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Abstract. The characterization of systems of differential equations admitting a superposition func-
tion allowing us to write the general solution in terms of any fundamental set of particular solutions
is discussed. These systems are shown to be related with equations on a Lie group and with some
connections in fiber bundles. We develop two methods for dealing with such systems: the generalized
Wei-Norman method and the reduction method, which are very useful when particular solutions of
the original problem are known. The theory is illustrated with some applications in both classical and
quantum mechanics.
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1. Introduction

Time evolution of many physical systems is described by nonautonomous systems
of differential equations
dx’ (1)
dt

=X @tx), i=1,...,n, (D

for instance, Hamilton equations or Lagrange equations when transformed to the
first-order case by doubling the number of degrees of freedom.

The Theorem of existence and uniqueness of solution for such systems estab-
lishes that the initial conditions x(0) determine the future evolution. It is also
well-known that for the simpler case of a homogeneous linear system the gen-
eral solution can be written as a linear combination of » independent particular
solutions, x(1y, . .., X(),

x=Fxay,....x@w, ki, ..., k) =kixqy+ - +ky Xy, ()

and for each set of initial conditions, the coefficients can be determined. For an
inhomogeneous linear system, the general solution can be written as an affine
function of (n 4+ 1)-independent particular solutions:
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X = F(X(l), ...,)C(n+1),k1, ...,kn)
= xq) +ki(xe) —xu) + - F ki (Xg1) — X1))- (3)

Under a nonlinear change of coordinates, both systems become nonlinear. How-
ever, the fact that the general solution is expressible in terms of a set of particular
solutions is maintained, but the superposition function is no longer linear or affine.

The very existence of such examples of systems of differential equations admit-
ting a superposition function suggests to us an analysis of such systems. We are
lead in this way to the problem of characterizing the systems of differential equa-
tions for which a superposition function, allowing us to express the general solution
in terms of m particular solutions, does exist. The solution of this problem is due
to Lie [1]. Our aim here is to review the theory developed by Lie from a modern
geometric viewpoint and to present different applications both in mathematics and
physics.

The paper is organized as follows: Section 2 present the main Theorem due
to Lie and some simple examples are given in Section 3. In Section 4, after the
introduction of some notation concerning the ingredients of Lie group theory, a
particular case in which the systems are defined in a Lie group G is analyzed, and
we show how to relate them with a particular type of equation in a group. We also
show that Lie systems in homogeneous spaces are naturally associated with these
systems in Lie groups. The theory is illustrated with a pair of examples which
point out the universal character of the equation in the group. Section 5 is devoted
to presenting a generalization to the general case of a method proposed by Wei and
Norman for linear systems and an example of the affine group in one dimension is
used to illustrate the theory. The relation of the problem at hand with the theory of
connections is studied in Section 6: it is shown that Lie systems define horizontal
curves with respect to a connection. The reduction method developed in Section 7
corresponds to considering the action of a group of automorphisms of the principal
bundle on the set of connections, transforming, in this way, the given problem
into a simpler one. Some examples and references to different applications of this
reduction method are also given. The applications of the general theory to different
problems in both Classical and Quantum Mechanics are indicated in Section 8
with an especial emphasis on time evolution of time-dependent Hamiltonian sys-
tems. The example of the time-dependent linear potential model has been explicitly
developed in Section 9 in both the classical and quantum cases.

2. Lie Theorem

The characterization of nonautonomous systems (1) having the property that a
general solution can be written as a function of m independent particular solutions
and some constants determining each specific solution is due to Lie. The statement
of the theorem, which can be found in the book edited and revised by Scheffers [1],
is as follows:
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THEOREM 1. Given a nonautonomous system of n first-order differential equa-
tions like (1), a necessary and sufficient condition for the existence of a function
F: R"™D 5 R" such that the general solution is

X = F(X(l), ,X(m);kl, ,kn),
with {x) | a = 1, ..., m} being any set of particular solutions of the system and
ki, ..., k,, n arbitrary constants, is that the system can be written as

i

=L@+ Z0F W), =1, (4)
where Zi, ..., Z,, are r functions depending only ont and £*', « = 1,...,r, are
functions of x = (x', ..., x"), such that the r vector fields in R" given by

n a
Y@ = il X —, a=1,...,r 5
25( )5 )

close on a real finite-dimensional Lie algebra, i.e. the vector fields Y'* are linearly
independent and there exist r3 real numbers, f ap y» such that

[Y@ y#®] = Z fotﬁ yy(l/)' (6)
y=1

The number r satisfies r < m n. For a geometric proof, see [2].

From the geometric viewpoint, the system of first-order differential equations
(1) provides the integral curves of the #-dependent vector field on an n-dimensional
manifold M

L 9
X = X! , 1) —,
; x )Bx’

in the same way as happens for autonomous systems and true vector fields, and the
t-dependent vector fields satisfying the hypothesis of the theorem are those which
can be written as a 7-dependent linear combination of vector fields

X0 =) Zo® Y,

a=1

with vector fields Y@ closing on a finite-dimensional real Lie algebra. They will
be called Lie (or even Lie—Scheffers) systems. Many of its applications in physics
and mathematics have been developed by Winternitz and coworkers [3—10].
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3. Some Examples

In the Introduction, we have mentioned two types of systems of differential equa-
tions whose general solution can be written as described by Theorem 1: homoge-
neous linear systems like

dxi
dr

=Y A mx, i=1,....n, (7)
j=1

for which m = n and the (linear) superposition function is given by (2), and the
inhomogeneous ones

n

dxi . . . .
=Y A 0)x + B0, i=1,....n, (8)
j=1

dr

for which m = n + 1 and the (affine) superposition function is (3).
In the first case, the linear system can be considered as the one giving the
integral curves of the #-dependent vector field

n ' 9
X = A (D) x) —, 9
2 A0 o )
i,j=1
which is a linear combination with time-dependent coefficients,
X=) A ;10X (10)
ij=1

of the n? vector fields

Xij=x aii, i,j=1,...,n. (11)
Notice that

[Xij, Xu] = [xj aii ; xl%} =38 xja% — 84 Xl%,
ie.

[Xij, Xul = 8" Xiy — 89 X, (12)
which means that the vector fields {X;;}, with i, j = 1, ..., n, appearing in the case

of a homogeneous system, close on a n2-dimensional Lie algebra isomorphic to the
gl(n, R) algebra. It suffices to compare these commutation relations with those of
the gl(n, R) algebra. The latter is generated by the matrices E;; with elements
(Eij)u = 8ix 81, which satisty

[Eij, Ex] = 8k Eit — 8i Ey;.
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Therefore, in this homogeneous linear case, r = n* and m = n, hence the inequal-
ity r < m n is actually an equality.

For the case of the inhomogeneous system (8), the time-dependent vector field
is

n n ‘ ) ' 9
X = Z(Z AT () + B’(r)) T (13)
i=1 \j=1

which is a linear combination with #-dependent coefficients,

X=)Y A;0X;+) B®X:, (14)
ij=1 i=1
of the n? vector fields (11) and the n vector fields
0
dx!

Now, these last vector fields commute among themselves

X = , i=1,...,n. (15)

[X;, Xy,]1=0, Vik=1,...,n,
and
[Xij, Xil = —6j Xi, Vi, j,k=1,...,n.

Therefore, the Lie algebra generated by the vector fields {X;;, X | i, j,k =
1, ..., n}isisomorphic to the (n*>+n)-dimensional Lie algebra of the affine group.
In this case, r = n?> +n and m = n + 1 and the equality r = m n also follows.

Another remarkable example, with many applications in physics, is that of the
Riccati equation, which corresponds ton = 1[5, 11, 12]:

dx (1) 2
o () x7(t) +c1(2) x(2) + co(2). (16)

In this case r = 3 and
=1 Fw=x. =2

while
Zy(t) = co(1), Zy(t) = (1), Z3(t) = co(1).

Equation (16) determines the integral curves of the #-dependent vector field
Xx,) =Y+ YP + () Y,

where the vector fields Y, Y@, and Y® in the decomposition are given by

Yy — i, Y® — & i’ Y® — 42 i a7
0x 0x dx
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It is quite easy to check that they close on the following three-dimensional real Lie
algebra,

[Y(l), Y(2)] — Y(l), [Y(l), Y(3)] — 2y(2)’ [Y(Q)’ Y(3)] — Y(3), (18)

i.e. the s1(2, R) algebra.
It can be shown that, for the Riccati equation, m = 3 and, hence, as r = 3 the
equality r = mn holds. The superposition function comes from the relation

X —X1 X3—Xq

: =k, (19)
X — X2 X3 — X2

or, in other words [11],
_ x1(x3 —x2) + kxa(o — x3)
(x3 — x2) +k (x1 — x3)
In particular, the solutions x;, x, and x3 are obtained for k = 0, oo, and 1, respec-
tively.
We show next an example of nonlinear superposition formula for a specific Lie
system, in order to illustrate how complicated the explicit expressions can become.

For the sake of brevity, we give only the result.
Consider the differential equation system

(20)

dx

% = bi(t) + by(t) x + b3(t) (x* — y?),

d

% = by(t) y + 2b3(1) xy, @1)

which determines the integral curves of the #-dependent vector field
X, ) =biO YV + b)) Y® +b3(1) Y,

where now YV, Y® and Y® are given by

d d
Yy — yo—x L4y 2
ox a3
a a
Y® = (x? — y%) — + 2xy —. (22)
ax dy

These vector fields satisfy the commutation relations (18), hence the previous sys-
tem is a Lie system with associated Lie algebra s[(2, R), and with r = 3, n = 2.
The number of particular solutions needed is m = 3. In fact, suppose we know a
set of particular solutions x(;y = {x;, y;},i = 1, 2, 3 of the system (21). Then the
general solution can be written as

x = Fi(xqy, x@2), X3, k1, ko) =

y = F(xqy, X2, X3y, ki, ko) = —, (23)

olZo|Z
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where

Ne = xi{2—x3* + (2 — )%} +
+ ki {x3 x3 + (x3 — x2)x] + (1 — y2)*x3 —
— 003+ 01— y3)?) — (e —x3)> 4+ (2 — )} +
+ha{x3(y2 — 1) + 25 (1 — y3) +
+ (3 — ¥ (7 + 1 — y2) (1 — ¥} +
+ (kf + k)x{(x — x3)7 + (1 — y3)%),

Ny = yi{(x2 —x3)* + (2 — y3)*} +
+ ki {5 (v — y1) — 501 + ¥2) + 2x2(x331 — x13) +
+2x1x3y2 — (X7 + (1 + y2) 01 — y3) (2 — y3)} +
+ho{x] (x2 — x3) + X3 X3 + x3(y3 — ¥]) —
—x2(x3 + 3 — ) +x1(x3 —x3 +y3 — )} +
+ (ki + k) v (1 — x3)* + (1 — y3)%),

D = (xp—x3)"+ -y -
—=2ki{(x1 —x3)(x2 —x3) + (1 —y3) (2 — y3)} +
+ 2ko{x3(y2 — y1) + x2(y1 — y3) +x1(y3 — y2)} +
+ (k + k){1 — x3)* + 1 — ¥3)7),

and k1, k, are two arbitrary real constants determining each particular solution. For
example, the particular solutions {x;, y;}, {x2, y»} and {x3, y3} can be obtained
by taking k; = k, = 0, the limit k;, — oo (or k, — 00), and k; = 1, k, = O,
respectively.

In particular, if we look for solutions of the system (21) with y = 0, we re-
cover, essentially, the Riccati equation (16); likewise, the superposition formula
(23) reduces to (20) in such a particular case.

For a more complete information about the explicit construction and use of
superposition formulas, see, e.g., [2-11] and references therein.

4. Lie-Scheffers Systems on Lie Groups

The most important example, which will be shown to give rise to many other related
systems, occurs when M is a Lie group G and we consider vector fields X, in G
that are either left-invariant or right-invariant as corresponding either to the Lie
algebra g of G or to the opposite algebra [13, 14].

Let us choose a basis {ay, ..., a,} for the tangent space T,G at the neutral ele-
ment e € G, and denote {4, ..., ¥} the corresponding dual basis of 7,G. In the
following, X (f denotes the right-invariant vector field in G such that X (f (e) = ag,
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ie. XX(g) = Rguelay), and in an analogous way, X’ will denote the left-invariant
vector field X2 (g) = Ly..(a,). Similarly, 6% and 6% are the right- and left-invariant
I-forms in G determined by 9,, i.e.

0F (@) = (Re-1):Wa), 0L (g) = (Ly1)!(94).

If we consider the right-invariant Lie—Scheffers system on G

X(g.0) ==Y by()X(g). (24)

a=1

its integral curves will be determined by the system of differential equations

§(1) ==Y by()XF(g(1)). (25)

a=1

Applying (R,(;)-1)«g () to both sides of this equation we obtain the equivalent equa-
tion

(Ry(ty-Dsey(@(1) = = > by(1)la, (26)

a=1

which we will write as well, with a slight abuse of notation, as

g N0 == by(t)aa, 27)

a=1

although (26) reduces to (27) only when G is a matrix group. This equation is right-
invariant, and so, out of a solution g(z) of (26) with initial condition g(0) = e, the
solution with initial conditions g(0) = g is given by g(#)go. This means that for
the Lie—Scheffers system (24) on the Lie group G, m = 1.

Of course, given a homomorphism of Lie groups F: G — G’, the right-
invariant Lie—Scheffers system on G (24) produces a right-invariant Lie—Scheffers
system on G’,

X(g.t) ==Y by(t) (F.X)E(g).

a=1

where (F, X )5 is the right-invariant vector field on G” which is F-related with the
vector field XX.

Let us consider a left action of a Lie group G, with Lie algebra g, on a manifold
M,®: G xM — M, and denote ®,: M — G and ®,: G — G, where g € G,
p € M, the maps defined by ®,(p) = ®,(g) = P(g, p). The fundamental vector
field X, associated to the element a of g is given by

d
(Xaf)(p) = Ef(fb(eXP(—ta), P)) o feC™WM),
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where the minus sign has been introduced for X: g — X(M) to be a Lie alge-
bra homomorphism, i.e. a R-linear map such that X, = [X,, X)]. Note that
X.(p) = @, (—a). These vector fields are always complete. As an example, let
us consider the left action action of G on itself by left translations, ®(g, g') = g ¢’
The fundamental vector fields X, are right invariant because

(Xa)(8) = Pyue(—a) = Reue(—a) = —(X)(2),

where XX is the right-invariant vector field in G determined by its value at the
neutral element (XX)(e) = a.

Given two actions ®; and &, of a Lie group G on two differentiable manifolds
M, and M,, amap F: M, — M, is said to be equivariant if F o ®;, = ®y, 0 F.
The remarkable property is that when G is connected, the map F: M, — M, is
equivariant if and only if, for each a € T,G, the corresponding fundamental vector
fields in M| and M, are F-related [2, 13, 14].

Now, let H be a closed subgroup of G and consider the homogeneous space
M = G/H. Then, G acts on M by A(g’,gH) = (g'g)H. Moreover, G can be
seen as a principal bundle (G, T, G/H) over G/H, where t denotes the canonical
projection. The important point is (see, e.g., [13]) that the map t: G — G/H is
equivariant, with respect to the left action of G on itself by left translations and the
action A on G/H and, consequently, the fundamental vector fields corresponding
to the two actions are t-related. Therefore, the right-invariant vector fields XX are
T-projectable and the 7-related vector fields in M are the fundamental vector fields
—X, = —X,, corresponding to the natural left action of G on M, 7,,X (f (g) =
—X,(gH). In this way we will have an associated Lie—Scheffers system on M:

X(x, 1) =) by(t)Xq(x), (28)

a=1

where x = g H, whose integral curve will be determined by
£=Y by(t)Xa(x). (29)
a=1

Thus, the solution of (28) starting from x¢ will be x(¢¥) = P (g(¥), xo), with g(¢)
being the solution of (26) with g(0) = e. This is the main point: the knowledge of
one particular solution of (26) allows us to obtain the general solution of (28).
The converse property is true in the following sense: Given a Lie—Scheffers
system in a manifold M defined by complete vector fields and with associated
Lie algebra g, we can see these as fundamental vector fields relative to an action
given by integrating the vector fields. Then, the restriction to an orbit will provide a
homogeneous space of the above type. The choice of a point x; in the homogeneous
space allows us to identify the homogeneous space M with G/H, where H is the
stability group of x¢. Different choices for xy will lead to conjugate subgroups [13].
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For instance, the vector fields appearing in (17) close on a Lie algebra but the
third one is not complete on R. We can however consider the one-point compact-

ification of R, R = R U {00}, and then the flows of vector fields in (17) are,
respectively,

X

X x+e, X — ex, X ,
l—xe€

and therefore they can be considered as the fundamental vector fields correspond-
ing to the action of SL(2, R) on the completed real line R, given by [12]

ax+p . )
D(A, x) = fx 4 —=
(A, x) St s if x # >’
DA, 00) =L, DA, —8/y) = o0,
y
when A= <;‘j ’g ) € SL(2, R). (30)

The stability group of oo is the subgroup of matrices with y = 0, which is
isomorphic to the affine group +4; in one-dimensional space, while the stability
group of 0 is made up by the matrices with § = 0, a group isomorphic to ;.
Indeed

(5 a)=(50)ET)0 )

The remarkable fact is that Equation (26) has a universal character. There will
be many Lie—Scheffers systems associated with such an equation. It is enough to
consider homogeneous spaces and the corresponding fundamental vector fields. In
this way we will get a set of different systems corresponding to the same equation
on the Lie group G. In particular, we can consider an action of G on a linear
space given by a linear representation, and then the associated Lie systems are
linear systems. Hence, we obtain a kind of linearization of the original problem
[5]. Therefore, the theory can be useful in the study of both classical and quantum
problems.

As an example we can consider both the Riccati equation

X = bo(t) +2b1(t) x + by(t) X7,
and the linear system of first-order differential equations

d/x\_ ([ bi®) bo(t) X

dt\y) \ —bt) —bi(t) y)
They are two different Lie systems for G = SL(2, R) corresponding to the same
equation

887 = —bo(t) My — 2by(t) My — ba(t) My,
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with the matrices

01 IL/1 0 0 0

being a basis of s[(2, R). They satisfy the commutation relations
(Mo, My] = —My, (Mo, M>2] = =2 M,, (M, My] = —M,.

As another illustrative example, we can consider the nonrelativistic dynamics of
a spin 1/2 particle, when only the spinorial part is considered [14]. The dynamics
of such a particle in a time-dependent magnetic field is described by the so-called
Schrodinger—Pauli equation:

dly)
t

with p proportional to the Bohr magneton, B = (B', B>, B%) the t-dependent
magnetic field, and S; = (f/2) ;. More explicitly,

d (Y M iB> iB'4+ B? U 31
a\v.) =20 -2 —ip )\, ) GD

The matrices —io!, —io? and —io? generate the real Lie algebra of traceless

skew-Hermitian 2 x 2 matrices, the Lie algebra of the group SU(2, C) and therefore
of SO(3, R).

As a consequence of the theory that we have developed in this section, in order
to find the general solution of the evolution equation (31), it suffices to determine
the curve R(¢) in SO(3, R) starting from the identity map, R(0) = I and such that

RR'=B*M;+ B’M, + B'M,,
where

0 0 0
-1 19, My=] 0 0
0 -1

o — o
oo |
coo

00 1
Mi=[00 01, M; =
01 0

Such a curve gives us the general solution for the dynamics

[ (1) = Ry (0)),

where R is an element in SU(2, C) corresponding to R.

5. The Wei-Norman Method

In order to directly solve Equation (26), we can use a method which is a generaliza-
tion of the one proposed by Wei and Norman [15, 16] for finding the time evolution
operator for a linear systems of type dU (¢)/dt = H(¢t)U (), with U(0) = I, see
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also [11]. However, as will be mentioned in a later section, alternative methods
exist for solving (26) by reducing the problem to a simpler one.

Both procedures are based on the following property ([13]): If g(¢), g1(¢) and
g2(¢) are differentiable curves in G such that g(t) = g1(¢)g.(¢), Vt € R, then,

Ry)-1 *g(t)(g(t))
= Ry )1 *gl(t)(gl(t)) + Ad(gi (1)) {Rgz(t)_l *gz(t)(gZ(t))} . (32)

The generalization of this property to several factors is as follows. Let now g(¢)
be a curve in G which is given by the product of other / curves

l
g) =120 - a@®) =[] a®.

i=1

Then, denoting

1
ht) = [ &), forse{l,....1-1},

i=s+1
and applying (32) to g(¢) = g1(¢) h(t), we have
Rty 14 ((1)) = Ry (1)1 4g,1n(81(1)) + Ad(gl(f)){Rhl(z)—l*hl(z)(fll(f))}-
Simply iterating, and using Ad(gg") = Ad(g)Ad(g’) for all g, g’ € G, we obtain

Ry-1 *g(t)(g(t))
= Rg (1)1 sg,0)(€1()) + Ad(g1(?)) {Rgz(t)_l *gz(t)(gZ(t))} +

-1
+ Ad(l_[ 8i (t)> {Rgl(l)’1 *gl(t)(gl (t))}

i=1

[
Z (l—[&(ﬂ) {Rei)-1 i) (& (1)}

Jj<i

l
Z(]‘[ Ad(g; (r))) {Reor1ugitn @)} (33)

i=1 \j<i

where it has been taken go(t) = e for all ¢.

The generalized Wei—-Norman method consists on writing the solution g(¢) of
(26) in terms of its second kind canonical coordinates w.r.t. a basis {a;, ..., a,} of
the Lie algebra g, for each value of ¢, i.e.

g() = [ [exp(—ve(D)a) = exp(—vi()ar) - - - exp(=v,(1)ay),

a=1
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and transforming the differential equation (26) into a differential equation system
for the v, (¢), with initial conditions v,(0) = O forall « = 1, ..., r. The minus
signs in the exponentials have been introduced for computational convenience.
Then, we use the result (33), taking

[=r=dimG and g,(t) =exp(—v,(t)a,) foralla.

Now, since Ry, (1)1 xg, (1) (€a(t)) = —V4(t)ay, we see that (33) reduces to

Ry 140 (§0) = — Zva(l_[ Ad(exp(—vﬂ(oaﬂ)))aa

a=1 B<a
- -3, (H exp(—v,3<z>ad(a5>>)aa,
a=1 B<a

where it has been used the identity Ad(exp(a)) = exp(ad(a)), for all a € g. Substi-
tuting in Equation (26), we obtain the fundamental expression of the Wei—Norman
method

r

> va(l_[ exp(—v,s(r)ad(aﬂ»)aa = by()a, (34)
a=1

a=1 B<a

with v,(0) = 0, @ = 1, ..., r. The resulting differential equation system for the
functions v, (¢) is integrable by quadratures if the Lie algebra is solvable [15, 16]
and, in particular, for nilpotent Lie algebras.

As a simple but illustrative example, we can consider the affine group in one
dimension, #1, i.e. the set of transformations of the real line

X =1 x + o, (35)
with o # 0 and o being real numbers. The group composition law is

(o, 0)) * (e, 1) = (ot + o) @, &) ).
Denoting by (xg, x;) the coordinate system in +; given by

xo (o, a1) = a, xi(ao, a1) = oy,
we see that a basis of right-invariant vector fields in +4, is given by

9 < 9 9
XF=xp— +x —

X =
0 axo axl ’

axo’
while the corresponding basis of left-invariant vector fields is given by
0

el
Xé:xl—, X1L=)C1 .
3XO 8x1
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Therefore, the defining relations are [ag, a;] = —ag. Then,
ad(ap)ap = 0, ad(ap)a; = —ay,
and if g = exp(—upap) exp(—ua,), Equation (34) in this case becomes
o ao + uy(a; + ugao) = byap + by ay,
so we obtain the system
o = by — by uo, uy = by, (36)

with the initial conditions u((0) = u1(0) = 0. Note that the first equation is noth-
ing but an inhomogeneous linear equation. The explicit solution can be obtained
through two quadratures:

o / ! ' " !
uo(t) = e 4 / de’ bo(r'y e 4D ) = / d’ by (1),
0 0

In a similar way, if we consider instead g = exp(—via;) exp(—vpap), and we
take into account that
ad(ap)ap = ao, ad(ap)a; =0,
then we will find
V1 a; + vgexp(—viad(ar))ag = vy a; + voe™ " ag = by ap + by ay,
yielding the system
Vo = bpet, v = by, (37)

also with the initial conditions vyp(0) = v;(0) = 0. The system (37), with such
initial conditions, can be easily integrated by two quadratures:

t , t
vo(t) = f dt’ by(t') elo 4" b1t v (f) = f dt' by (t).
0 0

When we consider the previous action (35) on the real line, we get as funda-
mental vector fields
a 0
Xo=—— and X;=-—x—,
ax ox
thus the Lie system in R which corresponds to ¢ g=! = —byag — by a; is X =
—by — by x. Our theory gives us the formula for the explicit general solution of
such an inhomogeneous linear differential equation, by making use of

x() = P(g), xo) = (exp(—uo(t)ap), P(exp(—u;(t)ar), xo))
= e “1xy —uy(t),
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namely

t ’
x(1) = e~ Jod'br®) {xo - / dr’ bo(r') elo d’”b“f’”}. (38)

0
Likewise, the same solution can be obtained from the second factorization:

x(t) = ®(exp(—v;(t)a;), ®(exp(—vo(t)ap), x0)) = e " (xg — vo(r)), (39)

which clearly gives the same result.

6. Connections and Lie Systems
If G is a connected Lie group, the set of curves
y: R— G, t— g(t)

is also a group when the following composition law is considered: y, * y;: t —
82(1) g1(7).

Given a curve y in G, g(t), such that g(0) = e, then g(¢) = g(¢) go is another
curve in G starting from g (it is said to be right translated of y by g¢) and similarly
§(t) = go g(¢) is also a curve in G starting from g (called left-translated from y
by go)-

Now, given the curve y, we have a vector field along y given by the tangent
vector g(t), and then, translating these tangent vectors to the neutral element by
Ry-1()x(1)» WE oObtain a curve in T, G like in (27). The curve g(t) = g(t) go, right-
translated by g of y, gives rise to the same equation.

But we can consider Equation (27) as an equation for the curve g(¢) in G
determined by the curve a(t) = — Z;Zl by(t) a, in T,G. This equation is right-
invariant in the sense that if g(¢) is a solution such that g(0) = e, then, for each
g0 € G, g(t) = g(¢) go 1s a new solution, now such that g(0) = go.

We remark that if G is a Lie group, m,: P = G x R — R defines a principal
G-bundle. The right action of G on P is given by

V(g 1. 8) = W,((g" 1) = (g 8. 1),
ire. ¥, = R, X idg.

Giving a connection in P is equivalent to giving a curve in G, for instance,
one such that g(0) = e. It is also well known that each global section provides
a different trivialization of the principal bundle P. The given curve furnishes a
section for m,, o (t) = (g(t), t), and a family of sections right-translated from such
a section,

{o'(t) =W(o (1), ) | g0 € G}.

The tangent vectors to such a family of sections span the horizontal spaces in
each point. More specifically, horizontal and vertical spaces in a point of P are
given by

V Py = ((XE(g0), 0)),
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H Py 1) = ((Rgpse (8(1) 7' (1)), 1)).
Note that

Yot (kg0) (@1, 1) = (Rg-1(yin& (1), 1) = (4(1) g7 (1), D).

The choice of the connection given by y amounts to choose a basis of the
tangent space at the point (go, ) as follows, {X(f(go), 0/0t + Rypve(£(2) g 1)),
while the dual basis is made up by {9(5 (go) — 7o (t)dt, dt} where the coefficients
7,(t) are determined by

Repe(8() 871 (0)) = ) 14(1) X5 (20),
B

i.e.
o (1) = (08(80), Regre(£(1) g7 (1))).

Therefore, the vertical projector associated to the connection is

Vo) = Y XF(80) ® (0F (g0) — Tp(t) dt)
B

= id7, 6 — (Regee(&(1) g7 (1)) dr.

It is also well known that when a left action ®: G x M — M of G on M is
considered, there exists an associated bundle E with base R and typical fiber M.
The total space of such bundle is the set of orbits of the right action of G on P x M,

(u, x)g = (V(u, g), P(g~", x)),

being the projection wglu, x] = m,(u), where [u, x] denotes the equivalence class
of (u, x) € P x M and u is of the form (g’, t). A connection in the principal bundle
translates into a connection in the associated bundle E, and so the horizontal curves
will then be [y (¢), x], where ¥ (¢) is a horizontal curve in P. More explicitly, as the
curves y are of the form y (1) = (g(¢)go, 1), we find that the horizontal curves in
the associated bundle are

[(g(1)go. 1), x0] = [W((e, 1), g(1)g0). xo] = [(e, 1), P(g(1)go, X0)]

and, consequently,

[(g()go. 1), xo] = [(e, 1), P(g(?), P(go, X0))].

Since the principal bundle is trivial, E is equivalent to a product. When & is
transitive, E = M x R, where [(e, ), x] corresponds to (x, ) and with this iden-
tification, the horizontal curve here considered corresponds to the integral curve
starting from the point ® (gg, x¢) of the associated Lie system in M with respect to
the action of G on M given by ®.
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Of course the simplest case is when a linear representation of G on the vector
space V is considered, the associated bundle being then a vector bundle and the
corresponding Lie system being a linear system. This means that a system as in (7)
can be seen as defining the horizontal curves corresponding to a connection in an
associated vector bundle. The fact that linear systems, as Schrodinger equations,
could be thought of as defining horizontal curves of a connection were consid-
ered several years ago [17] and it has been suggested recently by looking at the
transformation properties of the equation under certain gauge changes [18].

7. The Reduction Method

Given an equation on a Lie group,

¢ =a) =~ by(t)a, € T.G, (40)

a=1

with g(0) = e € G, it may happen that the only nonvanishing coefficients are
those corresponding to a subalgebra f of g. Then the equation reduces to a simpler
equation on a subgroup, involving less coordinate functions in the Wei—Norman
method.

On the other hand, we know that Equation (40) can be seen as a connection in a
principal bundle, and it is also well known that the group of automorphisms of the
principal bundle acts on the set of connections. The automorphims of the bundle
we are considering are given by curves g’(¢) in the group G, and so the group of
curves in G defines an action on the set of connections and therefore on the Lie
systems on the group. We can take advantage of such an action for transforming a
given Lie system in another simpler one.

Now, let us choose a curve g’(r) in the group G, corresponding to a given
automorphism, and define the curve g(z) by g(t) = g'(t)g(¢), where g(¢) is the
previous solution of (26). The new curve in G, g(¢), determines a new connection
and therefore a new Lie system.

Indeed, from (32),

Re-1450 @ (1) = Ry1(0)egr0)(§ 1) = ) ba(A(E (1)) la (41)

a=1

which is an equation similar to (26) but with different right-hand side. Therefore,
the aim is to choose the curve g'(¢) appropriately, i.e. in such a way that the new
equation be simpler. For instance, we can choose a subgroup H and look for a
choice of g’(r) such that the right-hand side of (41) lies in T, H and, hence, g(t) €
H for all ¢.

Now, suppose we consider a transitive action ®: G x M — M of G on a
homogeneous space M, which can be identified with the set G/H of left-cosets,
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by choosing a fixed point xy: H is then the stability subgroup of xy. The horizontal
curves starting from the point x( associated to both connections are related by

X(1) = d(g), x0) = P(g'(1)g(1), xo)
= O(g'(1), P(g(1), x0)) = P(g'(1), x(1)).

Therefore, the action of the group of curves in G on the set of connections
translates to the homogeneous space and gives an action on the corresponding set of
associated Lie systems. More explicitly, if we consider the automorphism defined
by g’(t), the Lie system (29) transforms into a new one (see [13])

X = Zl;a(t)Xa (X), (42)
a=1

in which
b= Ad(g'(t)b(1t) + 3 ¢".

The important result proved in [13] is that the knowledge of a particular solution
of the associated Lie system to (26) in G/H allows us to reduce the problem to one
in the subgroup H. For any choice of the curve g’(¢) we can consider a curve x'(z)
defined in the homogeneous space G/ H by g'(¢) as follows:

X't =t (Hgm) =g ' H.

Then, if g’'(z) is chosen such that the curve x’(¢) is a solution of the associated
system, then the automorphism defined by g’(¢) transforms the original problem
into one in the subgroup H:

THEOREM 2. Every integral curve of the time-dependent vector field on the
group G, given by the right-hand side of (25), can be written in the form g(t) =
g1(t) h(t), where g((t) is a curve projecting onto a solution x,(t) of an equation
of type (29) for the natural left action of G on the homogeneous space G/H, and
h(t) is a solution of a type (26) equation but for the subgroup H, given explicitly
by

(hh™)() = —Ad(g;l(r»(z ba (D + (21 g;h(r)) €T,H.

a=1

As an example, we can consider once again the affine group in one dimension,
A1, of the preceding section. We can choose first the Lie subgroup Hy = {(ag, 1) |
ap € R} and consider the corresponding one-dimensional homogeneous space
A1/ Hp. Its points can be characterized by y = x;, with x; # 0. In this coordinate
system for A,/ Hy the fundamental vector fields are Xy = O and X; = yd/0y. The
Lie system associated to ¢ g~! = —bgag — by a; is y = b,y and, according to the
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result of the preceding theorem, once we know a solution of this last homogeneous
linear equation, we can carry out the reduction procedure. More explicitly, when
we know a solution of y = by, the change of variable x = y ¢ will simplify the
equation X = by + b; x to one on the subgroup Hy, ; =byy .

If we consider instead the Lie subgroup H; = {(0, a;) | a; € R — {0}}, then the
elements of the one-dimensional homogeneous space +;/H; can be characterized
by z = x. The expression of the fundamental vector fields in this coordinate
system are Xo = d/dz and X| = zd/dz. Then, as soon as we know a solution
of z = b1z + by, namely a particular solution of the inhomogeneous equation, we
can reduce the problem of finding the general solution of x = by + b; x to solving
an equation on H;, which is a homogeneous linear equation. This procedure corre-
sponds to the change of variables x = z + ¢, which leads to the reduced equation
§=big.

Therefore the two methods usually found in textbooks for solving the inho-
mogeneous linear differential equation appear here as particular cases of a more
general methodology for reduction of differential equation systems to simpler ones.

In this way, the last method can be generalized when one considers an inhomo-
geneous linear system, whose associated group is the corresponding affine group.
Given a particular solution, the problem is reduced to another one on its stabilizer,
i.e. the group GL(n, R) or, in other words, to a homogeneous linear system.

As another example, we consider the Riccati equation, which has been shown to
be an example of Lie system, corresponding to the left action (30) of SL(2, R) on
the (compactified) real line R by homographies, see, e.g., [5, 12]. The action of the
group of automorphisms of the principal bundle translates to the space R into an
action of the group of curves in SL(2, R) on the set of Riccati equations. This action
was used in [12] for studying the integrability properties of the Riccati equation.
The stabilizer of the point at the infinity is the affine group in one dimension ;.
Therefore, if we know a particular solution, x;, of the Riccati equation, the problem
reduces to one on #, i.e. an inhomogeneous linear equation, by means of the
well-known change of variable x = x; + z. Had we chosen the origin 0 € R as
the initial point, the stabilizer (isomorphic to +;) would be generated by dilations
and cotranslations. This corresponds to a new reduction of the Riccati equation by
means of the change of variable

, X X X

X = =
X 9
-5+l x-—x

which transforms X = co(¢) + ¢1(¢) x + ¢2(¢) x? into

., dx <2co(t)
X = — =
dr

+ ¢ (t)) X'+ o),
X1
with associated group « ;. For more details, see [12] and [13].

Now, suppose we know not only one but two different particular solutions, x(j)
and x(z), of a Lie system in a homogeneous space. They will be determined by the
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choice of initial conditions which provide different presentations of the homoge-
neous space as G/H; and G/ H,, respectively, where H; is the stability subgroup
of x(;(0). Using the result of Theorem 2, with g, (¢) being a lifting to G of both
curves x(j)(¢) and x2)(¢), we will get an equation like the one in the theorem but
where the right-hand side will be in the intersection 7, H; N T, H,, and therefore
the Lie system is reduced to one on the subgroup H; N H,. The example of the
Riccati equation was explicitly considered in [12], where it was also shown that
the knowledge of a third solution reduces the problem to a trivial equation x = O,
and therefore giving rise in this way to the superposition function (20).

8. Some Applications in Classical and Quantum Mechanics

Nonautonomous linear systems and Riccati equations are examples of Lie systems
that appear very often in physics. For instance, linear systems appear in the time
evolution of time-dependent harmonic oscillators and the latter is a condition for
the super-potential W in the factorization of a typical quantum Hamiltonian H =
—d?/dx®>+V(x) as H — e = (—d/dx + W)(d/dx 4+ W), where € is a constant (see,
e.g., [19-21]), and it plays a relevant role in the search for the so-called Shape
invariant potentials (see [14, 20, 22-24]). As we have pointed out in preceding
sections, the Riccati equation may appear each time that the group SL(2, R) plays a
role, and because of the isomorphism of the Lie algebras of SL(2, R) and the linear
symplectic group in two dimensions, it will be useful in the linear approximation
of symplectic transformations and the theory of aberrations in optics [25].

However, the Riccati equation is particularly important because it appears as
a consequence of Lie reduction theory when taking into account that dilations
are symmetries of linear second-order differential equations [11]. Actually, the
homogeneous linear second-order differential equation

d’z b dz 0 43
@—l- (x)a—kc(x)z— , (43)

admits as an infinitesimal symmetry the vector field X = z d/0z generating dila-
tions in the variable z, which is defined for z # 0. According to Lie theory, we
should change the coordinate z to a new one, u = ¢(z), such that X = d/du. This
change is determined by the equation Xu = 1, which leads to u = log|z|, i.e.
|z| = e“. In both cases of regions with z > 0 or z < 0, we have

— =z and —
z e + 2z

dz du d?z _ (du 2 d%u
dx  Cdx a2z C ax2’

so Equation (43) becomes

d’u du du\*
@—Fb(x)a—l- i +c(x) =0,
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and the order can be lowered by introducing the new variable w = du/dx. We
arrive to the following Riccati equation for w:

dw
dx

Notice that w = z~'dz/dx, and that this relation together with (44) is equivalent
to the original second-order equation. In the particular case of the one-dimensional
time-independent Schrédinger equation

= —w? — b(x)w — c(x). (44)

d*¢
2 T (V(x) —e)p =0,
the reduced Riccati equation for W = ¢~'d¢/dx is
W =-W*+(V(x) —e), (45)

which is the equation that W must satisfy in the previously mentioned factorization
of H = —d?/dx? + V(x).

Equations of type (45) are particular cases of Riccati equations. We have shown
in a preceding section that it is possible to act with the group of curves in SL(2, R)
on the set of Riccati equations. That means that a given Riccati equation can be
transformed into other related equations (for more explicit details, see [12]). There-
fore, when using curves in SL(2, R) preserving the form of a given equation like
(45), we are transforming the spectral problem for a given Hamiltonian into that of
another one. This method is carefully explained in [26], where explicit examples
of the usefulness of the theory are given.

In the typical problem of classical mechanics, we are dealing with Hamiltonian
vector fields in a symplectic manifold (M, €2), and then we should consider the
case in which the vector fields arising in the expression of the r-dependent vector
field describing a Lie system, are Hamiltonian vector fields closing on a real finite-
dimensional Lie algebra. These vector fields correspond to a symplectic action of
the group G on the symplectic manifold (M, €2). The Hamiltonian functions of
such vector fields, defined by i (X, )2 = —dh,, however, do not close on the same
Lie algebra when the Poisson bracket is considered, but we can only say that

d ({ha’ hg} — h[xa,xﬂ]) =0,

and therefore they span a Lie algebra extension of the original one.

The situation in quantum mechanics is quite similar. It is well known that the
separable complex Hilbert space of states #€ can be seen as a real manifold ad-
mitting a global chart [27]. The Abelian translation group allows us to identify
the tangent space Ty # at any point ¢ € F with F¢ itself, the isomorphism being
obtained by associating with s € # the vector v/ € T, Jt given by

; d
V(@)= (Ef(d) +tlﬁ)) :

[t=0
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for any f € C®(H).
The symplectic 2-form €2 is given by

Qy (¥, ¥) = 2Im(y|y),

with (-|-) denoting the Hilbert inner product on #.

Through the identification of # with T, a continuous vector field is just a
continuous map A: # — JF; therefore a linear operator A on # is a special kind
of vector field.

Given a smooth function a: # — R, its differential day, at ¢ € # is an element
of the (real) dual #¢’ given by

d
(day , ¥) = (Ea(d) + “/0)

[t=0

Now, as it was pointed out in [27] the skew-Hermitian linear operators in #
define Hamiltonian vector fields, the Hamiltonian function of —i A for a self-
adjoint operator A being a(¢) = %(qﬁ, A@). The Schrodinger equation plays the
role of Hamilton equations because it determines the integral curves of the vector
field —i H.

Now, Lie system theory applies to the case in which a #-dependent Hamiltonian
can be written as a linear combination with z-dependent coefficients of Hamilto-
nians H; closing on, under the commutator bracket, a real finite-dimensional Lie
algebra. The remarkable point, however, is that this Lie algebra does not necessarily
coincide with the corresponding classical one, but it is a Lie algebra extension. An
example will be given in next section.

9. An Example: Classical and Quantum Time-Dependent Linear Potential

The linear potential model, with many applications in physics, has recently been
studied by Guedes [28]. We can use this problem in order to illustrate the possi-
ble applications of the theory by means of a simple example. Let us consider the
classical system described by a classical Hamiltonian

»?
H =—+ f@)x,
2m

and the corresponding quantum Hamiltonian

P2
Hq = % + f(@) X,

describing, for instance when f(t) = g E¢ + g E cos wt, the motion of a par-
ticle of electric charge ¢ and mass m driven by a monochromatic electric field.
Ey is the strength of the constant confining electric field and E that of the time-
dependent electric field that drives the system with a frequency w/2m. Instead of
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using the Lewis and Riesenfeld invariant method [29] as was done in [28], we will

simultaneously study the classical and the quantum problem by reduction of both

problems to similar equations and using the Wei—-Norman method to solve such an

equation. As it will be shown, the only difference is that the Lie algebra arising in

the quantum problem is not the same as in the classical one, but a central extension.
The classical Hamilton equations of motion are

m

and therefore the motion is given by

Pot 1 ' ’ : 1 1
x(t) = xo+ — — — dr f@"dr”, @7
m m Jo 0
1
pt) = po— / f()dr. (48)
0
The ¢-dependent vector field describing the time evolution is
p 0 ad
X=———f@t)—.
m ox ap

This vector field can be written as a linear combination
1
X = —X1 — f(t)Xz,
m

with
X — d
1 = p ax’ ap

being two vector fields closing a three-dimensional Lie algebra with X3 = 9/0x,
isomorphic to the Heisenberg algebra, namely,

[XlaXZ] = _X3a [X15X3] :05 [X27X3] =0. (49)
The flow of these vector fields is given, respectively, by

¢1(t, (x0, po)) = (xo0 + pot, po),
(2, (x0, po)) = (x0, po +1),
¢3(t, (x0, po)) = (xo +1, po).

In other words, this corresponds to the action of the Lie group of upper triangu-
lar 3 x 3 matrices on R>

X 1 a a3 X
Pl=101 a P
1 00 1 1
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It is to be remarked that the three vector fields X, X, and X3 are Hamiltonian
vector fields with respect to the usual symplectic structure, 2 = dx A dp, the

corresponding Hamiltonian functions #; such that i (X;)2 = —dh; being
2
p
hlz—j, hy = x, h3 = —p,
therefore
{hlv h2} = _h37 {hlah3} :05 {h27 h3} = _15 (50)
which close on a four-dimensional Lie algebra with hy = 1, that is, a central
extension of that given by (49). Let {a;, a,, a3} be a basis of the Lie algebra with
nonvanishing defining relations [a;, a,] = —as. Then, the corresponding equation

in the group (27) becomes in this case

. 1
g¢ ' =——a+ f)a.
m
Now, choosing the factorization

g = exp(—u3az) exp(—usay) exp(—u;ap)

and using the Wei—Norman formula (34) we will arrive to the system of differential
equations

= —, l:tz:—f(t), iy —uygup =0,
m
together with the initial conditions
u1(0) = uz(0) = u3(0) =0,

with solution

¢ t 1 t t
u = —, Uy = —/ f@Hdr, uy = ——/ dt// f@"de”.
m 0 m Jo 0

Therefore the motion will be given by

S\ (L gl fo pund (x
rl=101 — Jo f@)dr’ P |,
1 00 1 1

which reproduces (48). So, obviously we will recover the constant of motion given
in[28], 1, = p(t) + fot f (") dt’, together with the other one

1 t 1 t t
L =x(t) — —~ <p(t)+f0 f(t’)dt’)t+ ;/(; dt’/0 f@"d".
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As far as the quantum problem is concerned, also studied in a very recent paper
[30], notice that the quantum Hamiltonian H, may be written as a sum

1
Hq=;Hl—f(t)Hz,

P2

and —i H, and —i H, close on a four-dimensional Lie algebra with —i H; =
—i P, and —i Hy = i I, isomorphic to that of (50), which is an extension of the
Heisenberg Lie algebra (49),

[—i Hy, —i H)] = —i H3, [—i Hy, —i H3] =0,
[—i Hy, —i H3] = —i Hj.

The Schrodinger equation given by the Hamiltonian H, is like that of a Lie
system. Note that this Hamiltonian is time—dependent and that such systems are
seldom studied, because it is generally difficult to find the time evolution of such
systems. However, this system is a Lie system and therefore we can find the time-
evolution operator by applying the reduction of the problem to an equation on the
Lie group and using the Wei—-Norman method.

Let {a,, a», a3, a4} be a basis of the Lie algebra with nonvanishing defining re-
lations [a;, a;] = a3 and [ay, as] = a4. Equation (27) in the group to be considered
is now

o 1
s =——ai+f)a.
m

Using the factorization

g = exp(—ug4 ay) exp(—uz az) exp(—u az) exp(—u; a)

the Wei—-Norman method provides the following equations:

. 1 .
uy = —, Uz = _f(t)a
m
1
uz +uyuy =0, d4+u3ﬂ2—§u§d1=0,

and written in normal form

. 1 .
U= —, uy = —f(1),
m

) . 1
3 = ——uy, ity = f(Ous + =— u3,
m 2m
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together with the initial conditions u#;(0) = u3(0) = u3(0) = u4(0) = 0, whose
solution is

u(t) = L, ur(t) = —f f@hdr,
0

m

1 t t
us(t) = —f dt’/ f@"d”,
m Jo 0

t t t" t t 2
us(t) = if dt’f(t’)f dt”f f(@"dt"” + Lf dr’ </ dt”f(t”)) .
m Jo 0 0 2m Jo 0

These functions provide the explicit form of the time-evolution operator:

and

U(t,0) = exp(—iua(t)) exp(ius(t) P) exp(—iuy () X) exp(iu, (t)P2/2).

Notwithstanding, in order to find the expression of the wave-function in a simple
way, it is advantageous to use the factorization

g = exp(—vg ay) exp(—v2 az) exp(—vs as) exp(—vi ay).
In such a case, the Wei—Norman method gives the system

. 1 .
v = —, Uy = _f(t)a
m
. 1 ) 1,
U3=—;U2, 042—%112,
jointly with the initial conditions v, (0) = v,(0) = v3(0) = v4(0) = 0. The solution
is

vi(t) = i, V(1) = —f dr’ f(1'), (51)
0

m
v3(t) = i/ dt// dr” £(t"), (52)
m Jo 0

t t 2
wa(t) = —Lf dt/(f dt”f(t”)) ) (53)
2m 0 0

Then, applying the evolution operator onto the initial wave-function i (p, 0), which
is assumed to be written in momentum representation, we have

v(p,1)
= U@, 0¥ (p,0)
= exp(—ivy (1)) exp(—ivy (1) X) exp(iv3(1) P) exp(ivi (1) P*/2)¥ (p, 0)
= exp(—iva(1)) exp(—ivy (1) X)e! P OP Oy )
— exp(—iv 4(t))ei(v3(l)(P+Uz(l))+Ul(l)(P+Uz(l))2/2)W( D+ va(1), 0),

where the functions v;(¢) are given by (51), (52) and (53), respectively.
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