be obtained by eliminating u from the system
Ii(x,u,u) =Cy, L(x,u,u) = C,, (Cy,Cy e R). (70)
This implies that the solutions of (50) must satisfy
u?(C1 — C)wi (x) +b(Cy — wa(x))(C2 — wa(x)) = 0. (71)

7. On A-symmetries and other methods of construction of first integrals

7.1. The Prelle—Singer method

Prelle and Singer [34] introduced a method to construct integrating factors of first-order
ODEs. This method has been adapted and applied to second-order ODEs in [35] and has been
extended to nth-order ODEs in [36]. The main characteristics read as follows. They consider
the equation

P 9 b /
i= PO m b Chru,al, (72)
O(x,u, i)
and the associated differential form
P
— dx — du. (73)
0

By adding a differential form of type S(x, u, it) (it dx —du) to the differential form (73), where
S is an unknown function, they consider the differential form

<§ + SLZ) dx — [Sdu +di]. (74)

The extended Prelle—Singer method tries to find a function S such that the differential form
(74) is proportional to the differential form d/ = I, dx + I, du + I; dit, for some function
I (x, u, ir). This means that there exists some function R such that

P
dl =R |:<§ + Su) dx — (Sdu + du):| . (75)
The existence of the functions S, I and R satisfying (75) implies that
P
I, =R <§ +uS> , I, =—RS, I, = —R. (76)

The compatibility conditions for system (76) imply
A(S) = —¢pu + St + S°, A(R) = —R(S + ¢u), R, = RyS + RSy, (77)

12
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where ¢ = P/Q and A is the operator associated with equation (73). The first equation in
(77) says that v = 9, is a A-symmetry for A = —S. By writing the second and third equations
of (77) in terms of A we obtain

R, +uR, +9R; = R(OL — ¢y), R, + AR, + RA, =0. (78)

When one sets © = — R, this system is equivalent to system (21). If > and x (or R and §) are
known, then the system (76) is equivalent to system (15).

This reveals arole of .. = — S on the integration of equation (73): if we add —A (12 dx —du)
to the differential form ¢dx — dit (i.e., the differential form (73)), then the resulting differential
form

¢dx — dir — A dx — du)

admits an integrating factor u.

In [36] several interesting examples are considered to apply the generalized Prelle-Singer
method. It must be mentioned that the functions S that correspond to these examples follow
from Lie point symmetries of the equations, i.e., S = —A(Q)/Q, where Q is the characteristic
of some Lie point symmetry of the equation:

(1) For the harmonic oscillator equation,
il = —u, (79)

in [36] the function S; = u/u is considered. This function corresponds to the Lie point
symmetry v; = d,. A second function $,, which leads to an independent first integral of
(79), is given by S, = tan x. This second function corresponds to the Lie point symmetry
vy = cosxd,. The two Lie symmetries v; and v, are in different equivalence classes
because

01A(Q2) — Q2A(Q1) = 0102(=5+ 81) #0. (80)
(2) In the study of a relativistic fluid sphere, Buchdahl [38] obtained the equation
wii — 3> — xui = 0. (81)

This equation admits the Lie point symmetry v; = (1/x)d,. The corresponding function
S1 is

A 31
S = — (Ql):__u’ 82)
01 u
which also appears in [36]. Other Lie point symmetries of equation (81) are v, = x0,
and v3 = (1/(%x))d,. The corresponding characteristics are Q, = —xi and
03 =—u/ (u?x). For these characteristics we have
A 3 2
AQy) 3 2 g (83)
0> u x
A .
(Q3) _u _ s 84)
0% u

It should be mentioned that function S3 was obtained in [39] by using ad hoc methods and
not as a consequence of a general procedure. It can be checked that the pairs (vy, —S),
(va, —$,) and (vs, —S3) are in different equivalence classes and therefore any two of these
three pairs can be used to obtain the general solution of (81).

13
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7.2. The variational derivative and integrating factors

The classical approach for obtaining the determining equations for integrating factors of
equation (1) is, in short, as follows. If w is an integrating factor of (1), then the function
O(x,u, i) = u(x,u, )it —¢(x,u, ) must be a total derivative and therefore its variational
derivative is null, i.e., # is an invariant of the (truncated) Euler operator

E =9, — D.d, + D*9;. (85)
Since we can write
Dy = A+ (il —¢)ou, (86)

it is easy to check that

E0) = ii[py + [A() + ngalal + [ALA(W) + ndi] — ndu — ¢ + [A() + npula)]. (87)
The classical necessary and sufficient conditions for i be an integrating factor of (1) are the
equations

P+ [A() + i) = 0 (88)

A[A(W) + ndil — 1y — ¢ (o + [A(W) + ppili) = 0. (89)
These are the determining equations that appear, for instance, in [1] or in [2].
Equations (88) and (89) can directly be obtained without the use of variational derivatives
as a consequence of compatibility conditions. If we write system (15) in terms of 7 and u by
using A = [A(u) + 11/, we obtain the system

I = [A(n) + ugalic — Ppp, I, = —[A(w) + néul, Iy =p. (90)
The compatibility condition (1), = (I,); gives
(A(w) + i)y + pu = 0. o1

This equation is the same as (23) and (88).
If we use the compatibility condition (/,), = (I,),, we obtain

[A() + 1ilutt — Gupt — dpau + [AG) + pdpule = 0. 92)
By adding ¢[A(u) + ue; ], to both sides of (92) we obtain
AlA(W) + pudul — udy — PLIA(R) + pupi)a + ] = 0. 93)

This is equation (89). By (91) the coefficient of ¢ in equation (93) is null. Therefore system
(88) and (89) is equivalent to the system

Mu +[A(R) + ugyly =0, A[A(W) + nil — gy = 0. 94)
It must observed that for obtaining these equations we have not used, explicitly, variational
principles.

We now show the role of A-symmetries in this context. If we set Au = A(u) + ¢, then
A(pu) = (A — ¢a)pe and

ALAG) + pngil = AQp) = A+ AA() = [AQ) + 217 — Agilp.  (95)
Therefore in terms of w and A = A(w)/u + ¢y,

E(©0) = (ii — $)[u +[AG0) + il + 1IAG) +27 =gy — bl (96)
It must be observed that the determining equation (7) for A-symmetries is A(A)+A>—A¢; — ¢, =
0, the first member of which is the coefficient of i in equation (96).

Theorem 5 could directly be derived from (96). In fact, if u is an integrating factor of (1),
then E(6) = 0 and therefore p satisfies the first equation in (94) and (96) implies that v = 9,
is a A-symmetry of (1) for A = A(u)/un + ¢;. Conversely, if u satisfies the first equation in
(94) and 9, is a A-symmetry, then (96) implies that u is an integrating factor of (1).

Our next example illustrates the way A-symmetries help to find integrating factors of an
equation.

14
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7.2.1. Painlevé XIV equation

-2
i— L 4 (—uq(x) - ﬂ) +5'(x) — ¢'(x)u* = 0. 7
X u

It can be checked that equation (97) has no Lie point symmetries and hence cannot be integrated
by the Lie method of reduction.

To calculate an integrating factor by the method based on variational derivatives one has
to find particular solutions of the following system of determining equations

20+ 2y +2 (qu2 +20 +s) Wi + Upbi + uit i + (q'u® + iqu® — s'u +i* + is) iy = 0,

(93)
— w(q'u® — s'u+i®) + (qu + 2uit + su)py + Pu — g'ut + s'u*)
+(q"ut +3ug'u® + iiqu® — s"u? +us'u — i — i’s)
F U g + 2020 gy + (g u +igu® — s'u® + 0P+ isu)
+oauiu +q'u’ +iaqu® — s'u + i + is) i = 0. (99)

Ibragimov ([1], p 241) has considered a particular case of this equation (g(¢) = 0, s(¢) =
t? + 1) and has found an integrating factor of the equation by using an specific ansatz to solve
system (98) and (99). This particular case also appears in [7]. Nucci [40] has used a method
inspired by the Jacobi last multiplier for another particular case (¢(¢) = 1, s(¢) = ¢) to find a
first integral of Riccati type.

To obtain the general solution of system (98) and (99) by standard methods seems a
quite difficult task. We now try to seek a A-symmetry of the equation. Since ¢ is a
quadratic polynomial in #, the special form of the determining equation (7) suggests to
seek particular solutions of the form A(x, u, ) = «a(x,u)i + B(x, u). The corresponding
determining equations for « and 8 are

(@ +a)u’> —au+1=0, (100)
Qap —q+ Py +a)u® —2pu+s =0, (101)
aq'u’ — (Bg +2qHu* + (B> —as' + B)u — Bs = 0. (102)

1

It is clear that a(x, u) =  is a particular solution of equation (100). Equation (101) becomes

(Bu—q)u*+5 =0, (103)

the general solution of which is of the form 8 (x, u) = ug(x) + % + ¢ (x), for some arbitrary
function c; (x). It is easy to check that equation (102) is satisfied for ¢; (x) = 0. Hence v = 9,
is a A-symmetry of (97) for & = | +uq(x) + % By corollary 6 any particular solution p of
the first-order linear system of PDEs

i+ (q'u? +igu® — s'u + i + i) g + w(ipy + pny) =0, (104)

W+ (qu + 1+ 8) i +up, =0
is an integrating factor of (97). The general solution of equation (104) can be obtained by the
characteristic method of the Lagrange: a family of integrating factors of (97) is given by

1 (L't—q(x)u2+s(x))

nwlx,u, i) =—-M (105)
u u
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8. Conclusions

This paper explores the use of A-symmetries in the investigation of the first integrals and
integrating factors of a given second-order ODE. When a A-symmetry of the equation is
known, several methods are presented to obtain the associated first integrals or integrating
factors; in particular the associated integrating factors can be found by means of a coupled
first-order linear system of PDEs, instead of a second-order linear system of PDEs. When two
nonequivalent A-symmetries of the equation are known, an algorithm to find two functionally
independent first integrals of the equation is presented. In this paper other known methods
to find first integrals and integrating factors are considered: methods based on variational
derivatives or extensions of the Prelle—Singer method. The results considered in this paper
cover and complete these known methods. Several applications to ODEs that appear in the
investigation of relevant equations of mathematical physics are also considered.
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