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Chengdu 610031, China
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Abstract. The exact solution and the invariant Cartan operator of the linear nonautonomous
system with hw(4) dynamical algebra, which describes the interaction of a quantized radiation field
with a time-dependent classical current, are obtained by using the method of algebraic dynamics.
Two kinds of solutions are obtained in terms of both harmonic oscillator states and coherent states.
The rule ( or condition ) for direct quantum-classical correspondence of the solutions has been
established. It has also been shown that algebraic dynamics can be generalized from the linear
dynamical system with a semi-simple Lie algebra to that with a general Lie algebra.

In Ref.[1], the linear nonautonomous system with a semi-simple dynamical group has
been successfully studied by means of algebraic dynamics. The exact solutions and the pro-
found quantum-classical correspondences of the dynamical systems with SU(1,1), SU(2)P
and SP(4)1 algebras were obtained. The advantages of algebraic dynamics are: (1) The
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method allows one to study the nontrivial time-dependent dynamical symmetries of linear
nonautonomous quantum systems conveniently and to make full use of these symmetries;
(2) By means of gauge transformation, one might readily get the analytical solution of a
quantum system in various possible representations; (3) By virtue of algebraic dynamics,
the number of parameters needed for solving the quantum equations of the system can be
reduced to the minimum (which is equal to the rank of the algebra minus the number of its
Cartan operators), and the equation of motion can be linearized; (4) Within the framework
of algebraic dynamics, the quantum-classical correspondence of the solutions is exhibited
clearly. The present letter serves as an attempt to generalize the algebraic dynamic from the
linear dynamical system with a semi-simple Lie algebra to that with a general Lie algebra.
The linear dynamical system with Heisenberg-Weyl(hw(4)) algebra is one of the simplest
general Lie algebraic systems.

The study of the linear nonautonomous quantum system possessing hw(4) algebraic
structure is an interesting and important subject in quantum physicsl®. On one hand, the
algebraic structure of the system is simple. On the other hand, the system describes the
interaction of a quantized radiation field with a time-dependent classical current!® or mul-
tiphoton processes(”). With the aid of algebraic dynamics!!, in this paper we present the
analytical solutions of the hw(4) linear dynamical system under two different representations
respectively, and find out the quantum-classical correspondence of the solutions.

Consider an hw(4) linear dynamical system described by the Hamiltonian

Ht) = w(t)ata+Q @t)al +Q(t)a (1)
w(t)N + Q*(t)at + Q(t)a ,

where w(t) and €(t) are non-singular, real and complex functions of time respectively. The
particle number operator N = a'a, the particle creation and annihilation operators a! and
a, as well as 1 form an hw(4) algebra, which satisfy the following commutation rules

@, al)]=1, [N, al)=al, [N, a=-a. (2)

The Lie algebra hw(4) can be decomposed into a semi-direct sum of U(l) = {N} and
h(3) = {a',a, 1}, namely
hw(4) = U(1) @ h(3) . (3)

Because h(3) is an ideal of hw(4) and solvable, it is also the radical R of hw(4). The
decomposition of the Lie algebra hw(4) is thus written as

hw(4)=U(l)® R. (4)

Therefore, hw(4) is a general Lie algebra. A special case of (1) reads

fr = o)+ ) +eB(t)d )

which describes the interaction of a harmonic oscillator having time-dependent frequency
with an external electric field.
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The time evolution of the system is determined by the Schrodinger equation

.0 :
15, 1¥()) = H)[¥()) (6)

here we have taken the natural unit, i.e., h = 1. Eq.(6) can be solved by using the evolution
operator method and Magnus expansion®~'%. However, the drawbacks of this method are:
(1) It does not give the dynamical invariant operator of the system; (2) The solution in
coherent representation has not been obtained except the solution in harmonic oscillator
representation; (3) The number of parameters for determining the time-evolution operator
is usually more than the minimum needed for solving the quantum equations of the system;
(4) The equations of motion for the parameters of the evolution operator are nonlinear, so
it can not reveal the quantum-classical correspondence.

Introducing a gauge transformation for solving the Schrédinger equation (6)
Uy(t) = exp[v: (£)a] exp[va(t)a'] explva (t) V] explua(t)] | (7)

where v;(t) (i = 1,2,3,4) are complex functions of time. Under the gauge transformation
(7), eq.(6) becomes

i [(t)) = H)[¥()) , (8)

where the gauged Hamiltonian ﬁ(t) and the gauged wave function |¥(t)) are defined, re-
spectively, as

H(t) = U H ()T, - iﬁ;‘% , (9)
T(t)) = U, |¥(2)) - (10)

Substituting (1) into (9), after some calculation, one obtains the gauged Hamiltonian H

ﬁ(t) = (w — itg) N + (2 + wvp — itp)e~a! (11)
+(Q — wuy — h)e"a + (Qug — Qv — vivaw — V1V — i1y)

As has been pointed out in Ref.[1], one of the merits of algebraic dynamics is that it enables
one to choose a proper gauge so as to meet his own requirement and thus the problem of a
nonautonomous quantum system can be solved under different gauges. In what follows, we
will solve the Schrodinger equation (6) under two different gauges which correspond to two
different representations (harmonic oscillator and coherent representations) respectively. At
first, let us consider the first gauge, i.e., the choice of gauge transformation is such that

vs3(t) =0, (12a)
Uo(t) + ww(t)va(t) + 1Q2*(t) =0, (12b)

0(t) — w(t)vi(t) +iQt) =0, (12¢)
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Da(t) + 01 (£)va(t) + iQ(t)va(t) — 19 (v () — 1w(t)vr (t)va(t) = O . (12d)

Within the framework of algebraic dynamics, the gauge transformation parameters v;(t)
may be given any initial values. For convenience, we assume U,(t = 0) =1, i.e,,

'Ul(t = 0) = 0, ’Uz(t = O) = 0, ’U4(t = O) =1 . (13)

From eqs.(12a-d), one has

t t
v(t) = —iexp[i_/.o w('r)d'r] / exp zf w(Ts) dTg dm , (14a)
0 0
t
vy(t) = —iexp[ - zf d'r f Q* (1) exp z/ w(73) d'r2 dn , (14b)
0 0
1) = i/ Q' )unlridr . (14c)
0

It is obvious that
v (t) = —vy(t) = v(t) . (15)

(14a-c) are the integral expressions of v;(¢) under the chosen gauge. If the coefficients w(t)
and Q(t) are given, the gauge transformation parameters v;(t) can readily be calculated from
egs.(14a-c). Let

¥(t) = Q(t)exp[ - i/otw('r)d'r] 5 (16a)
x(t) = i [ ¥(rdr (160)
(14a-c) may be converted into the following compact form
- TOXE) a
vi(t) = v(t) = CITORR (17a)
ey oo TRERLE)
UZ(t) == (t) - Q(t) ’ (17b)
w(t) = i [ ) (r)dr (17¢)

With the aid of (15) and the following algebraic relation

exp[—va (t)a'] exp[v: (t)a] explvz(t)a'] = explvi (t)a] explui (t)va(t)] (18)
the gauge transformation Ug(t) may be written as

~

0,() = exp(~v* (03] explv(t)a] exp ~ 5 (O] exp[ ~ i Re [ 2(r)x(r)dr]

= exp[—v*(t)a' + v(t)a) exp[ -1 Refot'y(r)x(v')d'r]. (19)
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It is evident from (19) that the first gauge transformation is unitary. Under the chosen

gauge, the gauged Hamiltonian H(t) becomes

=P
o
N

H(t) = w(t) (20)

where A
I(0)=N . (21)

(21) shows that under the above special gauge, the Cartan operator I does not dependent on
time explicitly, and is just the particle number operator. Therefore, this gauge corresponds
to harmonic oscillator representation.

The dynamical Cartan operator reads

~

1ty = U,10)0;" = N + a(t)a + o (t)al + 8(t) | (22)
where the coefficients o and é are

a(t) =un(t) =v(t), o' (t)=-w(t)=v'(), ) =[x (23)

It is easy to check that i (t) is an invariant operator of the system. The dynamical equation
for a(t) is
a(t) = w(t)a(t) — 12(2) , (24a)

& (1) = —iw(t)a (t) + 9 (¢) . (24b)

with the initial value a(t = 0) = 0. (24a, b) can also be obtained from the equation of motion

for I(t), i.e., 31(;(;) +i[H(t),1(t)] = 0. Now we have a discussion about the quantum-classical

correspondence. The classical algebraic dynamics is

da da*

pril H(a, o, t)}, e {a*, H(a, a*, 1)}, (25)
where {---,---} denotes Poisson brackets. The Poisson brackets corresponding to (2) are
{a, a*} =—i, {N, a}=1ia, {N, a'}=—-ia". (26)
The classical Hamiltonian is
H(t) =w(@)N + Q*(t)a* + Qt)a, N =a"a. (27)

From the above equations, one gets the classical equations of motion for the system, i.e.,
a(t) = {a(t), H()} = —w(t)a(t) - i (2) , (280)

a*(t) = {a*(t), H)} = iw(t)a*(t) + iQt) . (28b)

Comparing eqgs.(28a,b) with eqs.(24a,b), we obtain the following remarkable relation (quant-
um-classical correspondence)

a=v=—-a", o =—-v=—-a, (29a)
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It)=N-a‘'a—ad'+6. (29b)
For a general Lie algebra dynamical system, a direct quantum-classical correspondence can
seldom be obtained(!). However, for the hw(4) algebra, we have arrived at such a correspon-
dence. This is because, mathematically, the structure constant matrices appearing in the
dynamical equation of the invariant Cartan operator are Hermitian, according to Ref.[1],
there should be a direct quantum-classical correspondence Physically, the algebraic dynamic
freedoms related to the invariant Cartan operator [ are corresponding to @' and @, and their
classical equations are just the equations of motion for p and ¢ in phase space. In other
word, as invariant operator I is concerned, the freedom N of the algebra hw(4) is frozen, and
hw(4) is reduced to h(3). This gives rise to the above direct and excellent quantum-classical
one-to-one correspondence.

In what follows, we proceed to solve the Schrodinger equation (6) of the system by
using algebraic dynamics. First consider the eigen problem of the invariant operator It (T} =

U I(O)U . Let |n) be the eigenstate of I( =N, ie,

1(0)|n) = nln) , (30)
The eigen equation for the dynamical Cartan operator I(t) is
I(©)0yln) = nUs|n) = nlén(t)) | (31)

where |6, (t)) = U,|n) is the eigenstate of I(t) with eigenvalue n. By virtue of expression
(19) of Uy, one has

|bn(t)) = f‘, exp| —i(m —n) fo “w(r)dr] \/g[x(tn“"—”)L::l-"(lx(t)|2)

1 ) 4
x exp| = Sx(O)] exp| — i Re [ 3(r)x(r)dr]Im) (32)
where L™ "(|x(t)|?) are the generalized Laguerre polynomials.

Under the special gauge (12a-d), the gauged Schrodinger equation is

= [T(0) = v OF() (33)
which has the following solution
[W..(1)) = exp[i©n(t)]In) , (34)
where p
8, = —n/o w(T)dT . (35)

From (10), the orthonormal diabatic basis, which is an exact solution of the original equation
(6), can be obtained

|T,.(t)) = exp[i©,.(t)]|dn(t) Z exp zm/ dT exp[— —|x t)| ]

=0
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X exp[ -1 Re T)dT \/7[)( )L (|x (8) ) ) (36)

The diabatic energy levels are

[¥,) (37)
|

An arbitrary solution of the Schrodinger equation (6) can be written as
ZC 0, (t ZC exp[i©,.(t)]dn(t) , (38)

where C,, is independent of time and only determined by the initial state of the system,
while the whole dynamical information is contained in the phase ©,,(¢) and the eigen states
¢n(t) of the invariant operator I(t). It is easy to check that the expectation value of I(t) is
a constant of motion.

(U ) () = 3 nlCal® . (39)

n

Up to now, we have obtained the analytical expression of an arbitrary solution of the
system studied. In the following, we discuss some special cases:

~

(1) The initial state is an eigenstate of the particle number operator N, i.e., |¥(t =
0)) = |n). For this initial condition, the solution of the Schrodinger equation is

Zexp sz dT exp[——|x )|]

m=0

d ¢ ;-!_ m—n m-—n
coxp [~ Re [ A rxnar] | SO P (@0
which recovers the result in Ref.[8].

(2) |¥(t =0)) =|n), and w = const., 2* = Q = const.. For this case, the wave function
of the system is

| (t) Z exp[—inwt] exp[ - -—Iﬁ( )| ]exp[z'gfot lﬁ(«r)|2d’i"}

m=0

X \/%lﬁ(t)]""‘")lf;”'"(lﬁ(t)Iz)Im) ) (41)

sin(wt/2)
w/2

where

B(t) = —i[ | exp[—iwt/2] . (42)
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(3) |¥(t=0)) =|0), and w = const., Q* = = const.. In this case, the time evolution
of the system is determined by

() = Z [ﬁ exp z—f |6(T |2d'r} exp[— —|8(t) ]|m) . (43)

m=0

As has been pointed out that by virtue of algebraic dynamic, one may readily choose a
proper gauge at his disposal to study a linear quantum system. To illustrate this statement,
now we consider the second gauge. The second choice of the gauge transformation is such
that

vi(t) =0, (44a)
Ba(t) + iw(t)va(t) + Q7 (2) = 0, (44b)
b3(t) + iw(t) =0, (44c)
Ba(t) + iQ(t)va(t) = 0 . (44d)

Assume ﬁg(t =0) = 1, one has

wt=0)=0, wlt=0=0, wit=0=0. (45)
From (44a-d), we get
vy(t) = 7(;2)(33'5) ) (46a)
vs3(t) = -i[)tw(r)dr , (46b)
() = =i [ 2r)x(r)dr (46c)

where v and x are defined by (16a, b). (46a-c) are the integral expressions of v;(¢) under the
second chosen gauge. Once the coefficients w(t) and §2(t) are specified, the transformation
parameters v;(t) can be readily calculated from (46a-c). Under the second gauge, the gauge
transformation U,(¢) becomes

t

U,(t) = exp[v(t)X(t)&T] exp[ - z'/otw('r)d'rN} exp[ - ifo

0 Wrx(rydr] . (47)

Under this gauge, the gauged Hamiltonian ﬁ(t) is

where
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100)=a . (49b)

It is evident that under the second gauge choice, the Cartan operator I does not dependent
on time explicitly, and is just the particle annihilation operator a. Therefore, this gauge
corresponds to coherent state representation.

It should be noted that the gauge transformation (}g(t) corresponding to the second gauge,

(47), is not unitarity. As a result, the gauged Hamiltonian H(t), (48), is not Hermitian.
However, the gauge transformation only serves as a method to study the system conveniently.
The physical solution of the Schrédinger equation (6) is naturally irrelevant to the choice of
gauge transformation.

The invariant Cartan operator is

& -~ 1 R .
1) = 0,1(0)0;" = ~—5la()a+ o) (50
where the coefficients a and ¢ are defined by
o rex(@) _ &
a(t) = - T s 8l = X0 (51)

(50) shows that the varying of I (t) is constrained in the subalgebra h(3) and the subalgebra
N of hw(4) is frozen. This again leads to a direct quantum-classical correspondence. It is
proved that (t) is an invariant of the system. «(t) satisfies the following dynamical equation

a(t) = iw(t)a(t) — (1) (52)

(52) can also be obtained from the equation of motion for the invariant operator f(t), Le.,

81( )
ot

spondence which is similar to (29a)

+i[H(t), I(t)] = 0. Comparing (52) with (28b), one gets the quantum-classical corre-

a=-0" o' =-a. (53)

Now, we proceed to give the exact solution of the system studied in coherent state
representation. Let |\) be the eigen state of 1(0) = a, i.e.

T(0)1) = Al (54a)

where ) is an eigenvlaue. The eigen state |\) of I(0) is a coherent state which can be
expressed as

o0 An. e o] A'ﬂ.
sy ~1 - ~t\n (=
|A) = exp [)\a ] NARZO \/_|n HZO n! (a')"o) , (54b)

where N, = exp[—|A|2/2]. The eigen problem of the dynamical Cartan operator I(t) is
()]da(t)) = Ala(2)) | (55)
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where |$x(t)) is the eigen state of (t).

o

|pa(t)) = lnfg|)\) = N, exp[— i'/ot x(’r)’y(’r)dr} Z i exp[— infotw(f)d'r]

m=0n=0

)x()ym 1 A* [(n+m)!
XPQ(DE) ] by ( _ )|n+m), (56)

A is the corresponding eigen value. The eigen state |¢,(t)) can also be written as a more
compact form

|62 (1)) = exp{é (142 = 1]} exp { — i (r)x(r)dr}A) - (57)

In (57), |A(t)) is the eigen state of a with eigen value A(t), i.e.,

140) = exp 403" — 2°0a] 0) = exp [ - 310F] 5 By, (ot)

n=0

where
A6) = valt) + Aexploat)] = KA+ x(0) (59)

Under the second gauge choice (44a-d), the gauged Schrodinger equation is

8 — A
15, 1¥(t)) = FOI0)[L()) (60)
which has the following solution
[UA(2)) = exp[t©a(1)]|A) (61)
where
B £ *
10,(t) = —z)\f v(r)dr = =" (¢) - (62)
Under the second gauge, the diabatic basis is
Ua()) = Ul Ta(t)) = expliO@a(t)][4(t)) - (63)

Let the system is initially at its coherent state |A). At time ¢, the state of the system becomes

[¥(1)) = [Wa(t)) = expl[i®@a(2)]]da(t)) = explifa(1)]|A(2)) , (64)

where |A(t)) and A(t) are defined respectively by (58) and (59). 6,(t) is a real function of
time, which is defined as

0 (t) = —{Im[,\x*(t)] + Re fﬂ t T(T)X(T)df} | (65)

It is easy to check that |¥(t)) is the solution of the Schrodinger equation with the initial
condition |¥(¢ = 0)) = |A). (64) shows that for the system studied, if the initial state is
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a coherent state, the time evolution of the system conserves its coherence within a phase
factor. Before concluding the paper, we give some expectation value of quantum quantities.

(1) The wave function |¥(¢)) is normalized, i.e.,

(UE)[P(t) =1. (66)

(2) The expectation value of a
(@)= A(t), (&) = A%(t) . (67)

(3) The expectation value of &
(@) =a"(t), (") =4"(). (68)

(3) The energy of the system is
B(t) = (H(t)) = @)l AQ)] + Q" () A4"(t) + Q) A®)
= w(t)|A+ x(t)|* + 2Re{~()[A + x(1)]} - (69)

(4) Define coordinate and momentum operators as follows

(a' - a), (70)

&l

N f =
= —(qa —
q \/5( ta), p

then one has

(@) = V2Re[A(t)], (p) = V2Im[A(t)], (71a)

- £ ey 1 B \ 1
(@ = 2{Re[4(1)]}" + s 2{tm(a(t)]}" + . (71)
The uncertainty relation is
1
Ap(t)Aq(t) = Ap(0)Aq(0) = 2 (72)

Because |¥(t)) is a coherent state, it conserves the minimum uncertainty of the system.

Up to now, we have obtained the exact solution of the linear nonautonomous system
with hw(4) dynamical algebra under two different gauges (or two different representations).
The new results in the present paper are: 1) It has generalized the method of algebra
dynamics from the linear dynamical system with a semi-simple Lie algebra to that with a
general Lie algebra. 2) It has established the rule or condition for a direct quantum-classical
correspondence in general Lie algebraic dvnamical systems: the equation of quantum motion
is only related to the structure constant matrices which are Hermitian; 3) Using the gauge
transformation approach, the exact solution in coherent state representation is also obtained
besides that in harmonic oscillator representation; 4) The invariant Cantan operator and the
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quantum-classical correspondence in both representations are obtained.
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