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In [19] we derive nonlocal symmetries for ordinary differential equations by embedding the given
equation in an auxiliary system. Since the nonlocal symmetries of the ODE’s are local symmetries
of the associated auxiliary system this result provides an algorithmic method to derive this kind
of nonlocal symmetries. In this work we show some classes of ordinary differential equations which
do not admit any Lie symmetry unless some conditions are satisfied but for which we have derived
nonlocal symmetries. These nonlocal symmetries allow us to reduce the order for these equations
even if these equations do not admit point symmetries.
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1. Introduction

In recent years, increasing attention has been devoted to the study and reduction of ordinary
differential equations (ODE’s) by using symmetries [1-4, 15, 29-31]. It is clear that the
presence of symmetries is not always sufficient to ensure the integrability by quadratures
of a differential equation. The converse, that every differential equation which is integrable
by quadratures has a nontrivial symmetry group was proved false in [21] where an example
of second order ODE integrable by quadratures but with a trivial symmetry group was
presented.

An obvious limitation of group-theoretical methods based on local symmetries is that
many ODE’s do not have local symmetries. It turns out that ODE’s can admit nonlocal
symmetries whose infinitesimal generators depend on the integrals of the dependent variable
in some specific manner.

Nonlocal symmetries were introduced by I.S. Krasil’shchik, A.M. Vinogradov in [25-28].
Potential symmetries constitute a particular case of general nonlocal symmetries and for
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ODE’s were introduced by G. Bluman in [10]. Potential symmetries for some ODE’s have
been derived in [16] and [17]. By using these symmetries we find that the order of the ODE
can be reduced even if this equation does not admit point symmetries. Moreover, in the
case for which the ODE admits a group of point symmetries, we find that the potential
symmetries allow us to perform further reductions than its point symmetries.

A constructive method to derive nonlocal symmetries of differential equations based on
the Lie-Bécklund theory of groups was developed in [8]. In [32] the exponential vectors fields
were introduced and it was proved that an ODE which is invariant under an exponential
vector field can be reduced in order by one. In [29] Muriel and Romero introduced the
A-symmetries in order to reduce the order of ODE’s. In [15, 30] the relationship between
these symmetries and nonlocal symmetries has been stablished. Nonlocal symmetries have
been considered in [2-4, 7, 11, 20] to integrate or to reduce the order of ODE’s. In [14]
Sundman symmetries were introduced. These are also a form of nonlocal symmetries for
ODE’s and can be used to reduce the order of the ODE’s. In [13] the authors classified 2nd-
order and 3rd-order ODE’s with respect to this nonlocal symmetry. Usually these nonlocal
symmetries are found as hidden symmetries of an ODE found by the transformation v =
f(x,w,) which increases the order of the equation. The main difficulty is that there is not a
method to construct these higher order equations. Moreover the computing programs such
as symmgrp.max are not able to compute the Lie symmetries of the ODE in which we have
made the transformation u = f(z,w;), so we need first to guess which is the function f
and then to compute the symmetries.

In a recent paper [19] we propose for a given ODE to find useful nonlocal symmetries by
embedding it in an auxiliary “covering” system with auxiliary dependent variables. A Lie
symmetry of the auxiliary system, acting on the space consisting of the independent and
dependent variables of the given ODE as well as the auxiliary variables, yields a nonlocal
symmetry of the given ODE if it does not project on to a point symmetry acting in its space
of the independent and dependent variables. We introduce an auxiliary nonlocal variable v
and the auxiliary system

A(x,u,u(l),...,u(”)) =0, (1.1)
Uy = f(x,u) (12)
Any Lie group of point transformations
0 0 0
V—f(%uav)%+¢(1’7U7U)8—u+¢(1’auav)8—va (13)

admitted by (1.1)—(1.2) yields a nonlocal symmetry of the given ODE (1.1) if any of the
generators & or ¢ depend explicitly on the new variable v, i.e. if the following condition is
satisfied

&+ ¢, #0. (1.4)

Since the nonlocal symmetries of (1.1) are local symmetries of (1.1)—(1.2) this result provides
an algorithmic method to derive this kind of nonlocal symmetries. This enables one to use
the computer to perform the usually lengthy calculations. In [19] we have considered some
examples concerning canonical equations of type II [24].
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In this paper we focus our attention on canonical equations of type III [24]. We show
some new classes of ODE’s that do not admit any Lie symmetry but for which we have
derived nonlocal symmetries. These nonlocal symmetries allow us to reduce the order for
these equations. We also show a Painlevé-type equation for which any Lie group of point
transformations

0 0 0 0
vV = f(:c,u,v,w)a—x + qﬁ(a:,u,v,w)% + w(x,u,v,w)a—v + n(a:,u,v,w)a—w, (1.5)

admitted by
Az, u,u® . u™) =0,
Uy =, (1.6)

wy = f(x,u).

yields a nonlocal symmetry of the given ODE.

2. Nonlocal Symmetries

Equation 1. The second order differential equation

2 2
Ugy — () - (z +;16)1@,3—1—2;10—1—1:0 (2.1)
U u

has been recently proposed by Nail Ibragimov in [23] as an example of equation which has no
point symmetries, and hence cannot be integrated by Lie’s method. He applied the method
of integrating factors for higher-order equations developed in [23] and he has expressed
the solution in terms of elementary functions. We observe that although Eq. (2.1) has no
point symmetries, by introducing a nonlocal variable v the associated system admits Lie
symmetries which are nonlocal symmetries of (2.1).

Theorem 2.1. System

(ue)® (2 + )

Upy — e " Uy +2¢+1=0, (2.2)
Vg = f(l’, u),
has Lie symmetries with infinitesimal generator
0 0
=c'u— + (k1 —e")— 2.3
v €u8u+(1 e)av, (2.3)
for
2+

flew = T, (2.4

Proof. If a vector field v = £(z,u, v)% + o(x,u, U)a% + Y(x,u, U)a% is a Lie symme-
try of system (2.2) its infinitesimals £, ¢ and ¢ must satisfy the following determining
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equations

Suut + & =0,
1/1u—§uf=0,

wa:‘i'fwv_fugb_ffa:_gva_ng:(L
_2§uux2_2§uux+¢uuu2_§vfuu2_2§uvfu2_2fuzu2_¢uu+¢:0>

_¢a:x2_fd)’ulj_2¢uux+4§vfux+4§zux_¢zx_f¢vx+¢a:mu
+f2¢vvu+2f¢vzu+fz¢vu_¢uu+2fvfu+2detal

& fur? —&ual+ o’ +6&ulr— € fur—Euxr —28us +

+fu¢vu2+2¢umu2+2f¢uvu2_fvfa:UQ_fvvaUQ

_2§vxfu2_§xxu2+3§uu2_2¢xu_2f
dpu—Eu=0.

u+ 2etal u =0,

By solving this system we obtain for f(x,u) = @ the infinitesimals £ = 0, ¢ = e¢Yu and
T 0

By using the usual prolongation formula we obtain

0 0 0
V(l) = 6”?,6% + (kl — 61))% + €D(UU1 -+ Uz)a—uz — evvm%. (25)
Two functionally independent invariants are
Uy 22+

u u

By derivating we obtain that the expression of (2.1) in terms of the invariants is the trivial
first order equation

Cz =0
with general solution ( = C'. In terms of the original variables we get

Uy + 2% +
u

=C.

Equation 2. In the following, we propose the second order ODE of type II [24],

Uy )?
Upy = a% —g(x,u), (2.7)

where
k202u4a—3 kc/u2a—1
4a—1) 2(a—1)

g=— + eu, (2.8)
a = constant, a # 1, ¢ = ¢(x) and e = e(x) as an example of equation which does not have Lie
point symmetries unless, ¢ = ¢(x) and e = e(x) satisfy some conditions. Hence in general it
cannot be integrated by Lie’s method. Nevertheless we will prove that an associated system
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admits Lie symmetries which are nonlocal symmetries of Eq. (2.7). These symmetries allow
us to reduce the order of (2.7).

Theorem 2.2. The second order differential equation (2.7) admits Lie symmetries with
finitesimal generators

o 2]€1 (a — 1)0 N - fl
f——Ta ¢ = <k1 72@_1)) u (2.9)
if c=c(z), d #0, and e = e(x) must be related by

2¢(d)3e (a — 1) — 4c (c’)2 de(a—1) +4(d)e(a — 1)+ c(c)?"”
—600/0”0”/ + 2(0/)30/// + 60(0//)3 _ 3(0/)2(0//)2 =0.

This condition is not always satisfied for example if c¢(x) = exp(pz) and e = exp(qx) with
pq# 0 orifc=aP, e=x% and q # —2.

Proof. If a vector field v = 5% + gb% is a Lie symmetry of Eq. (2.7) its infinitesimals &,
¢ must satisfy the following determining equations

(a - 1)(§uuu + afu) =0,

(@ — 1) (puuu® — 2&upu? — aduu + ap) = 0,
3c2&,k%ut — 12ae€,ut + 12e€,ut — S8adupu® + 8dyau® + 4alyu’

— 40P + 8a’ppu® — Sapu® =0,
k2P utett — 2c26, k201t — 2ed k2t — dac? kP dut® + 3Pk putt — daegud
+ dedyu® + 8ael ud — 8efpu® + dae’éud — de'Eu’ + dadyut

—4¢pput 4 daeput — degut = 0.

By solving this system we obtain (2.9). O
By introducing the variable v, we prove the following

Theorem 2.3. System

Ugy = QM - g(fc,u),

v (2.10)
Uy = f(xa u)a
where g is given by (2.8), has Lie symmetries with infinitesimal generator

0 2((1 — 1)b kv 0

kv
_ 0 kv 9 2.11
v=bue 8u+ ? e 5 ( )
when
b/
_ 2(a—1) Y
flx,u) =cu b

Proof. Invariance of system (2.10) under a Lie group of point transformations with
infinitesimal generator v = £(x, u, v)% + ¢(x, u, U)a% + Y(z, u, v)a—av leads to a set of deter-
mining equations. Solving this system we obtain £, ¢ and . ]
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By using the usual prolongation formula we obtain

0  2a—1)b 4, 0 o 2a—1bev 9

M) = puyehv 4 T kv ek = 2.12
M we ou * k ¢ ov e u@ux * k v, ( )
Two functionally independent invariants are
Uy cku2(a=1)
= == - —. 2.1
s=w (=t T (2.13)

By derivating we obtain that the expression of (2.7) in terms of the invariants is the first
order equation

G+ (1—a)®+e=0,
with e = e(z), arbitrary function.

Equation 3. In the following, we propose the second order ODE of type II [24],
u2
Ugg + 2—93 —buy — g(x,u) =0, (2.14)
U

where

abk a?k?
g(z,u) :ﬁu‘f‘ﬁ—ﬁ?a

which has no Lie symmetries for b # 0, G, # 0 and « arbitrary constant.

Theorem 2.4. The second order differential Eq. (2.14) does not admit non-trivial Lie
symmetries for b # 0, B, # 0 and « arbitrary constant.

Proof. If a vector field v = f% + gb% is a Lie symmetry of Eq. (2.14) its infinitesimals &,
¢ must satisfy the following determining equations

ufuu_ %u :O,
_2u2§um+¢uuu2+%_ % =0,

208+ 68U €y +2abkut €y — a2 kP uy + 4y u® + 2 by u® =0,
—1208ub ¢, —dabkud, +20% k26 — 68, ub E —2ab kudE
68 ¢y ul —6dpptu® +2abkd,u® —a?k? ¢, = 0.

From the two first conditions we get

§= f2u3/2 - %a

df 5/2 fa
= (292 4 9 g4
) < I + f2> u’ 4 fau + i
where f; = fi(x) i=1,...,4.
f1

Substituting into the remaining conditions we get fo = f4 =0 f3 = —3 and for b # 0

and (G, # 0 then f; = 0 and f3 = 0. Consequently for b # 0, o« = constant and (3, # 0
Eq. (2.14) does not admit any nontrivial Lie symmetry. O
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Theorem 2.5. System

2

2u (2.15)
Vg = f(xa u)a
with
abk o’ k?
g(w,u) = Bu+ 32 6w’
has Lie symmetries with infinitesimal generator
0 3cek? 9
kv
_ 2 - 2.16
vooue ou k  Ov ( )
for
a
= — — —. 2.17
flau) = 55— = (217)

Proof. If a vector field
0 0 0
v = 5% + ¢5% + ¢%

is a Lie symmetry of system (2.15) its infinitesimals £, ¢ and ¢ must satisfy the following
determining equations

U &y — %L =0,
Yy — [ & =0, (2.18)

_fgx_fov_fxf‘me‘Ffwv_fu¢:0a
_fu'UJva_2u2§um_2fu2§uv

_2bu2§u+¢uuu2+¢ug_§207
_25u§x_20§;;];§x a23ki5§x
—2pfug, - 200k TR
+5¢uu+agig¢u+20;Z§¢_a26kj5¢u_5(22;2¢

+¢xw_b¢x+f2¢vv+2f¢vx+fx¢v_bquv_ﬂ(b:()a
—upr —bu&, _f2u§vv
—2fupr — fruby —bfuly

abk&, a2k2§u
_Sﬁu2§u_ 2 ul
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It can be checked that this system admits the solution £ = 0, ¢ = cuer?, ¢ = —3eek?

k
and f(z,u) = 5% — % Consequently it has Lie symmetries with infinitesimal generator
(2.16). O
By using the usual prolongation formula we obtain

0 3¢ 4, 0 kea\ O ¢ 0
1)k k k kv [ Ca
v = ce ”ua—u —%¢ ”% + e (cux + 7) o 3e™ (? +cvx> Do (2.19)
Two functionally independent invariants are
Uy ko
= =24 2.20
=, (= (220)

By derivating we obtain that the expression of (2.14) in terms of the invariants is the first
order equation

2
N T

with b = b(z), 8 = [B(z) arbitrary functions.
Equation 4. In [31] the Painlevé-type second-order ordinary differential equation

12
U z. ,
= — — -1 2.21
u " +(u+u)u ( )

has been transformed, by using the equation for Jacobi last multiplier, into a system of three
equations. One of these equations is a second order equation and the other two equations are
first order equations. This system admits a three-dimensional solvable Lie point symmetry
algebra which allow us to reduce the system to a single first-order ODE which can be
integrated in terms of Airy functions. Equation (2.21) is a particular case of the Painlevé
XIV Eq. [24]

12
" U
u

b
=—+ <a(x)u + @> ' 4 d (z)u? -V (x), (2.22)
U U

which it is known to possess a first integral of the Riccati type, i.e.:

u' = a(z)u® + ku — b(x), (2.23)

where k is an arbitrary constant. Equations (2.21) and (2.22) for arbitrary a(z), b(x) do
not possess any Lie point symmetries.

In the following, we consider the second order ODE (2.22), we will prove that an asso-
ciated system admits Lie symmetries which are nonlocal symmetries of Eq. (2.22). These
symmetries allow us to reduce the order of (2.22) and the solutions of (2.22) are described
by the generalized Riccati equation.
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By introducing the variable v, we get the following

Theorem 2.6. System

2 b
Ugpy = l;—x + <a(x)u + %) ug + d (z)u?® — b (x),
Uy =, (2.24)
Wy = f(l’, u),
has Lie symmetries with infinitesimal generator
0 0 0
v=ue—+ (v+a(x)u®+ b(x))e’ = + B(z,u,v)e? — (2.25)
ou ov ow
when
b(x
Fle.u) = aleyu + 12
and B satisfies
uvBy + (V2 + av’v +bv + d'u® — Vu)B, + uBy + (au® +b)B+ b — au® = 0. (2.26)
Proof. Invariance of system (2.24) under a Lie group of point transformations with
infinitesimal generator v = £(z, u, v, w)a% +é(z,u,v, w)a%+w(fc, U, v, w)a—‘?u+77(:c, U, v, w)a%
leads to a set of determining equations. Solving this system we obtain &, ¢, 1 and 7. U
By using the prolongation formula two functionally independent invariants are
b
2=z, (= Qo _ a(x)u + ﬂ (2.27)

By derivating we obtain that the expression of (2.22) in terms of the invariants is the first
order equation

It follows that ¢ = k and the solutions of (2.22) are described by the generalized Riccati
equation

uy = a(z)u? + ku — b(x). (2.28)

3. Conclusions

In this paper we propose for a given ODE to find nonlocal symmetries by embedding it
in an auxiliary “covering” system with auxiliary dependent variables. Since the nonlocal
symmetries of the ODE’s are local symmetries of the associated auxiliary system this result
provides an algorithmic method to derive this kind of nonlocal symmetries. This enables
one to use the computer to perform the usually lengthy calculations.

We have shown some classes of ODE’s (2.1), (2.7), (2.14) and (2.22) which do not
admit any Lie symmetry unless some conditions are satisfied but for which we have derived
nonlocal symmetries. These nonlocal symmetries allow us to reduce the order for these
equations.
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