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Abstract

We show that given any ordinary differential equation of even order n, it is always
possible to determine at least one bona-fide Lagrangian if the n — 1 derivative is absent (or
eliminated) from the equation. The key is the Jacobi last multiplier as in the well-known
case of a second-order equation. The known link between Jacobi last multiplier and Lie
symmetries is exploited. Two equations from a Number Theory paper by Hall, one of
second and one of fourth order, will be used to exemplify the method.

1 Introduction

DRAFT

It is well-known that a Lagrangian always exists for any second-order ordinary differential
equation [11]. The key is the Jacobi last multiplier [3], [4], [5], [11], which has many interesting
properties, a list of which can be found in [9]. Here we use the Jacobi last multiplier in order
to find Lagrangians for ordinary differential equations of even order n > 2. The known link
between Jacobi last multiplier and Lie symmetries [6], [7] is exploited.

The paper is organized in the following way. In the next section we will present our method.
In section 3 two equations from a Number Theory paper by Hall [2], one of second and one of
fourth order, will be used to exemplify the method itself. The last section contains some final
remarks.

2 The method

The well-known relationship between the Jacobi Last Multiplier, M, and the Lagrangian, L =
L(t,u,u’), for any second-order equation

u”" = F(t,u,u) (1)
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is [11]
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where M = M (t,u, ') satisfies the following equation
dM oOF
2 m% o
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Then equation (1) becomes the Euler-Lagrange equation:

d (0L oL
—— | = — =0. 4
dt <8u’>+8u 0 )
The proof is given by taking the derivative of (4) by v’ and showing that this yields (3). If one
knows a Jacobi last multiplier, then L can be obtained by a double integration, i.e.:

L:/(/M¢Odd+ﬁ@ww+ﬁ@m, (5)

where f; and fs are functions of ¢ and w which have to satisfy a single partial differential
equation related to (1) [10]. As it was shown in [10], fi, f2 are related to the gauge function
g =g(t,u,u). In fact, we may assume

_ %
o= 5
0

fo = 5Bt (6)

where f3 has to satisfy the mentioned partial differential equation and ¢ is obviously arbitrary.
The importance of the gauge function should be stressed. In order to apply Noether’s theorem
correctly, one should not assume g = const, otherwise some first integrals may not be found
(see [10] and the second-order equation in the next section).

We now consider a fourth-order equation, i.e.

w0 — F(t,u, u/) u//7 u///). (7)
In this case the Jacobi last multiplier satisfies the following equation

dM | OF
My m
a Y u

=0. (8)
It is easy to show that if a Lagrangian L = L(¢,u, v ,u”) is taken such that

0*L
= 8u”2 (9)
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along with the constraint

oF
ou'" =0, (10)
then equation (7) becomes the Euler-Lagrange equation:
d? /oL d [(OL OL
T (au) T @ (au) "o =0 (11)

The proof consists into taking the partial derivative of (11) by u”” and showing that this yields
(8).
We underline that because of the assumption (10), then a Jacobi last multiplier M is easy

to find from equation (8), namely
M = const. (12)

If one knows a Jacobi last multiplier, then L can be obtained by a double integration, i.e.:

L= / (/Mdu") du” + fi(t,u, " )u" + fo(t,u,u), (13)

where f; and fy are functions of ¢, u, u’ which have to satisfy some partial differential equations
related to (7). We can relate fi, fo to the gauge function g = g(¢,u, v ,u”). In fact, we may
assume

_ 9
h = P
_ 0Og , 99 ,
fo = 8uu + Y + f3(t,u,u’) (14)

where f3 has to satisfy the mentioned partial differential equations and g is obviously arbitrary.
Again we stress the importance of the gauge function. In order to apply Noether’s theorem
correctly, one should not assume g = const, otherwise some first integrals may not be found
(see the fourth-order equation in the next section).

We now consider a sixth-order equation, i.e.

u = F(t,u, o, v’ o u™ u®). (15)

In this case the Jacobi last multiplier satisfies the following equation

dM OF
—+ M =0. 16
dt¢ + ouv (16)

It is easy to show that if a Lagrangian L = L(t,u,u ,u”,u"") is taken such that

0L

= Gum a7)
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along with the constraint

oF
=0 18
ouv ’ (18)
then equation (15) becomes the Euler-Lagrange equation:
d® [/ 0L d® (oL d (0L oL
—— | = — = -=|== — =0. 19
de3 <8u”’> e <8u”> dt <6u’> T ou (19)
The proof consists into taking the partial derivative of (19) by u” and showing that this yields

(16).
We underline that because of the assumption (18), then a Jacobi last multiplier M is easy
to find from equation (16), namely
M = const. (20)

If one knows a Jacobi last multiplier, then L can be obtained by a double integration, i.e.:

L= / (/Mdu’”) du” + fi(t,u, o' u" " + fo(t,u, ! u), (21)

where f; and fo are functions of ¢, u,u',u” which have to satisfy some partial differential
equations related to (15). We can relate fi, fa to the gauge function g = g(¢, u, v/, v”,u"). In
fact, we may assume

dg
= g
fo = @u" + @u' + @ + f3(t,u, v’ u") (22)

ou' ou ot

where f3 has to satisfy the mentioned partial differential equations and g is obviously arbitrary.

Again we stress the importance of the gauge function. In order to apply Noether’s theorem

correctly, one should not assume g = const, otherwise some first integrals may not be found.
Finally, we consider any equation of order 2n > 2, i.e.

u®) = F(tu ... u®), (23)

In this case the Jacobi last multiplier satisfies the following equation

dM oF
M =0. 24
a "My =0 (24)

It is easy to show that if a Lagrangian L = L(t,u,v/, ... ,u(")) is taken such that

9?L
M )

4



along with the constraint

oF
Jun—1) — 0, (26)
then equation (23) becomes the Euler-Lagrange equation:
dr oL d® [ oL d [OL oL
-)'— — it —=Sl=|—-=|= — =0. 27
(=1) den <6u(")> Tt (8u”> dt <6u’> T o (27)

The proof consists into taking the partial derivative of (27) by u(?*~1) and showing that this
yields (24). In fact,

0 (gpdn (0L & (0L d (0L OLY _
oun=1) dtn \oum )~ de2 \ow’ ) dt\ow')  ou)
nod [ 9L 9°L  OF
(=1) "t <8(u(n))2> + O(u(m)2 gy2n—1)" (28)

We underline that because of the assumption (26), then a Jacobi last multiplier M is easy
to find from equation (24), namely

M = const. (29)

If one knows a Jacobi last multiplier, then L can be obtained by a double integration, i.e.:

L= / </Mdu(")> du™ + filt,u, ... ,u(”fl))u(") + fot,u, ... ,u("fl)), (30)
where f; and fs are functions of ¢, u, «/, . .., u(™ 1) which have to satisfy some partial differential
equations related to (23). We can relate fi, fo to the gauge function g = g(¢,u, v/, ..., u"1).
In fact, we may assume

ho= Jun—1)
99 Y B .
fy = 8u(f_2)u( D4 au(ng—s)u( D4+ a—‘z + f3(t,u, .., u™Y) (31)

where f3 has to satisfy the mentioned partial differential equations and g is obviously arbitrary.
Again we stress the importance of the gauge function. In order to apply Noether’s theorem
correctly, one should not assume g = const, otherwise some first integrals may not be found.

3 Two examples from Number Theory

3.1 A second-order equation

In [2] the following functional was introduced:

s
/ y'4 + 6uy2y'2d x, (32)
0
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where y = y(x) € C?[0,7], y(0) = y(r) = 0 and v > 0. The corresponding Euler-Lagrange

equation is
1211 2.1

vy +vy*y” +vyy? = 0. (33)

If we apply Lie group analysis to this equation, we find that it admits a two-dimensional abelian
transitive Lie symmetry algebra (Type I) generated by the following two operators:

Fl = 695, FQ = yay . (34)

Then we can integrate equation (33). First, we introduce a basis of differential invariants of
Fl, ie.:

u==>=, v=ux. (35)

Then equation (33) reduces to the following first-order equation:

du —Vuv
—=—, 36
dv  vv? + u? (36)
which admits the operator I's in the space of variables u, v, i.e.
'y = v0, + ud, . (37)
Then its general solution is implicitly given by:
2 2\1/4
Vu (2vv? +u?) T = const (38)
and in the original variables!:
V' (21/3/2 + y/2)1/4 = const (39)
viz
\/<Vy2a1 +/12ytad + 1) y2a1
y' = (40)
yas (Vy2a1 + /v2ytat + 1)
with a1 an arbitrary constant Finally the general solution of (33) is given implicitly by:
yay <yy2a1 +/v2ytad + 1)
dy=x+as (41)

\/<yy2a1 +/v2ytad + 1) y2ay

!The same first integral can be obtained by using Noether’s theorem (see below)



We note that if y is positive and a; = 1 the integral on the left-hand side could be integrated
in terms of an hypergeometric function H, namely:

1 11 1 11 1
NoyH (-2, - —= ], 15 2], ——— 42
Let us try to find a Lagrangian for equation (33) by using the Jacobi last multiplier, namely

through (2). The two Lie point symmetries (34) yield a Jacobi last multiplier. In fact the
following matrix [6], [7]:

v 12
1 y/ _%y2 +y/2
10 0 (43)
0 y Y

has determinant different from zero and its inverse is a Jacobi last multiplier, i.e.

2Vy2 + y/2

M=
v vy? +y?)

(44)
The corresponding Lagrangian is

1
Li=— (—\/ 2uy arctan (
4dvy

/

Y
vV 20y

) T log(2vy? + 5Py + 2 1og<y'>uy) @) + o),

(45)
where f1, fo are solutions of

dfi  0fs

If we impose the link between f1, fo with the gauge function g(z,y), namely (6), then f3(x,y)
becomes just f3(z), an arbitrary function of the independent variable z. The Lagrangian (45)
may appear ugly. Nevertheless the corresponding variational problem admits two Noether’s
symmetries, namely both Lie symmetries given in (34) are Noether’s symmetries. Consequently
the following two first integrals of equation (33) can be found by applying Noether theorem?:

I = I =Quy+y?)y? [g = </ f?’e(f) dx + a2>} (47)

1 /
I'y, = L= oy <—\ﬂ2y)y’ arctan <\/22/T/y

with s(z) an arbitrary function of x. We note that the first integral I; in (47) was already
derived in (39).

) + vy — 4va’> . g =s(z)y +a]. (48)

2Also the corresponding gauge function g is given. It is important to remark that in the case of the first
integral (48) the gauge function g cannot be constant, while it can be constant in the case of the first integral
(47). Naturally, we have left out any inessential additive constants.



At this point one would like to know if it is possible to obtain the original Lagrangian given
in (32), i.e.
Ly =y + 6vy’y” (49)

A property of the Jacobi last multiplier is that if one knows a Jacobi last multiplier and a
first integral then their product gives another multiplier [9]. If we take the product of the first
integral I; (47) and the multiplier M; (44), then we obtain another Jacobi last multiplier of
equation (33), i.e.:

My = —y? — vy? (50)
which can be integrated twice with respect to v’ in order to yield the following Lagrangian®:
1
Ly = —75( "+ 6vyy?) + fiy + fo (51)

where f1, fo are solutions of (46). It is interesting to emphasize that this Lagrangian (namely
Hall’s Lagrangian) is such that the Lie operator I'y in (34) does not generate a Noether’s
symmetry for the corresponding variational problem. In fact only I'y is the generator of a
Noether’s symmetry for Hall’s Lagrangian.

If instead of (32) we consider the functional [2]

™
/ Yt + 6vyPy? — 3A(v)ytd . (52)
0
and apply Lie group analysis to its corresponding Euler-Lagrange equation, viz:
y/2y// + VyZy” + I/yy/2 + /\y3 — 0’ (53)

then we obtain the same Lie symmetry algebra generated by (34) which means that (53) can
be integrated by quadrature. In fact if we introduce the same variables as in (35) then equation
(53) reduces to the following first-order equation:

du —v ()\v2 + Vu2)

dv ~ uwwl+u?) (54)
which can be integrated to give
Mot 4 20u0? + ut = const (55)
and in the original variables
Myt + 2uy%y? + ™ = const (56)

3Note the inessential multiplicative constant.



a first integral of equation (53).
Also Lie group analysis implies that if A = 2 then equation (53) admits an eight-dimensional
Lie symmetry algebra generated by the following operators:

Iy = —y(—cos(vvz)d, + yv/vsin(vvz)d,)

s = —y (sin(ﬁx)@x + yﬁcos(ﬁa:)ay)

Py = cos(2yvx)d; — yv/vsin(2y/vz)d,

Iy = —sin(2vvz)d, — yv/vcos(2v/vx)dy

Is = 0, (57)
I's = yoy

'z = cos(vvz)o,

I's = —sin(v/vz)d,.

which means that equation (53) is linearizable or indeed linear. Indeed in this case equation
(53) is just
y' = —uvy. (58)

In order to find Lagrangians and first integrals for equation (52) we have to repeat mutatis
mutandis the same analysis given above. We may underline that in the case of A = v, namely
equation (58), we can generate 14 different Lagrangians as it was shown in [10].

3.2 A fourth-order equation

Another functional in [2] is the following:

/ y/4 + My2y//2 dr. (59)
0
The corresponding Euler-Lagrange equation is

4uyy'y”’ + Myzyiv + 2uy’2y” + 3/Lyy"2 _ 6y’2y” 0. (60)

If we apply Lie group analysis to this equation, we find that it admits a three-dimensional Lie
symmetry algebra generated by the following three operators:

X1 = 81, X2 = y8y, X3 = J,‘am y (61)
which means that we can reduce equation (60) to a first-order equation, i.e.:

di  —Tpad — pa — 6ud® — 4ud” + 6T (62)
dz il




with ", 2 "2,,2 "
Yy 29 Y vy ~ 63
Y3 o 2/4 + y/2’ x y/2 : ( )

If © = 3 then equation (60) admits an eight-dimensional Lie symmetry algebra £ generated by
the following eight operators:

y'y

u =

3
Al = 1‘2637 + §$yay, A2 = x@x, A3 = 8337 A4 = yay’ A5 — Z 83/’

This means that equation (60), i.e.:
4y/y/// + yyiv + 3y//2 =0 (65)

is linearizable by means of a point transformation [7]. In order to find the linearizable transfor-
mation we have to find an abelian intransitive two-dimensional subalgebra of £ and, following
Lie’s classification of two-dimensional algebras in the real plane [7], we have to transform it
into the canonical form

Duy 10y (66)

with u and ¢ the new dependent and independent variables, respectively. We found that one
such subalgebra is that generated by A7 and Ag. Then we have to solve the following four
linear partial differential equations of first order:

A7(t) =0, As(t) =0, A7(u)=t, Ag(u)=1. (67)
It is readily shown that the linearizable transformation is
t=uzx, u =1y, (68)

and equation (65) becomes ‘
u’ = 0. (69)

Finally, the general solution of (65) is

y = Va1 + asz + azz? + agz’ (70)

with a;(i = 1,4) arbitrary constants.
We note that if we apply the transformation (68) to equation (60) in the case of any p then
the following equation is obtained:

(N _ 3)(2uu// _ u/2)u/2

uiv = — 4Mu3 (71)

10



which does not contain u”/, namely the third derivative of v by x. Therefore a constant, say
1, is a Jacobi last multiplier of equation (71), and we can obtain a Lagrangian from (21), i.e.:

1
L, = QUNZ + filx,u, u')u” + folz,u,u’) (72)

where fi and f satisfy (22) and f3 has to have the following expression:

(—p + 3)u

24[“142 + hl (JJ, U)U/ + h2 (113‘, ’LL) (73)

fa(z,u,u’) =
with hi, ho arbitrary functions of z, u.
We remark that a Jacobi last multiplier of equation (60) can be derived from equation (8),
le.:
1dM 4
T 4L =) = M= 74
v Y, Y (74)
although this Jacobi last multiplier is useless in order to find a Lagrangian of equation (60).
Instead, if we apply transformation (68) to (72) in order to go back to the original function
y(z), then adding also the particular assumptions f; = —u'2/(2u), and fo = u*(p + 1)/(16u?)

yield the following Lagrangian for equation (60) :
Ly = (p— 1y" + 242" (75)

which, apart from an inessential multiplicative constant, is Hall’s Lagrangian in (59).
Let us apply Noether’s theorem. If we consider the Lagrangian in (72), we find that the
following two first integrals of equation (71) can be obtained:

3 1
§X3 +X1 = 6L = 2 (12,uu3u”’ — dpu” — SpPu vz + dpuPuP
Hu

+2pun’® — pu'tz — 6un’ + 3u'tz),

Xo = b= (—8puu/u" + dp*u’? — pu* + 3u). (76)

1
8uu?
A similar result is obtained if one uses Hall’s Lagrangian and equation (60). Moreover, if we
apply Noether’s theorem to the linearizable equation (65) with Hall’s Lagrangian, i.e.:

LH — y/4 + 3y2y//2, (77)

we obtain the following seven first integrals*:

" 3. .m 212 211

A = Im1:—3y3y + 3y Yy e +yy T+ Ty Yy x

4Naturally, they are not all independent from each other.
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_2y2y/y///x2 + y2y1/2x2 _ 2yy'3x _ 4yy/2y//$2 + y/4x2
3
TAat Ay = Tmy =9y + 207y Y — 129"y e + 6y — Gy — 24yyy"w + Gy
As = Img= _2y2y/y/// + y2y//2 _ 4yy/2y// + y/4
As = Ims = —3y>+6yy'z — 3yy"z* + yy"'2® — 3y%2% + 39y 23
Ae = Img=2yy —2yy"z + yy"z? — 2y"%x + 3y/y" 2>
Ay = Im;= _yy// + yy///x _ y/2 + 3y/y//$
As = Ims=yy" +3y'y" (78)

Although we do not write down the corresponding expressions of the gauge function, we un-
derline that it cannot always be set equal to a constant otherwise none of I'mi, Ims, I'mg, Ims7,
and I'mg could be obtained.

All seven first integrals (and even more) may be obtained without Noether’s Theorem.
In fact we just need to find the Jacobi last multipliers of equation (65) that are obtained
by inverting the nonzero determinants of the possible 70 matrices made out of the eight Lie
symmetries (64). Then the ratio of any two multipliers is a first integral of equation (65). For
example:

1 Y y" y" _ 4y'y" + 3y
)
172 %yw %y_ %azy’ y/ _ %xy” _%y// _ %$y”/
Cra3a = (79)
T 0 _y/ _2y/l —Sy/”
1 0 0 0 0
0 y y/ y// y///

is the matrix obtained by considering the symmetries generated by operators Aj, As, A3, A4 in
(64); its determinant is

3 9
Aqgzy = gy//yy/y/// o 23//32/” _ 5y/2y//2 + 6y//3y + §y///2y2’ (80)

and the corresponding Jacobi last multiplier is:

1 1
A1234 - 18y//yy/y/// _ 4y/3y/// _ 3y/2y//2 + 12y//3y + gy///2y2'

Mio3y = (81)
Similarly, the matrix Csg7s yields the determinant Azgrg = 12/ y*, i.e. the Jacobi last multi-
plier®:

Msgrs = y* (82)

5The multiplicative constant is inessential.
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which we have already found in (74) as an obvious solution of (8). Note that

_ y4(18y//yy/y/// _ 4y/3y/// _ 3y/2y//2 + 12y//3y + 9y///2y2) (83)

is “another” first integral of equation (65).

4 Final remarks

DRAFT
The following remarks should be enlightened and kept in mind:

e The most efficient Lagrangian, namely that which allows the most number of Noether’s
symmetries, may not be the Lagrangian with the simplest form.

e Lie symmetries are the key tool for finding Jacobi last multipliers and therefore La-
grangians.

In [1] the necessary and sufficient conditions under which a fourth-order equation (7) admits
a unique Lagrangian were determined, namely:

OF
3(u’”)3

OF 1d2 [ OF d [ OF 30F d [ OF 10F oF 1 [ 0F\*®
— =) - = - = — + - += =0. (85)
o ' 2de2 \ ou” dt \ ou” 4 ou™ dt \ ou 20u" ou” 8 \ ou”

Not surprisingly both equation (60) and (71) satisfy those two conditions.

=0 (84)
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