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Abstract. Universal quantum integrals of motion are introduced, and their relation with the
universal quantum invariants is established. The invariants concerned are certain combinations
of the second- and higher-order moments (variances) of quantum-mechanical operators, which
are preserved in time independently of the concrete form of the coefficients of the Schrodinger
equation, provided the Hamiltonian is either a generic quadratic form of the coordinate and momenta
operators, or a linear combination of generators of some finite-dimensional algebra (in particular,
any semisimple Lie algebra). Using the phase space representation of quantum mechanics in terms
of the Wigner function, the relations between the quantum invariants and the classical universal
integral invariants by Poincaré and Cartan are elucidated. Examples of the ‘universal invariant
solutions’ of the Schrodinger equation, i.e. self-consistent eigenstates of the universal integrals of
motion, are given. Applications to the physics of optical and particle beams are discussed.

1. Introduction

The role of integrals of motion in physics can hardly be overestimated. They help to analyse
and classify the behaviour of various classical and quantum systems. In particular, knowledge
of integrals of motion simplifies significantly the process of solving dynamical equations
governing the system evolution. In the quantum case, this was shown distinctly by Lewis and
Riesenfeld [1], whose method was generalized and applied to different problems in numerous
publications. A quantum integral of motion is defined usually as an operator whose average
value (w(t)|1 (1) |y (¢)) does not depend on time for any state | (¢)) obeying the Schrodinger
equation. 1 (1) satisfies the equatlon inal /ot = [H 1 ] therefore its explicit form depends on
the form of the Hamilton operator H (which is supposed to be Hermitian).

For example, in the simplest cases of a quantum harmonic oscillator with a time-dependent
frequency w () or a charged particle moving in a time-dependent homogeneous magnetic field,
one has linear integrals of motion of the form [2—4]

Aty =¢e(t)p — e(t)% (1.1)

where (1) is a solution to the classical equation & + w?(t)e = 0 (here h = m = 1).
Depending on the choice of the concrete solution £(¢), eigenstates of the operator A@) may
be either generalized coherent states [2-5], or squeezed correlated states [5, 6], or propagators
in various representations [7, 8]. Quadratic integrals of motion such as Az(t) have been used
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in introducing even and odd coherent states [9], which are so popular nowadays due to their
interpretation as examples of ‘Schrodinger cat states’. Using quadratic integrals of motion
such as

AT (OA®@) = |e)?p? + |€]°%% — Re(¢e™) (PR + £ ) (1.2)

(known as the ‘Courant—Snyder invariant’ [10] in particle beam physics and as the ‘Lewis
invariant’ in quantum mechanics [11]), one can find time-dependent solutions to the
Schrodinger equation, which are generalizations of the Fock states [1-4, 12]. Such integrals of
motion are very useful for calculating the Berry phase [13—17]. They can also be generalized
to the relativistic case [18]. For a detailed review on the method of quantum integrals of motion
see, for example, [19].

All the operators discussed above (and their eigenstates) depend explicitly on functions
such as &(1), i.e. after all, on the concrete form of the Hamiltonian (through the function w(¢),
for instance, in the examples considered). It is known, however, that in classical mechanics
there exist invariants of another type, which preserve their values in time simply due to the
Hamiltonian structure of the equations of motion, independently of the concrete form of the
Hamilton function. The most famous example is the preservation of the phase volume (the
Liouville theorem), while the general construction is known under the name of the universal
integral invariants by Poincaré—Cartan [20,21]. These invariants are equal to the sums of the
oriented hypervolumes (areas) of the projections of the chosen region in the phase space to all
possible different subspaces (planes) generated by equal numbers of coordinate and momenta
axes, such as x; p;, x; p;x;p;, etc. In quantum mechanics, there also exists a quantity which
does not depend on time for any (Hermitian) operator: it is the integral f Y*(x)y¥(x) dx.
Howeyver, this conservation law seems trivial.

The quantum universal invariants, which are conserved in time independently of the
concrete form of coefficients of certain specific families of Hamiltonian operators, were
discovered at the beginning of the 1980s [22]. In particular, such invariants exist for quantum
systems described by Hamiltonians which are arbitrary inhomogeneous quadratic forms
with respect to the canonical coordinates and momenta. These systems are distinguished,
since their evolution is described in terms of linear symplectic transformations. Similar
transformations also describe the evolution of paraxial light (laser) beams passing through
linear optical systems, and the related universal invariants were studied in [23]. Although
some results of papers [22,23] were reproduced and generalized in reviews [19,24], they
still seem to be unknown to a wider audience. Therefore, the special cases of the invariants
found in [22, 23] were rediscovered several times, although not in the quantum case, but in
the theory of classical particle beams (with applications to accelerators) [25-27] and optical
beams [28-37].

In this study we introduce the concept of quantum universal integrals of motion, as
operators whose average values are universal invariants. The explicit forms of such operators
include the variances of the quantum system, but they do not depend on the concrete coefficients
of the Hamiltonian. Also, we introduce the self-consistent eigenstates of the universal integrals
of motion, which can be called ‘universal invariant solutions’. Besides, we provide new
compact expressions for the universal invariants, including the invariants dependent on the
higher-order statistical moments.

The plan of the paper is as follows. In section 2 we consider, following [22], the universal
invariants of quantum systems, whose Hamiltonians are arbitrary quadratic forms with respect
to the operators of the generalized coordinates and momenta. The relations between quantum
universal invariants and the classical universal integral invariants by Poincaré and Cartan are
elucidated, using the description of quantum systems in terms of the Wigner function, in
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section 3. The universal integrals of motion and ‘universal invariant solutions’ are studied in
section 4, where the universal invariants containing higher-order moments are also considered.
Section 5 is devoted to the general case where the Hamiltonians are linear with respect to
generators of some algebra. Possible generalizations and applications in other areas, such as
the theory of propagation of paraxial optical and particle beams, as well as some unsolved
problems, are pointed out in section 6.

2. Universal invariants for quadratic Hamiltonians

2.1. General considerations

Consider a quantum system described in terms of a set of N operators, Ql, Qz, ey Q N>
obeying the bosonic commutation relations
QaQﬂ - QﬁQa = Eaﬁ = _Zﬁa 2.1

where Xq4 is complex numbers forming the N x N antisymmetric matrix X. Let us assume
that the dynamics of the system is governed by some quadratic Hamiltonian,

N N
H=1% By®0;0c+) C;1)0; =31QB1Q+C1)Q 22)
jk=1 j=1
where B = |[|Bjt|| is a symmetric N x N matrix with c-number elements, Q is the N-
dimensional vector, consisting of operators Ql, Qz, el Q ~, and C is an N-dimensional

c-number vector. In such a case, solutions to the Heisenberg equations of motion for the
operators Q,(t) are expressed linearly through the initial operators Q, (0)

Qu(t) = Aup(t)0a(0) + Xa (1) (2.3)
B

where Aqg(7) and x, (#) are some c-number functions of time. An immediate consequence of
equation (2.3) is the relation

Qaﬂ(t) = Z Aau(t)Q;w(O)Aﬁv(t) (24)
v
where
Qup = 2(0a0p + 05 0u) — (0a)( D) 2.5)

is the second-order central moment (variance). We shall also use the equivalent notation for
the variances: Qup = Q4 Qp and 0, Q, = Q_g (without the summation over indices). The
specific feature of quadratic systems is the independence of the dynamics of the variances
Qg from the dynamics of the first-order mean values (Qa) (i.e. from the functions C, (t) and
Xa (1))

Introducing the N x N matrix A(¢) = || Aqg(?)]l one can easily verify that it satisfies the
linear equation

A= —%ZBA (2.6)

which results in the equation (d/dt)(AE[\) = 0, where A denotes the transposed matrix.
Taking into account the initial condition A(0) = Ey (where Ey is the N x N unity matrix)
we arrive at the fundamental identity

ADOTA@M) =3 2.7)
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which means that A is symplectic matrix. Another fundamental identity
detA(t) =1 (2.8)

is a consequence of the Liouville formula for the matrix determinant [38]
t
det A(t) = exp U Tr (A(z)A—l(z))dz} 2.9)
0

and the traceless property of the matrix X B: Tr(X¥B) = Tr(f]/?) =Tr(BY) = —Tr(XB) =
0. (If the matrix X is non-degenerate, then (2.8) is an obvious consequence of (2.7) and the
continuity of the matrix A(¢) in time. However, there exist interesting examples [22,24] of
the systems with the degenerate matrix X, for example, if the number N is odd.)

Comparing the matrix form of formula (2.4)

0) = || Qus) | = AW QO)A () (2.10)
with (2.7) it is easy to verify the identity

N
D(y:t) =det[Q(t) —yZ] = > Dpy™ =D(y: 0) 211
m=0

where y is an arbitrary auxiliary parameter. Consequently, the coefficients D,, do not depend
on time. Moreover, they do not depend on the functions B,g(#) and C,(t) which determine
the concrete form of the Hamiltonian. These coefficients depend only on the initial state of the
system and the elements of the commutator matrix . For these reasons we have called the
conserved quantities D, quantum universal invariants [22]. To find the number of independent
invariants we note that the function D(y) is even: det(Q —yX) = det(Q — yE) =
det (Q + y X). Therefore, the number of different independent invariants equals [(N + 1)/2]
(since the coefficient Dy does not depend on Qg at all). If the Hamiltonian does not contain
linear terms with respect to operators Qa, then, besides the invariants D,,, there also exists the
invariants D/ , which can be obtained from D,, by means of the formal substitution (Qa) =0

m?>

in the definition of the quantity Qgg.

2.2. Examples

For the set of usual momenta and coordinate operators, Q = ( D1y P2y vvs Pns X15 X2, 00 1y )2"),
the commutator matrix equals ¥ = —ih X, where
0 E,
Y = (2.12)
—-E, O
We shall use the notation Dﬁ."), j=0,1,...,n — 1, in order to emphasize the dependence

of the universal invariants on the number of degrees of freedom n. The simplest invariant is
D(()”) = det Q(¢). In particular, in the case of one degree of freedom we have the universal
invariant

A =D =pp-3x — (px)°. (2.13)

In the special case of the oscillator with a time-dependent frequency, this invariant was
discovered in [39]. For n > 2 a relatively simple expression can be written for the invariant
Dg?_z, which is a quadratic form with respect to the variances Qg:
n
() — —— —— —
Dzr;_z: Z (pipj-xixj—pixj-xipj). (2]4)
i,j=1
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This invariant was also found in [40] (for n = 1 and 3). In the case of two degrees of freedom
we have (writing x; = x, X =y, p1 = px, p2 = py)

2 > TH T 5 5 R - —\2 -
DY = p2x2+ p2 y2 + 2Xy Py py — 2XPy YPx — (YPy) — (¥px)? (2.15)
2 5 N 5 5 — 2 - —\2 - —\2
DY = [x2 ¥ - (Xy)z] [p§ P2 — (pxpy) ]+ &P (7py) + Opx)* (xPy)
5 T —\2 R 5T e— 5 T f—e—\2
—y2 p2 (Xpy)” — x2 P2 (9px)” — ¥? p2 (3p2)° — x2 p2 (¥py)
—2XPx YDy XPy YPx — 2XV Px Dy (XPx ¥Py +XPy ¥Px)

2T |2 VPy X + pL T TP | + 2 PPy |2 X T + ¥ 5 |
(2.16)

Other invariants for n > 2 have too many terms to write here.
For the bosonic annihilation/creation operators, @ = (dy, ..., dy, 4 1‘, cah) [ana] =
0, [&,-, &,1'] = §;x, the commutator matrix is given by equation (2.12). In the one-dimensional
case the analogue of invariant (2.13) reads [22]
A = oy (oy + 1) — |o,|* = constant (2.17)

where o, = (a?) — (Ez)z andoy = (a'a) — ‘(&)|2. The analogue of the invariant (2.14) is
n —_—
B5a = (e ala; — fail) @18
ij=1

Examples of other sets of operators, with the commutator matrix different from (2.12) (e.g.
kinetic momenta operators in the presence of a homogeneous magnetic field, when the number
N may be odd), were given in [22, 24].

3. Geometric interpretation and the relations with the Poincaré—Cartan invariants

Since quantum systems with quadratic Hamiltonians are, in a certain sense, the closest to
the classical ones [19,41], it is natural to suppose that the quantum universal invariants are
connected somehow with the classical Poincaré—Cartan integral invariants. Such relations
do exist, and in the most distinct form they manifest themselves, if the quantum system is
described in terms of the Wigner function [42,43]

W(x, p) = /dveip”/h(m—v/2|,5|a:+v/2) 3.1

({x|p|x) is the matrix element of the statistical operator 6 in the coordinate representation).
Consider the Gaussian Wigner function [24,44,45]

W(p, z) =1"(det Q)" exp[—1 (g — (@) Q0 '(qa — (@))] (3.2)

where the vector q is defined as ¢ = (p, ), and Q is the corresponding symmetric variance
matrix. In particular, in the one-dimensional case we have [6,46]

Wi(x, p,t) = A""p exp(—i[aw(r)iz + o ()P — 2%(:);213]) (3.3)
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with A given by equation (2.13), o, = ab, a, b = x, p, and
I=x—(20) p=p—(p®). 3.4

For quadratic Hamiltonians, any initial Gaussian state remains Gaussian for any ¢ > 0;
although the average values and variances of coordinates and momenta change with the course
of time, the value of A is not changed. The lines of the fixed values of the quasiprobability
W = constant are the ellipses. Consider the ellipse corresponding to the value of the argument
of the exponential in (3.3) equal to —1. The semiaxes of this ellipse are given by (in the system
of units where x and p have the same dimensions)

s =T+ VAT VA T=1(0,+0m).

The area of the ellipse equals 7a,a_ = 27+/A. Consequently, equation (2.13) means nothing
but the conservation of the phase volume (the phase area in the one-dimensional case) contained
inside the surface of the constant Wigner quasiprobability, and in this sense the conservation
of A it can be interpreted as the quantum analogue of the classical Liouville theorem. In the
multidimensional case we have the invariant D(()") = det Q, which is proportional to the square
of the volume confined inside the surface of constant quasiprobability.

The conservation of the area of the ellipse in the phase space in the special case of the
Gaussian wavepackets of free particles was mentioned in [47] (without any relation to the
universal invariants). The fact that the ellipse of the constant quasiprobability, related to the
Gaussian state of the oscillator (with constant frequency), rotates in the phase space without
changing its shape, was noted as far back as in [48]. It is interesting to note that the universal
invariants by Poincaré were used by Robertson [49] to illustrate the geometrical meaning of
the generalized uncertainty relations, but he did not touch on the dynamical aspect of the
problem.

The relations between the other invariants Dg;) and the Poincaré—Cartan invariants are
more involved. To elucidate them, it is sufficient to consider the Gaussian Wigner function

with the diagonal variance matrix Q. Let us introduce the notation A; = p? - x?. The
invariants Dé",) are equal in the case involved to the sums of all possible products of (n — j)
different factors A;. Let us designate the Poincaré—Cartan invariants (for the chosen region
confined with a surface of a constant value of the Wigner function) as 7?,("”>, m=12,...,n,
the number 2m being equal to the dimensionality of the subspace which the chosen region
in the phase space is projected to. In the case discussed, all the projections are ellipsoids
whose semiaxes are proportional to the square roots of the variances p? and x?. Therefore, the
quantities P are proportional to the sums of all possible products of m different factors
VA;. Taking into account the structure of the functions ng’.) and P one can find the
relation [22]

min(j,n—j)
(n) __ 2 : (n) (n)
D2j - akpn—j+k7)n—j—k (35)
k=0

where o, are some constant coefficients, and ’Pé") =1.
It is known that the evolution of the Wigner function in the case of a quadratic Hamiltonian
(2.2) is described by the first-order partial differential equation [19, 24]

W D

Jat pry gk

[(Z:Bq+Z.C) W] (3.6)
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where g = (p, ), and the matrix X, is given by (2.12). Since (3.6) is nothing but the Liouville
equation of the classical mechanics for the probability distribution, the Liouville theorem
holds, in spite of the fact that the quasiprobability distribution W (x, p) is not necessarily
positive. Therefore, the volume of a region in the phase space confined with the surface
W = constant remains constant in time for any (not only Gaussian) initial Wigner function.
This is a simple consequence of the fact that the propagator of the first-order partial differential
equation (3.6) is the delta function [50], G(q. ¢’; 1) = 8 [q — A(t)g’ — x(1)], so the Jacobian
of the transformation ¢ — q is equal to det A = 1. Therefore, if the initial Wigner function
was Wo(q), then W (g, 1) = Wy (A™' (1) [q — x(D]).

Not only the phase volume, but all other classical Poincaré—Cartan invariants are
conserved for an arbitrary quantum initial state, if one applies these invariants to any
region in the phase space confined with the surface W = constant. This remarkable
property is the direct consequence of the ‘classical’ evolution (3.6) for quantum systems
with quadratic Hamiltonians. Moreover, this example shows the distinguished role of
the Wigner function, compared with other ‘quasiprobabilities’ [43]. The evolution of
all other quasiprobabilities (Husimi’s, Cahill-Glauber’s, etc) is governed by equations of
the Fokker—Planck type, which contain the second-order spatial derivatives, giving an
effective ‘diffusion’ in the phase space. Therefore, the Liouville theorem does not work
for non-Wigner quantum distributions, as well as for quantum systems with non-quadratic
Hamiltonians, since in these cases the evolution equations are no longer the classical Liouville
equation.

4. Universal integrals of motion and universal invariant solutions

4.1. Universal integrals of motion and ‘trace’ invariants

In the Heisenberg picture, the vector R = Q — (Q) evolves as f%(t) = A(t)ﬁ(O).
Consequently, the operator I(r) = A '())R is the integral of motion in the Schrodinger
picture, i.e. its average value (W(t)lf ()| (¢)) does not depend on time for any state | (7))
satisfying the Schrodinger equation (or a density matrix o) in the case of mixed states).
The vector operator I(t) is linear with respect to the operators R,. Obviously, any quadratic
integral of motion can be represented as

J=TAT = RA'OAA " O)R=RET'AWOZATAMNE 'R 4.1
where A may be an arbitrary symmetric constant matrix. The last equality in (4.1) is due to
the consequences of the symplecticity condition (2.7)

Al =32Ax! AT 'A =371 4.2)

The explicit form of the operator J depends on the matrix A(¢), i.e. on the concrete form of
the quadratic Hamiltonian. However, comparing the last expression in (4.1) with the variance
matrix transformation law (2.10), one recognizes immediately that matrices A () and A(1) can
be removed if one identifies the matrix ©AY with Q(0). Moreover, taking into account the
consequence of equation (2.10)

o0 [=7'om]" = A0 [ 0O]" Aw) (4.3)

one may identify the matrix T A with Q(0) [E" Q(O)]zm (the exponent 2m must be an even

. 2m+l . . . . .
number, because the matrix Q [E’l Q] " s antisymmetrical, for a symmetrical matrix Q
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and an antisymmetrical matrix X). Thus we obtain the family of integrals of motion

Ko@) =—-R[Z7'0()

whose coefficients are expressed through some integrals of the wavefunction ¥ («x, t) (or
the density matrix), but they do not depend on the concrete coefficients of the quadratic
Hamiltonian. It seems reasonable to call operators like (4.4) universal integrals of motion.
One can easily verify that all operators (4.4) commute between themselves: [1€2m, K 2n] =0
for any integers n and m. Note that integer m may be not only positive, but negative, as well,
because the variance matrix Q cannot be singular, due to the generalized uncertainty relations
[19,22]. Introducing the notation ﬁzm =K _2-2m, We obtain an equivalent set of commuting
integrals of motion

P =R[07'OE

The mean value of ﬁo (1) is trivial: (ﬁo (1)) =2n, yvhere 2n is the dimensionality of the vector
R. However, for the mean value of the operator Ko(t) we have

(Ko@) == 0up (Z7")5, Quu (T71) ,, = —Tr(QT7'QZ7").  (46)

afuv

1" = 'R (4.4)

™" sk Ry =Ro'0R. @.5)

Evidently, this is the universal invariant, since its value is conserved in time for any quadratic
Hamiltonian, being independent of the explicit form of the Hamiltonian (although it depends
on the initial quantum state). One can check that the right-hand side of (4.6) is proportional to
the universal invariant Dg;) , (2.14). Moreover, calculating mean values of operators Ko (1)

or F2m (1), we arrive at the set of ‘trace’ universal invariants

Lo =Tr ([QE7']") ~ (Ramea(0)) ~ (F_am () 4.7)

which have been found for the first time (using another approach) in [22] and later rediscovered
in [25,26] (for the classical particle beams) and in [32,33] (for the optical beams). The
invariants in the form of the eigenvalues of matrix 0=~! were considered in [26,28]. The
‘trace’ invariants of odd order £,,,+; equal zero identically, for any symmetrical matrix Q
and antisymmetrical matrix X. Each invariant £,,, is some function of the invariants D5, _»;,
1 < j < m. The invariants £,,, with m > n (where 2n x 2n is the dimension of the matrices)
can be expressed in terms of the invariants with indices m < n, due to the Hamilton—Cayley
theorem [38]. The same is true for the universal integrals of motion. Therefore, the independent
‘trace’ invariants are given by formula (4.7) with indices m < n.

4.2. Universal invariant solutions

Let us consider the special case Q = (ﬁl, D2y Pus X1, X2, o0y )2,1). It is convenient to
renormalize integrals of motion and invariants using the matrix X, (2.12) instead of the
commutator matrix X defined in (2.1). Then we have a family of universal integrals of motion

1]1+2m

K$) ()= (-D"RE]' [0, R (4.8)

2mn

where the second suffix n shows the number of degrees of freedom, while the coefficient (—1)™
is introduced to ensure positiveness of average values (see below). In the one-dimensional case
(n = 1) we have the following explicit expression for m = 0:

RO = 0,p @) (5 = (R0) + 00 (p = (p1)))
00 [( = (F0) (5 = (pO) + (5 = (p0))) (& = (FO)))]. (49)
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This integral of motion was found in [39] in the special case of an oscillator with time-
dependent frequency. For multidimensional systems, the integral of motion (4.4) withm = 0
was constructed in [22] and later in [51] (see also [36] for optical beams).

Another simple example is I:“éjk]) (1) = 123*1) (t)/A, where A is the universal invariant
(2.13). This is exactly the same expression, which stands in the argument of the Gaussian
Wigner function (3.3) (if one removes the operator symbols). Such a coincidence is not
accidental, because the Wigner function, being a solution of the first-order partial differential
equation (3.6), must depend on the integrals of motion, and not on the coordinates and time
separately. All other universal integrals of motion are also proportional to K, (()*1) in the one-mode
case: K( ) A”’K(*) Evidently, (K(*)) =2A.

It is well known (see, e.g., [19]) that any positively definite quadratic one-mode
Hamiltonian

~

H = pp* +vi*+p (Rp + p) (4.10)

can be reduced by means of a canonical transformation to the harmonic oscillator Hamiltonian
with the effective frequency w = /uv — p%. Consequently, its spectrum has the form
ho(l +2s),s = 0,1,2,..., and eigenfunctions in the coordinate representation are given

by
W) = (2s) " (-2 1/4ex Lot oy ([ 4.11)
et = e wrh P 2nn S\ 7 ‘

where H,(z) is the Hermite polynomial. The operator 1%3*1) (4.9) is positively definite due to
the generalized (Schrodinger—Robertson) uncertainty relation [6, 19, 52, 53]

A >h?/4. (4.12)

Therefore, the spectrum of I?é*l) has the form x®" = 7iv/A (1 + 2s) (independently of the

first-order mean values (p) and (x)). In general, eigenstates |¢,) of the operator K ((g,)l) have
nothing in common with the time-dependent solution of the Schrodinger equation | (¢)) which
determines the variances 0,,(t), 0,,(f) and o,,(¢) in the right-hand side of equation (4.9).
However, there are exceptional cases when the states |y (7)) and |¢,) coincide (up to some
phase factor, which can depend on time, generally speaking). This happens if the eigenvalue
D is equal to the mean value of the operator 125*3 in the state | (¢)), i.e.iv/A (142s) = 2A.
In this way, we find a set of discrete distinguished values of the universal invariant A
(cf [54])

Ac=[n(s+H] s=0.12.... (4.13)

It seems natural to call the related eigenstates |y (t)) umversal invariant solutions’ of the
Schrodinger equation. The eigenfunction of the operator Ko | in the coordinate representation
can be easily derived from equation (4.11), if one replaces the coefficients u, v, p by the
variances in accordance with equation (4.9):

4
—12 (S + % Y _ s+ %
b= @s) 2 (22) m (s

TTOxx

X exp |:— (s+1 —ioy,/h) =— ;z ()X + 1<I>(t):| (4.14)

20,y
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This wavefunction has a non-invariant time-dependent phase factor exp [i®(7)] (which
depends on the concrete coefficients of the quadratic Hamiltonian) in order to satisfy the
Schrodinger equation.

A more symmetrical and completely invariant solution can be written in the Wigner
representation. Using the Groenewold [55] formula for the Wigner function of the harmonic
oscillator energy eigenstate, or its generalization for eigenstates of quadratic integrals of motion
[24, 56, 57], one obtains

Wi(x, p, 1) =2(=1)e™" Ly(2y,) (4.15)

where L(z) is the Laguerre polynomial and

15, po 1) = [12(s + )] [opp (0T + 0 (1) 7 — 20, ()7 ] (4.16)

(the symbols X and p were defined in equation (3.4)). Since y,(x, p, t) is a classical integral
of motion, it is obvious that the function (4.15) satisfies the Liouville equation (3.6). Note that
the first factor in the right-hand side of (4.16) equals (h\/A_S )_1. For s = 0 the function (4.15)
coincides with the special case of the function (3.3) corresponding to A = Ay = %%/4. This
is the only possible value of the invariant A, when the Gaussian exponential (3.3) describes a
pure quantum state [24].

The physical meaning of the solutions (4.14) and (4.15) is as follows. If one constructs
the initial wavefunction v (x, 0) or the Wigner function Ws(x, p,0) in accordance with
(4.14) or (4.15), taking any values ¢,,(0), 0.(0) and 0,,(0), obeying the constraint
0pp(0)0,,(0) — apzx (0) = Ay, and quite arbitrary values (x(0)) and (p(0)), then the form
of these functions will not be changed in the process of evolution, being given by the same
expressions (4.14) or (4.15), but with the values of variances and the first-order moments
related to the current instant of time 7.

In the n-mode case, the universal invariant solutions are common eigenstates of n
independent commuting quadratic operators Ko, K», ..., K 2(—1). Here we give one family of
such solutions, generalizing the set (4.15). Letus try to find an eigenstate of the operator RUR
in the Wigner—Weyl representation in the form W (r) = exp (—y/2) f(y), where y = rGr,
U, G are symmetrical matrices, r = q — (Q), and f(y) is some function to be found. In the
Wigner—Weyl representation the operator Q has the realization [24] Q =q—(nh/2)XZ.(0/0q).
Therefore,

RURW (r) = exp(—y/){ fW)[rUr + (*/HrGE UL, Gr — (W /4) Tr (£, UE,G) ]

+’rGEUGrf"(y) + f(0)[(7*/2) Tr (E,U2,G) — h*rGE,UX,Gr]}
(4.17)

where f ’(y) denotes the derivative of the function f(y) with respect to its argument. Taking
U=%_ 1 0X, 'and G = y Q7! (where y is a constant number to be determined) one has
2,UX,G = —y Ey,. Then equation (4.17) assumes the form

Ko W (r) = exp(=y/D{f O [rE Q] r — WPy 4y + (nhy /2)]

1y [yf M+ @ —»fm]}- (4.18)

Remembering the equation for the associated Laguerre polynomials F(z) = L (z)

F'@QD)+(@+1—2)F +sF =0 (4.19)
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one can exclude the terms with derivatives from the right-hand side of (4.18) taking f(y) =
L=V (y). Then equation (4.18) becomes

Ko W) = W) {2y (s +n/2) + 2[5 05, = Py /9)07']r).

The coordinate-dependent term in the right-hand side disappears for any matrix Q satisfying
the condition (E», is the 2n x 2n unit matrix)

2

S N N
0% 0= 77 Ey,. (4.20)

To find the coefficient y we demand that the eigenvalue h%y (s +n/2) coincide with the mean
value of the operator K 0(*,2 in the state W (r) involved. Due to (4.20),

(Ko =Tr (5710%1Q) = §1%y™n.
Thus we arrive at the discrete set of coefficients
VYs;n = 1+2s/n 4.21)

which yields the set of universal invariant solutions in the Wigner representation in the form
(we omit the normalization factor)

1 s -1 (n—1) -1
Wi, (r) =exp|— 3t rQ e [ LIV ((1+2s/m)rQ 7 'r). (4.22)
n
These solutions are eigenstates of the operator K, (2,

uT A 25 +n)? 42
KO,nW\',” - E( S+n) Wv,n ( . 3)

provided the matrix Q(¢) satisfies the condition (4.20) (which is invariant with respect to the
transformation Qp — A(1) QoA (r) for any symplectic matrix A). In the one-mode case
the function (4.22) coincides with (4.15); moreover, in this case the matrix il*‘l QZ;1 Qis
always proportional to the 2 x 2 unit matrix. If condition (4.20) is not fulfilled, then function
(4.22) still satisfies the Liouville evolution equation (3.6) (as well as any other function of
the classical integral of motion Q~!r), but it is not an eigenstate of the quantum integral of
motion K, (()*,:

(%)

Due to condition (4.20), function (4.22) is also an eigenfunction for all operators K. 2mon

with the eigenvalues
7 2+2m
k™ =2 |:—(2s + n):| ) (4.24)
s 2n

It would be interesting to find other families of universal invariant solutions in the n-dimensional
case (one may suppose that the most general solution must depend on n parameters, in
accordance with the existence of n independent integrals of motion) and to obtain an explicit
expression for the counterpart of the solution (4.22) in the coordinate representation. We leave
these problems for future studies.
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4.3. Invariants containing higher-order moments

It is almost evident (and can be easily proved for Hamiltonian systems, i.e. in the absence
of irreversible processes [19, 58]) that any functlon of 1ntegrals of motion is another integral
of motion. Thus, taking powers of operators sz (1) or F2m (t), we arrive at non-quadratic

integrals of motion [KZm(t)] and [Fzm(t)] , whose average values, also being universal
invariants, are expressed in terms of the moments of the order 2 (and the second-order
variances):

K5 = ((ﬁi*lQ(l)[zle(t)]sz’lf%)j) (4.25)
7 =((R[e'0=]™"

In particular, in the one-dimensional case,

s'R)). (4.26)

2) _ A-— 2
Fo'=A [U,,,,,,,, +0xx”a + 60,,,,m0px — 40 ppxOxxOxp — 4oxxxpa,,paxp]

“H6p)7(83) + (8%)*(8p)?) (4.27)
where the symbol Oab...c denotes the average value of the sum of all possible different products
of operators 8a, 8b, ..., §¢ (where §a = a — {(a)), divided by the number of terms in this sum.

For example,
Opprx = £((8P)(8R)* + (82)*(8p)* + 8 pORS P& + 8K3pSRSp + 8 p(8%)*8p + 8£(8p)*5%).
Such mean values can be written in the simplest form through the Wigner function:

dpdg
Oub..c = / ﬁW(p q)éash .. a,b=porux.

A special case of the invariant (4.27) was considered (for optical paraxial beams) in [36],
where the inequality }.52) > 4 was established. Similar invariants containing the moments
of arbitrary degrees were studied in the context of the classical beam propagation problem in
[27], and for optical beams in [35]; the key point was the use of tensors constructed from the
higher-order moments, generalizing the second-order moment matrix Q.

4.4. Remark on the average values

We have defined the moments in equation (2.5) having in mind the most usual situation, when
the operators Qa are Hermitian and their product must be symmetrized in order to obtain real
average values. However, formula (2.4) and all its consequences discussed above remain valid
under the definition Qqp = (Qa Q g) — (Qa)(Q g)- Moreover, besides the standard definition
of the mean value as ( Q) = (1/;|Q|1p), one may also use quantities such as the transition
amplitude ((p(t)|Q|1p(t)), where |@(?)) is an arbitrary ‘reference’ state.

Our constructions remain valid for the mixed quantum states, described in terms of the
statistical operator p (or the mutual coherence function in the optical case). Also, besides
the standard definition (g,gg) = Tr (ﬁt}ac}ﬁ), one may use more sophisticated ones, for
example, [24, 591 (Guds) = " Tr (%Gudp) or[23,24] ((quqs)) = 1~ Tr (PGapds), where
w = Tr p? is the quantum mechanical “purity’.

5. Arbitrary Lie algebras

The existence of universal invariants as discussed above is the consequence of three factors:
the linearity of the Heisenberg equations of motion, the symplectic identity (2.7) and the
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unimodular identity (2.8). Linear equations of motion also arise for the Hamiltonians of the
form

H=Y 'O G.1)
provided operators Z,, are generators of an arbitrary Lie algebra:

(2. 28] = iR anﬂzv Cop = —Che (5.2)

N
Za(1) =) Aup(1) 24(0) (5.3)

p=1

. N
Aup = b, f (D) Asp. (5.4)

v,6=1

Using the Liouville formula (2.9) and equation (5.4) one can verify that the necessary and
sufficient condition of the unimodularity of matrix A (¢) for arbitrary coefficients f"(¢) is the
validity of the set of equations

anﬂ_ B=1,2,...,N. (5.5)
Instead of (2.7) we now have the identity
AgAM) =g A=|Aw| &=z (5.6)
where g, are the elements of the Killing—Cartan tensor,
8ap = 8Ba = ZC::BC%D. 5.7
3p

To prove (5.6) we introduce the matrix X = Ag]\ — g. Due to (5.4) it satisfies the equation
X=AX+XA+Ag+gA (5.8)

where the elements of matrix A = |[Augl are given by Ay = ZV L, f". However,
Ag+gA = 0, since the coefficients Cavp = D g (cgv ggﬁ) are antisymmetrical with respect to all
three indices [60]. Consequently, the unique solution to the homogeneous equation (5.8) with
zero initial condition is X = 0. Note that the matrix A(#) is unimodular for any semisimple
algebra. Such algebras possess non-degenerate Killing—Cartan tensors [60], so the identity
det A(t) = 1 is the immediate consequence of the identity (5.6).

Let us introduce the notation

Zo = (Za) Zap = 3 (Zalp + 2p2a) — Zalp = Zug — Zug-

Introducing the matrix Z =
the coefficients of the expansion

N
Gly; 1) =det [Z() —yg] =Y ¥"Gn = G(¥;0). (5.9)

m=0

Using the quantities z,5 or z,, instead of zeg in (5.9), one obtains similar expressions G,,
and G, which are also universal invariants. Since both matrices, Z and g, are symmetrical,
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all coefficients in the expansion (5.9) are different from zero, so the number of independent
invariants equals the number of algebra generators N. The equivalent set of ‘trace’ invariants
can be written as (provided det g # 0)

Ln=Tr([z)g™']") g =g (5.10)
These invariants are average values of the universal integrals of motion
h=E-@)("2)'e" 2-3)  Ln=w) (5.11)

where zZ = (21, 22, . - ., Zv). The exponent n may be an arbitrary integer (positive and negative,
even and odd). However, only N integrals of motion are independent (for example, those given
by equation (5.11) withn = 1,2, ..., N). The simplest invariant coincides (up to a constant
factor) with the mean value of the Casimir operator

G~ Ly =Tr(Z'g7") = (2.258""). (5.12)

Another simple invariant is Gy ~ det[Z(¢)]. It does not depend on the structure constants of
the algebra.

5.1. Example

Consider the set of operators

R = p? [Ri, Ry] = —4inR;
R, = 3? [Ry, R3] =2inR, (5.13)
Ry = 1 (pi+3p) [Rs, Ri] =2inR,

which form the algebra isomorhic to s/(2, R) ~ su(1l,1) ~ so(1,2). These algebras are
frequently used in quantum optics. The only non-zero coefficients of the Killing—Cartan
tensor are g = g2 = —2g33. Since det g # 0, we have three invariants which depend on the
Sfourth-order moments of the coordinate and momentum operators,

Go = Ri1R»R33 + 2R12Rx Ry — R11R3; — RnR3, — Ry3RY, (5.14)
Gi = Ri1R» — R}, +4(R12R33 — Ri3R23) (5.15)
G» = R — Rs3 (5.16)

as well as the related invariants G,, and G,,. In particular, G} is the generalization of the
invariant A’ (2.13) for homogeneous one-dimensional quadratic Hamiltonians:

GY = R\R, — R} = (p*)(¥?) — H(pt +£p). (5.17)
The invariant G| reads
N ~ A A AD A 2 AD A A A A3 A A A A A A3 A
G = (P EN + (PR +82p%) = 3h* (PR +22p°) — (PR +5p°) (P27 + £7p).

Other examples can be found in [22,24, 61].
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6. Discussion

There are several areas in classical physics, where the dynamics is governed by an effective
Schrodinger equation with oscillator-like potential, so that the transformation relating ‘initial’
and ‘final’ sets of variables describing the state of the system possesses a symplectic structure,
which is a necessary prerequisite for the existence of universal invariants. In particular, such
a situation takes place for paraxial optical beams.

Consider, for instance, the Helmholtz equation V2E + k*n?(r)E = 0, which describes
the propagation of harmonic wave fields (here & is the wavenumber and n(r) is the refractive
index of the medium). Making the substitution

E(r)=ng Y (x, yi 2 exp <ik fz no(§) dE) (6.1)

and neglecting the second derivatives of i with respect to the longitudinal coordinate z, as
well as the derivatives of the function n(z), one arrives at the equation [62, 63]

-0y A2 (0% 9%y 1, X
Yo T Tamg o * o @) —n7(x. y, 6.2
oz 2ny <ax2 3y2 210 [n5(@) —n(x, ¥, D] ¥ (6.2)
where A = A/27 = k™' is the reduced wavelength in vacuum and ny = n(0,0, z) is

the refractive index of the medium on the axis of the beam propagating in the z-direction.
Obviously, the parabolic equation (6.2) can be considered as an effective Schrodinger
equation, provided one identifies A with the ‘effective Planck constant’ and the longitudinal
coordinate z with ‘time’. The ‘momentum’ operator in this case reads as p = —ird/d.
Consequently, the universal invariants exist for paraxial beams propagating in the media
with a quadratic dependence of the dielectric permittivity n? on the transverse coordinates:
n* — ny = ay(2)x;xx + bi(z)x;, where the coefficients a;; and b; may be rather arbitrary
real functions of the longitudinal coordinate z (provided (i/ n%)|dno /dz| < 1, which is the
necessary condition of validity of the parabolic approximation). For the first time the existence
of such invariants and their general structure (including higher-order moments) for paraxial
optical beams of an arbitrary shape was established in [23]. The simplest examples related
to a particular case of Gaussian beams were considered in [64,65]. For such beams, the
conservation of the invariant A (2.13) means that the ratio of the correlation radius to the width
of the beam remains constant. This result was obtained for the Gaussian beams propagating in
the free space in [66], for discrete linear optical systems in [64], and in the most general case
in [23]. In the optical literature, the invariant A is sometimes called the ‘beam quality factor’
[30,31] (more frequently, this name is used for the ‘uncertainty product’ M? = O ppOxx taken
at the waist cross section of the beam [67]). The influence of the non-parabolic refraction index
profile on the conservation of the invariants was studied in [23]. The idea of using universal
invariants for the classification of nonlinearities was formulated in [27, 68].

Making the substitution (6.1) in the wave equation (n2/c?)0?E/dt> — V2E = 0 and
neglecting the same terms as in the case of the Helmholtz equation, we obtain another parabolic
equation [69]

) 5\2 2 32 82 82
AL (L L A i U WV 6.3)
9z 2n \c? 32  93x*  9y? 2

It can be considered as the Schrodinger equation with a quadratic Hamiltonian, if the refraction
index n = n( does not depend on the transverse coordinates x, y and time ¢, although an
arbitrary (not too fast) dependence n((z) is permitted. Note that the effective Hamiltonian is
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not non-negatively definite in this case; nonetheless, this fact is unimportant for the existence
of the universal invariants, which include moments like

2= / U (x, y, DY (x, y, £) dx dy dr

or

— - 92
p= -2 / v(x,y, t)ﬁW(x, vy, t)dx dydz.

Here we assume that the beam has a finite extension not only in space, but in time, as well.
Explicit expressions for the ‘spacetime’ optical invariants were given in [69] and recently in
[70].

Parabolic equations such as (6.2) were applied to describe the transverse (classical) motion
in accelerator beams [71-74]. In this case the ‘effective Planck constant’ is proportional to the
emittance, i.e. the phase space volume of the beam. Another example is the Fock—Schwinger
proper-time representation of the relativistic Klein—-Gordon or Dirac equations for a quantum
charged particle in external electromagnetic fields [18,75]. In all of these cases one can
construct universal invariants similar to those given in the preceding sections.

The universal invariants are intimately related to the generalizations of the uncertainty
relations [19, 22, 49]. Moreover, they can be extended to the case of more general commutation
relations than (2.1): there exist constructions based on the anticommutators (fermionic
operators) [22], or even on some mixtures of the commutators and anticommutators (Fermi—
Bose systems) [19]. It would be interesting to try to generalize these constructions to the case
of parastatistics or to the case of g-deformed commutation relations. Besides, it would be
interesting to find the new invariants considering the Schrodinger-like dynamic equations for
the quantum quasiprobabilities different from the Wigner function, such as the Cahill-Glauber
distributions [76], the ‘ambiguity function’ [77] or the ‘extended Wigner function’ [78].

An intriguing problem is related to the Schrodinger-like equations with non-Hermitian
effective quadratic Hamiltonians. Such Hamiltonians arise naturally, for example, if one adds
to the right-hand side of equation (3.6) terms with second derivatives, transforming it into the
Fokker—Planck equation, which can be used for a phenomenological description of relaxation
in quantum systems [79]. Another example is the parabolic equation for the mutual coherence
function of a beam propagating through a stochastic (turbulent) medium [80]. There is no
problem in constructing the generalizations of the ‘dynamical’ invariants (which depend on
the concrete form of the Hamiltonian) to the non-Hermitian case [58]. However, the direct
generalization of the universal invariants appeared impossible due to the non-conservation of
the standard normalization f Y*yr dx [24]. Perhaps, ‘non-standard’ definitions of the average
values and normalizations, like those discussed at the end of section 3, could help to solve this
problem.
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