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Abstract. The double reduction method for finding invariant solutions of a given partial differ-
ential equation (PDE) provides for the reduction of a ¢-th order PDE that admits a Lie symmetry
and an associated nontrivial conservation law to an ordinary differential equation (ODE) of order
g — 1. In all the articles we have seen where the method has been used, the algorithm has involved
writing the conservation law in canonical variables determined by the associated symmetry. In this
paper, we illustrate that it is not necessary to use or even have the associated conservation law.
It is enough to know that there exists a conservation law associated with a given Lie symmetry.
Canonical variables derived from the symmetry are sufficient to achieve double reduction. In the
canonical variables, the PDE is transformed after routine calculations into an ODE of order one
less than that of the PDE. We have outlined steps involved in this variation of the double reduction
method and illustrated the routine using five PDEs.
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1. Introduction

The double reduction method, proposed by Sjoberg [19, 20], provides a powerful routine
that exploits the relationship between Lie symmetries and conservation laws of a given
PDE to find invariant solutions of the PDE. The theory of double reduction relies on the
pioneering work by Kara and Mahomed [12, 13] on the relationship between Lie symmetries
and conservation laws. For a scalar (14+1)-PDE of order ¢ that admits a Lie symmetry and
an associated nontrivial conservation law (in the sense defined in [12]), double reduction
of the PDE amounts to a reduction of the equation to an ODE of order ¢ — 1.

All the articles we have examined that have used the double reduction method, as
proposed by Sjéberg [19, 20], have exploited both the admitted Lie symmetries and the
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corresponding nontrivial conservation laws in the reduction algorithm (evident in refer-
ences [1-4, 6-9, 11, 14, 15, 17-20]). In this article we demonstrate that it is not essential
to utilise an associated conservation law in the reduction routine. Rather, it suffices
to know that a given Lie symmetry has an associated nontrivial conservation law. For
Fuler-Lagrange PDEs, for example, every admitted Noether symmetry has an associated
conservation law. Therefore, one could proceed to perform double reduction of an Euler-
Lagrange PDE using only an admitted Noether symmetry.

The rest of the paper is organised as follows. In Section 2, the theory of double
reduction is presented, based on (1 + 1)-scalar PDEs as proposed by Sjoberg [19, 20].
In Section 3, we present the steps involved in the proposed alternative double reduction
algorithm and provide illustrative examples based on five PDEs. We give concluding
remarks in Section 4.

2. Theory of double reduction of a scalar (1 + 1)-PDE

Preliminaries of the double reduction method are extensively covered in numerous
articles. To avoid redundancy, these foundational details will not be repeated in this
article. Interested readers can consult references [1-4, 6-8, 11, 15, 17-20]), and other
related works for comprehensive information.

Consider a scalar gth-order (¢ > 1) PDE with two independent variables (z!,z?) =
(t,z) and one dependent variable u = u(t, x),

F(t,x,u,...,uq) =0, (1)

where u () denotes the collection {uy} of kth-order partial derivatives. Furthermore, sup-
pose that Equation (1) admits a Lie point symmetry with an infinitesimal generator

i 0 0
X =¢ (:c,u)%—f—n(:c,u)%. (2)
A conservation law of (1)
DTt + D, T* =0 (3)

is said to be associated with (2) if
X(T") + T'Dr(€") = T"Di(¢') =0, i =1,2. (4)

In terms of canonical variables r, s and w, i.e., variables under which (2) is transformed
into X = %, the conservation law (3) can be written in canonical variables as [19, 20]

D,T" + D,T* = 0, (5)
where

T'Dy(r) + T*Dy(r)

W:mmm@—mmm@

(6)
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and
s T!Dy(s) +T*D,(s)
T° = . (7)
Dy(r)Dx(s) — Da(r)Dy(s)
The components T and T in (3) depend on (t, @, u, u(1), u(2), - - - s U(g—1)), Which means
that T" and T depend on (7, s, w, Wy, Wyr, . . ., Wyqe—1) for solutions invariant with respect

to X. Therefore, the conservation law in canonical variables (5) becomes

oT*
O0s

From the association of X with 7' = (T",T*), it follows that

+D,T" =0. (8)

T ors

XT" = P =0 and XT7°= P 0. 9)
This leads to further reduction of the conservation law (8) to
D, T" =0, (10)
or, equivalently,
T" =k, (11)

where k is an arbitrary constant. Equation (11) is an ODE of order ¢ — 1, and its solution
can easily be transformed into an invariant solution of (1).

3. An alternative double reduction algorithm

It follows from the double reduction routine that canonical variables, while reducing the
conservation law (3) into the ODE (10), must necessarily transform the PDE (1) into an
ODE equivalent to (10), i.e., of the same order as the original PDE. The reduction of order
by one of this “equivalent” ODE is subsequently achieved through routine calculations.
The steps for implementing the alternative double reduction routine are presented below:

(i) Identify a symmetry X = & (z,u)d,: + n(z,u)0u of the PDE (1) for which there
exists an associated nontrivial conservation law.

(ii) Find similarity variables r, s and w, i.e., variables under which the symmetry X is
transformed to its canonical form Y = %. The similarity variables can be determined
from the conditions X (r) = 0, X(s) = 1, X(w) = 0. These variables establish an
invertible mapping

ow

r=R(t,x), s=S(tz), w=W((xu), %750

from the space (t,z,u,u(),...,uq) to the space (r,s,w,wp, ..., Wpa).

(iii) Express all partial derivatives of w in (1) in terms of r, s, w and derivatives of w.
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(iv) Write the PDE (1) in canonical variables in the form
D p(r, w, Wy, Wypy « oy Weg—1) = 0, (12)
for some function ¢, where w = w(r). It follows from (12) that
Y(ryw, Wy Wepy .« oy Wpa—1) = Kk, (13)
where k is an arbitrary constant. Equation (13) is the desired ODE of order ¢ — 1.

In the illustrative examples that follow, we perform double reduction of five PDEs
following the algorithm outlined above. Although we have provided associated nontrivial
conservation laws for each of the symmetries used in the examples, the conservation laws
are not used in the double reduction procedure.

Example 1. The PDE [7]

1
Utt — Utgx — 3u2Ua:1’ + Upzzs — 6““5 - E =0 (14)
admits a Lie point symmetry with infinitesimal generator
X = 2t0; + 20, — ud, (15)

associated with the nontrivial conservation law Dy(¢!) + D, (¢*) = 0, where
t t2 T 2
@' = (up — gy )t — 27 OF = tuprr — StU Uz + Ug. (16)

To find canonical variables, we solve characteristic equations

dr _dt_du

=— = 17
z 2t —u (17)
corresponding to (15). We obtain canonical variables
Int
r=— s:i, w=uVt or w=zxu, (18)

where w = w(r). In (18) we essentially have two sets of canonical variables, one corre-
sponding to w = u+/t and the other to w = zu.
Case 1.1: Reduction using canonical variables with w = u+v/t

The inverse canonical variables of (18) in this case are given by

t=e*, r=re, u=ec ‘w, (19)
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and the partial derivatives that appear in (14), expressed in terms of the canonical variables
using the routine outlined in [10], are:

Uy = 6_2811)7") Ugyx = 6_3Swrr
Uy = ie“:’s (rQwrr + 5rw, + 3w) (20)
_ 1 -5 _ -5
Urzt = —3€ S(Twrrr + 3w7‘7‘)7 Uggzx = € swrrrr-

Substituting (19) and (20) into (14), we obtain an ODE of the same order as (14), namely

r wpy + 51%0, + 28w, — 1205w w,, — 24r°ww

+ 315w + 619w, + 4r%Wepry — 4 = 0. (21)

2
r

To obtain a lower order ODE, we find functions i and v so that (21) can be written in
the form
h(r,w)Drw(r,w,wr,wrr,wrrr) = 0. (22)

Comparison of equations (21) and (22) leads to a system of determining equations which
we solve to obtain h = r°, and

1
) = i 12w%w, 4 3rw + 2w, + 4w, + 2rw,, + 4wy (23)

Case 1.2: Reduction using canonical variables with w = xu

The inverse canonical variables of (18) in this case are given by

t=e*, z=re, u= , (24)

and partial derivatives that appear in (14), expressed in terms of the canonical variables
are:

_ —2s (wr w
Uz = € T2
Ugpy = e 3 (% - % + %) y Ut = %6_58(’”01”7" + 3wy)
u = —le7bs (25)
zrt T 5€ T Wrpp
Uppgw = 6—58 (2;175'11/' _ 23"%% + 12;1?))7‘7‘ _ 41';1'72‘T'r + w'r;‘r'r) .
Substituting (24) and (25) into (14), we obtain
47“4wrmn + 2r3 (7“2 — 8) Wyrr + (7“6 —12r%w? + 487“2) Wyp — 24r2ww72,
+3r (r' + 24w® — 32) w, — 48w’ + 96w — 4 = 2r°Dyyp = 0, (26)
where
1 6w’ 12 r 12 6w? 6 QWyyy
Example 2. The PDE [7]
nu 2 nu, 2 1
Upgze — Utgy — M€ “Ugg + Uy — €™ uy — =0 (28)

x4
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admits a Lie point symmetry with infinitesimal generator
T 1
X =t0t+ =0y — — Oy (29)
2 n

The symmetry (29) has an associated nontrivial conservation law D;(¢') + D, (¢%) = 0,
where

1
(;St — x(ut _ ’U,g;m), (bz — —n:ve"“ux + enu — Ugy —+ LUy —+ 272 (30)
x
Canonical variables arising from (29) are
Int 21
T:W’ s =Int, w:%—i—u or w= ;lx—i—u, (31)
where w = w(r).
Case 2.1: Reduction using canonical variables with w =n"1lnt + u
The inverse canonical variables of (31) in this case are given by
t:es, (L':T'es/2, u = nw—S, (32)
n

and the following partial derivatives of u in terms of the canonical variables are obtained:

Uy = e‘%wm Uy = € Wpp, Uy = e;i (nﬂwrr + 3nrw, + 4) (33)
Uzt = _%e_QS(TwT’FT + 2wr7‘)a Ugprzr = e_QSwrrrr-
Substituting (32) and (33) into (28), we obtain
2
Wrppr + Tw2rrr L Z)TT + Wy — ne wwrr
3 1 1
ZUT — n?e™y? — o + - =r"'Du =0, (34)
where ) 5 )
rew oW T 1
w:erTT+TM—er+ 4T —nre”wwr+e”w+%+ﬁ. (35)
Case 2.2: Reduction using canonical variables with w = 2nllnx + u
The inverse canonical variables of (31) in this case are given by
21
t=¢°, z=re’? u:w—L—i_s. (36)

n
Therefore, the partial derivatives of u expressed in terms of the canonical variables are:

Uy = e_g (wT — %)

Upy = €5 (— + wrr) . Uy = %re_%(rwr,n + 3w,) (37)
Uzt = —3€ (Twrrr =+ 2wrr)a Upgzs = € 25 (,,377?4 + 'U)'rrrr) .



W. Sinkala, M.C. Kakuli / Eur. J. Pure Appl. Math, 17 (4) (2024), 2562-2573 2568

Upon substituting (36) and (37) into (28), we obtain

Anr* Wy + 2072 Wy — N’ (4nem” —rt 47“2) Wyp — 4n3r2w72,em”
+nr (16ne™ + 3rt) w, — 24ne™ — 4n + 48 = 4nr3D,1p = 0, (38)
where
w:rww+<7§—1>ww+(j—”e:w>wr+?ﬁ?”+—rﬁ2+2;+;. (39)
Example 3. The BBM equation [19]
Upgr — Ut + Uy =0 (40)
admits Lie point symmetries with infinitesimal generators
X1 =0, and X9 = 0;. (41)

These symmetries have an associated nontrivial conservation law Dy(¢!) + D, (¢%) = 0,

where
3 4

;U 2 2 2 u

¢ EE " =up —up —u Uta:—z~
Let X = aX; + X9, where « is an arbitrary constant. Canonical variables derived from
X are

(42)

r=xz—at, s=1t w=u, (43)

where w = w(r). From (43), we obtain the inverse canonical variables
t=s, z=as+r, u=w, (44)
and the following partial derivatives of u expressed in terms of the canonical variables:
Up = Wy, Ut = —QWyp, Uppt = —OWppy. (45)

Substituting (44) and (45) into (40), we obtain

QWp — OWppy + WW, = Dyp1p = 0, (46)
where
w>
Y = ow — awyy + -5 (47)
Example 4. The PDE [5]
Ugpa + Ut + Uy + Uty = 0 (48)

admits Lie point symmetries with infinitesimal generators

X1 = 8:5 and X2 = at. (49)
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The nontrivial conservation law of (48) Dy(¢") + D (¢*) = 0, where
2 4 3 2

u u 1 U U U u? 1

is associated with the symmetries in (49).
Let X = aX; + Xo, where « is an arbitrary constant. Canonical variables derived
from X are
r=xz—at, s=1t w=u, (51)

where w = w(r). From (51), we obtain inverse canonical variables
t=s, x=as+r, u=uw, (52)
and the partial derivatives:
Uy = Wy, Ut = —QWp, Ugps = Wyyp. (53)

Substituting (52) and (53) into (48), we obtain

Wyrr + W2wy + wwy, — aw, = Dypth = 0, (54)
where 5 )
w w
¢:w,«r+?+7—aw. (55)

Example 5. The PDE [14] (see also [16])
Up — Uy — Uggg = 0 (56)
admits a Lie point symmetry with infinitesimal generator
X =20, + 3t0; — 2u0,,. (57)

Furthermore, the nontrivial conservation law of (56) Dy(¢!) + D (¢%) = 0, where

tu? tu? tu2  au?
is associated with (57).
Canonical variables derived from (57) are
3 Int
T:%a Szn?, w=ut*? or w=uz? (59)

where w = w(r).
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Case 5.1: Reduction using canonical variables with w = ut?/3

From (59), the inverse canonical variables in this case are given by
t=e%, z=r3 u=cu. (60)

Therefore, the following partial derivatives of u expressed in terms of the canonical vari-
ables are obtained from (60):

Uy = 37,2/36—35“)“ Uy = _%6—58(3rwr + 2w) (61)
Uppw = €°F (27r2wm~ + Sdrw,, + 6w7~) .
Substituting (60) and (61) into (56), we obtain
81T2wrr7 + 162rwy, + 3 <3r2/3w +7r+ 6) w, + 2w
3r2/3
= mDr%b =0, (62)
where
P = P23+ 2r By 4wl 49 <r2/3 + 27‘1/3w> Wy
1
+27 [<r4/3w + 7“5/3) Wyp — 2r4/3w3} . (63)
Case 5.2: Reduction using canonical variables with w = z?u
We obtain from (59), in this case, inverse canonical variables
—2s
_ 3s _.1/3 s _ e w
t=e, x=r"'°¢°, U_TZ/S’ (64)

and the following partial derivatives of u expressed in terms of the canonical variables:

Uy = 6*35(37":,117'—210)’ up = 77.1/36—55“)7‘ (65)
Ugzy = e s (2774/3wrrr + 2721/1}; - fé}g) :
Substituting (64) and (65) into (56), we obtain
2 3 37'3
6w” + w(72 — 9rw,) — 3(r + 24)rw, — 811wy, = TDW =0, (66)
r+w
where
w3 2(r + 6)w? r+24w  27w?
Y=——F — ( 2) & ) + T4 27w, — 27(r 4+ w)wyy. (67)

r 2
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4. Concluding remarks

In the standard double reduction method as proposed by Sjoberg [19, 20], both a Lie
symmetry of a PDE and an associated nontrivial conservation law are used to find invariant
solutions of the PDE. The algorithm involves writing the conservation law in terms of
canonical variables derived from the associated Lie symmetry. The association of the
conservation law with the symmetry ensures that, in canonical variables, the conservation
law is reduced to an ODE of order one less than that of the PDE. In this article, we have
demonstrated that double reduction can be realised by simply transforming the PDE, in
stead of the conservation law, using the constructed canonical variables. This means that
any symmetry of the PDE known to have an associated nontrivial conservation law may
be used to perform double reduction of the PDE, without explicitly using the conservation
law in the algorithm. We have provided examples involving five (1 + 1)-PDEs.

For each of the PDEs in the illustrative examples, we started by identifying an ad-
mitted Lie point symmetry that has an associated nontrivial conservation law. We then
found canonical variables r, s and w, i.e., variables under which the Lie symmetry is
transformed into X = 0/0s. The canonical variables constitute an invertible mapping
from the (¢, z,u, ug), - - ., u(q))-space to the (r,s,w, wy, ..., wy)-space. In the latter space,
the PDE is reduced to an ODE of the same order, but one which could be written in the
form D,(-) = 0 to complete the reduction.
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