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Abstract. Superintegrable systems are characterised by the possession of many symmetries
and integrals. We use the simple harmonic oscillator as an example and examine the relationship
between the Noetherian integrals of a given Lagrangian as quantum operators and the Lie
symmetries of the corresponding Schrodinger Equation.

1. Introduction
We use the simple harmonic oscillator as the vehicle for our discussion and demonstration. It
has the standard Lagrangian?®

% (9&2 — :L'2) . (1)

The Noether point symmetries and their associated integrals are calculated according to the
formulae [2]

fit, ) = (e, ) 2Ty gy P2 D)
+ () — @) L(té’);’ ) L rL(, o, @) 2)
and

I=f(t, x)—[r(t, z)L(t, z, )

OL(t, x, &)
— o | ®)

where the point symmetry has the form I' = 7(¢, )0 + n(t, )0, and the function, f(¢, x), is
the contribution consequent upon the possibility of a change in the endpoints when the variation
of the Action Integral under the infinitesimal transformation generated by I' is taken.

+ (n(t, x) — z7(t, z))
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2 Tt is well known that there are many Lagrangians for the simple harmonic oscillator. For a sampling see [1].
The question to be addressed here is the relationship between the Noetherian integrals of a given Lagrangian as
quantum operators and the corresponding Lie symmetries of the Schrodinger Equation.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



Symmetries in Science XVI IOP Publishing
Journal of Physics: Conference Series 538 (2014) 012017 doi:10.1088/1742-6596/538/1/012017

The Noether point symmetries and associated integrals for the Lagrangian (1) are

no

Flzat Ilz%(il? +.CE2)
Ty = e (9; + idy) I = § e (i - 2iiw — 2?)
Iy =e 2 (9, —izdy) I3 = %e_m (a’cQ + 2izw — 3:2)
Iy =e, Iy =" (ix — @)
s =e 9, Is = —e % (iz + &)
I'e =0 I =1.

The Hamiltonian corresponding to the Lagrangian (1) is
H=}(p"+2?), (4)

where the conjugate momentum is p = dL/0x = . The Schrédinger Equation for (4) is

Ou(t,z)  Qu(t,z)
2i 5 = 9.2 + x*u(t, x) (5)

and it has the Lie point symmetries

31 =0y,

Yy = e2i [8,5 +ix0, — i (% + x2> u@u} \
Mg = e 2 [0, — iz, +i (3 — 22) ud]
Yy = e (0, — 2ud,),

Y5 =e (0, + 2ud,) ,

Y6 = ud, and
Yoo = O(t, )0y,

where ¢(t, z) is any solution of (5).

The Schrodinger Equation for the physical problem comes with the condition that u(, x)
vanish at spatial infinity. There is no such condition on ¢(¢, ) unless the problem is stated with
the boundary condition being part of the problem.

The Lie point symmetries, Y;, ¢ = 1, 6, are listed in parallel to the Noether point symmetries
and integrals to make more readily a comparison of the properties reported below. In particular
g corresponds to the trivial integral Is. We note that the coefficient functions for 9; and 0,
are the same for the finite sets of symmetries.

The solution of the Schrédinger Equation is well known and is given by

un(t, ) = Ny exp {— (n + %) it — %xz} H,(z), (6)

where N, is the normalisation constant for the nth-eigenstate and H,(x) is the nth Hermite
polynomial which is the acceptable solution of the Hermite equation [3]

v (z) — 220 (z) + 2nv(z) = 0. (7)
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2. Solution of the Schrédinger Equation using the Lie point symmetries of the
equation

It is well known that the solution of (5) consistent with the boundary conditions can be obtained
by means of separation of variables into time and space components and the use of the ladder
operators introduced by Dirac [4], namely

a=D+z and o =D -z, (8)

where a' is known as the creation operator and a is known as the annihilation operator since the
former ‘creates’ states and the latter ‘annihilates’ states. What is obviously less well-known is
that the Dirac operators are autonomous versions of two of the Lie point symmetries of (5) [5].

The Lie (point) symmetries of a differential equation constitute a Lie algebra under the
operation of taking the Lie Bracket. In particular the Lie Brackets of the symmetries ¥;, i =1, 6
with X of the Schrodinger Equation, (5), produce another solution symmetry, e,

[Zi7 Ec>o]LB - iom (9)

where Yo may be a constant multiple of Yo or a different solution symmetry®. Note that a
solution symmetry (in this context) is a symmetry of the form ¢(¢, x)d,, where ¢(t, z) is a
solution of the Schrédinger Equation under consideration.

The Lie point symmetries of (5) all have the form

X =Tt)0 + ZE(t,x)0 + (t, x)ud,
apart from Y. The Lie Bracket of these two operators is [6]
2, Xclpp = (Tor +Epy — £¢) Oy (10)

The right side of (10) is a solution symmetry. One possibility is that it is trivial, ie zero. Then
the expression on the right side of (10) is a linear first-order partial differential equation for
¢(t, ). Consider ¥5. The invariants of the first-order partial differential equation (10) can be
calculated from the associated Lagrange’s system,

0 1 —zu’

from which the common exponential term has been cancelled. The invariants are t and
U exp [%xﬂ
We set
u(t, x) = exp [f%xﬂ f(t)

and substitute it into (5) to obtain the first-order equation
2if(t) = f(t) =0

for f(t) with solution
f(t) = kexp {—%it}
so that
u(t, ) = exp [~ Lit — 12| (11)

3 A constant multiple, apart from zero, is of no consequence.
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up to a constant of normalisation. The solution, (11), has no node and represents the ground-

state solution. We denote it by wuyg.
It is not necessary for the right side of (10) to be zero. Suppose it is some other solution, ®.

Then

Tor+Epy —ep = 2.
The action of 35 on (11) is found by using the symmetry, ¥, and the property that solutions
are mapped into solutions. The Lie Bracket of the two symmetries, X5 and X, is

[eiit (ax + $U8u> ) ¢(tv ‘r)a“} LB =e " (853 - $) ¢(t’ x)au (12)

so that, if we take the groundstate solution, ug, in (11), the next eigenfunction is obtained from
(12) when (11) is substituted, e, the solution is mapped to the trivial solution. Consequently
Y5 is the time-dependent creation operator and >4 is the time-dependent annihilation operator.
These Lie point symmetries of (5) are the origins of Dirac’s famous operators.

Since the solution in (11) has no nodes and is annihilated by the action of X4, it is the
groundstate solution and we denote it by wg(t, ). Higher states may be obtained by the
successive action of Y5. Thus

uy(t, x) = [Bs, uo(t, )0u|1p
= {e*it (0r + zudy,) , exp [_%it - %xQ] 8“} LB
= —2xexp {—%it — %962} Ou,
us(t, v) = Y5, u(t, ©)0ul1 g
_ [efit (0r + 2ud,), (—2x exp [—§Zt - %12}) 8u}

= (42? — 2) exp [—%it - %:1:2} Ou

LB

etc.
In a similar manner we find that ¥ is an eigenvalue operator and, if multiplied by i, is the

energy operator; Yo is a double annihilation operator and X3 is a double creation operator.

3. Noetherian Integrals as differential operators
The Noetherian Integrals may be written as differential operators in the quantum scenario. They

become
L =3 (=02 +2?),
1e2 ( 82 (220, + 1) — 2?),
Iy = 3e7 21 (=92 + (220, + 1) — 2?)
Iy =ie’t (x +0,) and
I5 = ie ™ (—x + ;).

(I is an identity operator and we do not consider it further.)
The actions of each of these operators on the nth-eigenstate, given in (6), are given by

Tiun(t, ) = ( )N exp[ (n+ )t— %xﬂ H,(2),
Lun(t, ©) = —2n(n — 1)N,, exp [ (n - 7) t— %xﬂ Hy_ (),
Lyun(t, @) = —Nyexp [—i (n+3) t - %xﬂ Hyyo(z),
Lyun(t, @) = 2inN, exp [~i (n — §) ¢
Isun(t, ) = —iN, exp[ ( g)
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In a less informative but conceptually clearer form these actions can be written as

Luy(t, ©) = (nJr l) un(t, x),
Ly (t, x) = —2n(n — 1) Nyup—aof(t, ),

Isuy(t, ) = N nUnta(t, ),
Lyuy(t, x) = QZnNnun 1(t, ),
Isup(t, ) = —iNyuny1(t, x).

4. Variations on the Schrédinger Equation

We started from the standard Lagrangian, (1), and did all of the usual tricks to obtain the
Schrodinger Equation, (5), its solutions and associated symmetries. We also have looked in
the previous section at the action of the classical integrals when treated as operators on the
solution. Now we examine what happens if we use these operators in a type of Schrodinger
Equation. We should emphasise that one is looking at this from the point of view of symmetry
and mathematics, not physics. Obviously there is no need to consider I; as that gives the
standard quantal treatment.

The Schrodinger Equation corresponding to Is is

ou 121t( 0% — 2 (x0, +1)—:L')u (13)

which has the Lie point symmetries

=0y +1x0; + %Z (e** — 22%) ud,
I'y = %9, 4 2ixe®0,
+i( 2t +1 1odit _ 9.2 2621;%2) ud,
I's = 6_2itat
'y =0, — xzud,
[ = e%9, — (2 + **) zud, and
FG = u(‘?u
in addition to the usual infinite-dimensional abelian subalgebra of solution symmetries. The
algebra of the finite subset is sl(2, R) & W3, ie the same algebra as in the case of the usual

Schrodinger Equation, (5).
In the case of the Schrodinger Equation corresponding to I3, namely

i = Lo ( 02 + 2 (20, +1)—x)u (14)
a similar set of symmetries is obtained. Precisely the finite subalgebra comprises

Ay =0y —ix0y — 3 (21‘ e 2z) ud,
Ag = 62“815
As = e 2 — 2je 2z,
+1 (e’% — %1'674” — 2iz? — 22‘6’2“;1:2) w0y,
Ay = 0y + zuldy,
As =e 29, + (2 + e %) zud, and
Ag = u0y.
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There is not much point in discussing the equations corresponding to I, and I as they are
linear first-order partial differential equations and have an infinite number of symmetries. The
equations can be solved by means of the method of characteristics and one obtains

u = exp [%xz} f(z —it) and
U = exp [Qit + %xQ] g(exp|2it] — 2x),
and

u = exp {—%xz} f(z —it) and
u = exp [—2it — z] g (2z + exp[—2it)),

respectively, for the equations

-Ou __ 2t Ou 2it
iGH = e G — (24 ) zu,

and

-Ou __ Ou
g = 55 +2U and

;0u _ ,—2it Ju —2it
PGk =e Gl 4+ (24 e %) zu,

which are the equations corresponding to Iy and I5.

It is not at all obvious how to interpret these solutions in terms of the desired behaviour of the
solution, u(t, x), at Infinity. Personally, even for the solutions which have a suitable exponential
terms, we cannot see how one could possibly select a solution for the so far arbitrary functions
which would give anything like proper behaviour.

5. Discussion

Conventional Quantum Mechanics uses (5) derived from the Lagrangian, (1), via the quantisation
of the corresponding Hamiltonian. Behind all of this there is a considerable body of theory
applying to Classical Mechanics. On one hand, a matter not treated here, the Lagrangian is far
from unique. All one needs to do is to glance at [1] to find a modest sampling. The critical point
is that from the Lagrangian, whatever it is, one must be able to obtain the Newtonian Equation
of Motion. The Theories of Lagrange and Hamilton are really mathematical constructs whereas
the Equation of Newton is based upon a Law of Physics. Consequently one must be cautious in
how one deals with the process of quantisation.

There is a question about the relevance of the solutions of the Schrodinger Equations obtained
from the use of Iy and I3 since they do not seem to have any connection with the physically
accepted solution obtained using Iy. Nevertheless their Schrodinger Equations have the same
algebraic structure as that of the equation corresponding to I;. Consequently one should expect
a point transformation to relate the three equations pairwise. This is a task still to be performed!

The question of the application of these transformations to higher-dimensional systems is
raised in [7]. (See also [8] in which the expression “quantum Arnold transformation” is introduced
to describe this class of transformation.) It was in such an application in 1976 that it was
realised for the classical case that it was simply a point transformation of one Hamiltonian to
another. Admittedly the problem under consideration was the three-dimensional time-dependent
linear oscillator, which could be considered to be rather special. One recalls the Jauch-Hill-
Fradkin Tensor of the corresponding two- and three-dimensional simple harmonic oscillator and
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its interpretation in terms of the derivation of the orbital properties of the system [9,10]. Similar
properties were found for the corresponding time-dependent tensor [11] . While it would seem
that the solutions of the Schrodinger Equations obtained from the use of Iy and I3 appear to
serve no purpose, it may be that there is some way of relating the quantal operators to the
properties of the quantal oscillator in higher dimensions.

In considering multidimensional systems it is equally important that the algebraic properties
of the system being investigated and the target system be reconcilable. If one is considering
point transformations, then the number of point symmetries of both systems needs to be the
same and not just the numbers for there needs to be algebraic consistency. This is the only type
of symmetry considered in this paper, but there are applications in which the transformations
may be more generalised and so one would not expect the conservation of point symmetry. A
case in point is the reduction of the Kepler Problem to a simple harmonic oscillator plus a
conservation law [12].

A final word of caution appears to be necessary. When one is using a transformation from
one space to another, it is advised to make the transformation one-to-one. This then preserves
the quantisation properties such as a discrete spectrum.
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