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Abstract

Eight Lie algebras of point-symmetric groups and corresponding generators are admitted
by the equation of motion, which is obtained from a general time-dependent quadratic
Hamiltonian. We show that invariant quantities obtained by eight algebraic generators are
the Wronskian constant, three conserved quantities, which are time-dependent quadratic
forms in position and momentum, and trivial, 0. All obtained invariant quantities are
represented by auxiliary conditions, which are two linearly independent solutions of
a homogeneous differential equation of the equations of motion. Invariant variables
associated with an invariant consisting of the linearity of x and p are defined. It shows that,
if the motion of the system is oscillatory, the Poisson bracket of the two invariant variables
is obtained as i, and in the case of monotonic motion, it is obtained as 1.

Keywords: general time-dependent quadratic Hamiltonian; point-symmetric Lie point
group; infinitesimal generators; invariant quantity; invariant variable space

1. Introduction

The Hamiltonian formalism not only enables us to obtain the system’s equations of
motion, but also allows us to have knowledge of various mathematical structures related
to the system [1-3]. Lie algebras facilitate the solution of differential equations when the
symmetry of the system can be identified [4-6].

In general, one Hamiltonian gives one equation of motion, but one equation of motion
is obtained from innumerable Hamiltonians. This is because there are infinitely many
canonical pairs in which the position is fixed in a pair of canonical variables, and only the
momentum is changed. Since one Hamiltonian in one dimension gives one pair of canonical
variables, there are infinitely many Hamiltonians that give one equation of motion. In this
paper, we select and deal with classical Hamiltonian systems in which the coefficients are
time-dependent and a general quadratic form of position and momentum. This Hamil-
tonian system includes many systems that are basically handled, such as free particles,
harmonic oscillators, damped harmonic oscillators, and forced harmonic oscillators [1].

We find the generators that form the Lie algebra admitted by the equation of motion,
and find out whether the generators have an invariant or not. If the generator has the
invariant, we will find out what the invariant is.

In Section 2, we choose a general time-dependent Hamiltonian system and find
solutions of the equations of motion. Since the coefficients of the Hamiltonian are not fixed,
in our expansion, the general solution is determined by assuming a possible solution.
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Section 3 finds the invariant of the system. As we know, if we solve a linear differential
equation, we can find the Wronskian, which is obtained by multiplying the coefficients of
p? of the given Hamiltonian by the Wronskian constant. We also find that two invariant
quantities given by a linear combination of position and momentum depend on the solution
of the system as an auxiliary condition. Since the product of an invariant is also an invariant,
we use these to find three invariant quantities given by the quadratic form of position
and momentum.

In Section 4, we find eight generators of the point-symmetric Lie groups admitted
by the equation of motion, which is a homogeneous differential equation. In these eight
generators, we check whether the variation integral of the system is invariant or not. If it is
invariant, we find its conserved quantities. We also examine how the conserved quantity is
related to the invariant discussed in Section 3.

Section 5 defines two linear invariant variables by the conserved quantities obtained in
Section 3. We examine the transformation between the set of two linear invariant variables
and the set of position and momentum variables. Also, we find the Poisson brackets of
the two invariant variables. It is also shown that, when two variables form a canonical
transformation, the transformation becomes a Hamilton—Jacobi transformation. Poisson
brackets between two linear invariant variables are calculated. It also calculates Poisson
brackets for quadratic variables consisting of two linear invariant variables.

Section 6 shows the summary and conclusions, as well as a brief remark on the
possibility of the extension of the techniques to quantum mechanics.

2. Time-Dependent General Quadratic Hamiltonian Systems

First, we briefly introduce the equations of motion of the time-dependent general
quadratic Hamiltonian system and its solutions. The Hamiltonian of the system can be
set as

Hx,pit) = 5 (a(0)p + 26(0xp + (02 + p(B)p -+ v(t)x + 0 (1), M

where the coefficients «(t), B(t),(t), u(t),v(t) and o(t) are some real functions of t and are
differentiable. From now on, in all equations, the expression of the time function will be
omitted to simplify the expression, except when it appears for the first time, in which case
the time-dependence will be emphasized, and in special cases where omission may cause
confusion. If the Hamilton equation is solved using the Hamiltonian of Equation (1), the
equation of motion for the system is obtained as

& & .
5c'—x+<'B—/S2+o¢(5—[3>x:/3y—yéc+;l—av, (2)
« o o
where the dot represents time derivatives. From Equation (1), it can be seen that o(t) does
not affect the equation of motion (2). Let the equation of motion (2) be simply written as

i+ y(t)x 4+ (t)x = f(t), 3)
wz(t>=%fﬁ2+w675, (4)
£ = B =Bt i — . ©)

As can be seen from Equations (1) and (2), there can be innumerable Hamiltonians
giving one equation of motion. Among them, we will take and treat

Hxpit) = 5 (a0 + 2 (0a2(02) ' (D (0)x, ©
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as a special selection of Hamiltonian of Equation (1), giving the equation of motion (3). In
Equation (6), a(t) is

a(t) =e" ft'Y(s)dS, 7)
that is,
_ Y
70 =~y ®
Solving the Hamilton equation using Equation (6) gives
x = a(t)p, )
and
b= —a  (HP(Hx +a  (BF(). (10)

Using Equations (6), (9) and (10), the Lagrangian of the system is obtained as

© B2 SO, (11)

L w
20(t)  2a(t) a(t)

L(x,x;t) =

If u1 (t) and uy(t) are the two independent solutions of the homogeneous form (in the case
of f(t) = 0) of the equation of motion Equation (3), the general solution of the differential
Equation (3) is obtained as

x(t) = cruq(t) + coua(t) + xp(t), (12)

where

xp(t) = /tt G(t,t)f(t)dt, (13)

0

c1 and ¢; are arbitrary constants, and fy is the time when x,, (tp) = 0att = ty. In Equation (13),
the Green’s function, G(t,t'), is

Gt t)) = —0(f — t’)ul(t)uZ(te\/(t,L;Z(t)ul(t/), (14)

where 6(t) is a Heaviside step function, and the Wronskian, W(t) is
W(t) = uy (t)ua(t) — uz(t)uir (t) = Woa(t). (15)
Here, we will call the constant Wy the Wronskian constant. The velocity x(t) is obtained as
2(t) = crui (1) + cotin(t) + %p(t), (16)

from Equations (12) and (13), where

50 = [ Gilo ) fa, (17)

0
here, G¢(t,t') is

Gi(t,t') = —0(t—t) (18)

3. Invariant Quantities of the System

So far, in the general solution of the motion of the system, Equations (12) and (16), we
know that there are time constants ¢ and cp, and the Wronskian constant Wy. Considering
Equations (9)—(15), we get
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aH(HW(H) = w1 (Dp2(t) — ua()p1(t) = Wo. (19)

If Wy is an imaginary number, two independent solutions of the differential equation can
be taken as 11 (t) and uy(t) = uj(t). If Wy is a real number, we can take two independent
solutions, u; (t) and uy(t), as real functions of t. In a conservative system, the mechanical
energy E equals the Hamiltonian H and is a constant of time, but in a time-dependent
system, it is not a constant of time. Let us find the new time constant of the time-dependent
Hamiltonian system here. In general, if the quantity I(x, p;t) satisfies

D[I(x,p;t)] =0, (20)

it is a constant of time and is called an invariant quantity, where D is the total derivative

operator,
2 .9 0
If I(x, p;t) is given by
I(x,p;t) = a(t)p + b(t)x +g(t), (22)

which is a linear relation of x and p, substituting Equations (21) and (22) into Equation (20)
and calculating, we can know that a(t), b(t), and g(t) in Equation (22) are satisfied

a=—a(t)b, (23)
b=a"1(H)(t)a, (24)

and
g¢=—a"'f(t)a. (25)

The homogeneous form (when f(t) = 0) of the equation of motion (3) is
i+ y(H)x 4 w?(t)x = 0. (26)

In Equation (12), we assume that u1(¢) and u;(t) are two linearly independent solutions of
Equation (26). Then, solutions of Equations (23)—(25) are respectively obtained as

a(t) = ciuy + coup, (27)
b(t) = lx(lt)(clul + cotlp), (28)

and t
g(t) = — /t a L) F(F) (i () + coua(t)) . (29)

Substituting Equations (27)—(29) into Equation (22), we get two independent invariant
quantities

. ¢ ,
Il(x, p;i’) =1up— %x+/t0 chl(it/))f(t/)dt/, (30)
d
" I (x ) = _@ tuz(t/) Nt 1
200 pit) = ap = 2xt [ SE . 61

Since the product of two invariant quantities is also invariant, the three quadratic invariant
quantities can be obtained as follows.
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. -2 AP
B(x,p;t) = ulp® — L‘;ul xp + %xz —2x /t: u;g:))aultl(;)f(t’)dt’
ui(t)u (tl) / ul(t/) INEW, z
vap [ R a (/ w1 )dt) , (32)
Blapit) = 392 - 220y 1 B2 g [ 120 g
! Z(t)”Z(t/) Ny t”Z(t/) N e/ z
sap [ 22O rnar ([ 20 pienar ) (33)
and
L (x, p; ) (%, pi t) = uauap® — uluzl—u1uzxp+ ﬂ;g’lzxz
uy ()i (t) + up(t')u (t) ul(t)uz(f’)+“2(f)u1(t’) N g4l
—.’X/;O t)oc(t ) f( )dt +p Dé(t,) f(t )dt
t
d 34
+(, o) ([, Sy o9
Let w? be
WBt) = (1) — 39 (6) = 37 (0). ()

If w% > 0, the solutions u#; and u; of Equation (26) are oscillatory motions, and if w% <0,
monotonically increasing or monotonically decreasing motions. In the case of monotonic
motion, if two independent solutions, 17 and uy, are respectively set to

up (£) = r(£)ef®, (36)

and
up(t) = r(t)e 0, (37)

the general solution of Equation (12) becomes
x(t) = crr(t)e? D (1) + cor(t)e PO (1) + x, (1), (38)

where r(t) and 0(t) are real function of . Equation (38) is not a specific solution, but
a general form, which is a function obtained by solving Equation (12) when it is fixed.
Applying Wronskian, Equation (15) becomes

W(t) = 2?0 = Qpa(t), (39)

where () is a real constant. In Equation (39), it can be seen that r and 6 are dependent on
each other. In the case of oscillatory motion, if two independent solutions, 11 and uy, are
respectively set to

uy (8) = r(5)e? (1), (40)

and
ua(t) = r(t)e ¥O(p), (41)

the general solution of Equation (12) is

x(t) = cr(£)e® O (£) + cor (£)e 0O (1) + x, (1), (42)
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Substituting Equations (40) and (41) into Equation (15), Wronskian (15) becomes
W(t) = 2ir*0 = iQou(t), (43)

where () is a real constant. In Equation (43), r and 0 are also depend on each other. In the case
of monotonic motion, from Equations (36) and (37), the Green function, Equations (14) and (18)

are expressed as
2rr’ sinh(0 — 6')

G, #) = —(t = 1) 2083

(44)

and .
277" sinh(6 — 0") 4 2rr'6 cosh (6 — 6')
Qolxl !

by r and 6. In the case of oscillatory motion, from Equations (40) and (41), the Green

Gi(t,t') = —0(t —t) (45)

function Equations (14) and (18) are expressed as

2rr’ sin(6 — 0')

G(t,t')=—-0(t—1) O’

(46)

and )
2ir" sin(6 — 0') — 2rr’6 cos(6 — €')

Gi(t,t') = —0(t—t) O’ ,

(47)

by r and 6. In expressions (44)—(47), all variables expressed as ' are a function of ¢’ of that
variable. In the case of oscillatory motion with the above considerations, expressing r and
6, Equation (34) becomes

. .2 2
9o 1T 7 a5\ »
L, = rp —;xp—k <u¢2+4r2>x
t i cos(0' — 0) —r'rfsin(6' —0) ., ,\ .,
— t)dt
| £(t)d
t 1 £l i (046"
+p/ i COS(G "t +/ / r e“,, FIVF(ENArdr,  (48)
to tog Jtg

In the case of monotonic motion, the result of Equation (48) is obtained by replacing
+03 with —3 and trigonometric functions with corresponding hyperbolic functions. For
f(t) = 0, Equation (46) is the Lewis—Riesenfeld invariant that has been dealt with in the
literature [7-12]. So far, we have seen that the invariant quantities c1, c2, Qy, I%, 122, and I,
are related to the equations of motion and their solutions. The next section will discuss
the relationship between invariant quantities obtained from the equation of motion of the
system and the Lie algebra that makes the system invariant. Since it is so complicated
to find the Lie algebraic generators of a non-homogeneous equation, let us find the Lie
generators of a homogeneous differential equation to get an invariant and discuss the
non-homogeneous case.

4. Generators and Their Invariant Quantities

If f(t) = 0, the equation of motion Equation (3) becomes a homogeneous form of
Equation (26), and its general solution can be put

x(t) = cqu(t) + coun(t), (49)

in Equation (10). From now on, we want to obtain generators of continuous transformation
groups admitted by the equation of motion (Equation (26) of the system) and to obtain
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their invariant solutions using the group’s point symmetries. First, let us find infinitesimal
symmetries, i.e., generators.

d 0
X—C(t,x)g‘Fﬂ(t,x)a, (50)
of symmetry groups G. The infinitesimal invariant discrimination has the form:
Xo)F [p=0= (GF: + 1Fx + {1Fx + 0oFs) [p=0=0, (51)

where F = 0 is the differential Equation (26), F is a function of the left side of Equation (26),
subscripts indicate derivatives of its subscripts, and

0 0 0 )
Xg) =85 15 to5; + 055 (52)
where (1 and (; are
G = e+ (1x — §1)% — %G, (53)
and
§2 =y + (Utx - gtt)x + (77xx - thx)xz - J.C?)(gxx + (77)5 - zét - 3x§x)x (54)

Equation (51) is called the determining equation for the group G admitted by the ordinary
differential Equation (26) [4-6,13]. Using the determining Equation (51), we can find
generators of symmetry groups of Equation (26). It is well known that the symmetric
Lie algebra L of linear second-order differential Equation (26) has the dimension 8 [4-6].
Using Equations (51)-(54), we can know that the vector space of infinitesimal generators is
eight-dimensional and a basis is obtained as [4-6,13].

d
X1 = X5 (55)
X = u 9 (56)
2 = iy
X3 = u 9 (57)
3 — Zaxl
o0 . 0
Xy = « 1(u1xat+u1xzax>, (58)
_ o0 . 0
X5 = a! (uzxat + u2x28x>, (59)
_ d 0
X6 = 1<u%at+ulu1xax>’ (60)
X, = a’l 2uu3+(uu +uu)xi (61)
7 125y 1U2 12)X== )
and 5 5
_ 1 29 Y 2
Xg =« <u2 5 + u2u2x8x>. (62)

Every generator except X; depends upon independent solutions, #1 and u; of the differen-
tial Equation (26). In the case of an independent variable t and a differential variable x, the
Lagrangian variational integral L(x, X; t) is defined as

= /V L(x, %;)dt. (63)

Now we want to check that the variational integral (63) has an invariant under each group
G corresponding to eight infinitesimal generators (55)—(62). This is a point symmetry of the
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Euler-Lagrange equation [4—6]. Using Noether’s theorem to get the symmetry, we show
that the variational integral is invariant under the group G if and only if

X(L)+LD(¢) =0, (64)
where X is Equation (52), i.e.,
JL JL oL
X(L) = 5 T35, Togg (65)

If the variational integral (63) is invariant in the group, with generator (65), then T is

defined by
oL

T=L¢+ (1 —6%)55, (66)
is a conserved quantity for the Euler-Lagrange equation,
oL oL
Fi Dﬁ =0. (67)
That is,
D(T) =0, (68)

with Equation (68) [4,5].

Adding D[B(x.x;t)] to L(x.x;t) gives the same result. Adding B(x.x%;t) to the La-
grangian of the integral of variation (63), it gives the same result of the variation principle,
so Equation (64) can be replaced with

X(L) + LD(&) = D(B). (69)

Then the Lagrange equation is again invariant and has a conservation law D [I (x,%; t)} =0,
where Equation (66) is replaced by

I(x,%t) = L+ (7 — gx)% —B, (70)

The group G corresponding to Lie’s algebra, Equations (55)—(62), makes the differential
Equation (26) invariant, but we do not know if it makes the variational integral invariant.
We check whether the generator Equations (55)—(62) are symmetric under the variational
integral, and if so, find out what the corresponding invariant is. First, to simply reduce
the calculation of various formulas, the two Formulas (69) and (70) are calculated by
substituting the Lagrangian Equation (11) as follows,

¥ Ww(t) , ww 5, w?
X(L)+LD() = 7<2“ ~ o >§_€zxx A
X 2w t) , . .
+§1& + (2“ T on ¥ )(gt +8&x1) = D[B(x, %, )], (71)
and 5 n
SN LR T G JPA WA S
I(x,%;t) = 6(21)( T ) +17(X B(x,%;t). (72)
In generator X, Equation (55), ¢ = 0 and # = x; hence, Equation (53) gives
the following.

01 =% (73)
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Calculation of Equation (71) is
X(L) + LD(&) = 2% — w?(t)x? = D(xx), (74)
And Equation (72) becomes
I(x,x%;t) =y —B =xx—xx =0. (75)

Thus, for generator X1, we only get a trivial conservation quantity 0. This group G; tells us
that, if x is the solution of Equation (26), x multiplied by an arbitrary constant is also a solu-
tion of it. That is, it is a group G; that admits in any linear differential equations. However,
group G does not admit in the non-homogeneous differential equation of Equation (3). In
the generators, equation X; (54), ¢ = 0 and # = uy; hence, Equation (53) becomes

C1=1. (76)
Calculation of Equation (71) is
X(L) + LD(&) = —ujw?x + 1i1% = D (il x), (77)
and the equation, Equation (72), becomes
I(x,%;t) = yx — B = u1X — uqx. (78)

By replacing u; with u; in results, Equations (76)—(78) in the case of generator X, we get
corresponding results in the case of generator X3, i.e.,

01 =1, (79)
X(L) + LD(&) = upw?x + tip% = D(lipx), (80)

and
I(x,%;t) = yx — B = upX — uipx. (81)

In Equations (78) and (81), both conserved quantities are the Wronskian constant W
in Equation (15). Thus, it is known that X, and X3 are generators that give the Wronskian
constant Wy of the solution of the equation of motion as an invariant. The group G2(G3)
associated with these X, (X3) is the group admitted when x is a solution of a differential
equation, and x + c1u(x) (x + cauz(x)) is also a solution of the same differential equation.
That is, X, and X3 are generators of the group admitted by linear differential equations.
Their group is also admitted by non-homogeneous linear differential Equation (3). In the
generators X4, Equation (58),

E(x, % t) = —uq(H)x, (82)

and
n(x, % t) = 1y (£)x>. (83)
Hence, Equation (53) gives

Ui .o

1
2% + &(ul — Yup)xx — zlx . (84)

1
"t = — —
C1(x, %;t) aw

In this case, the calculation of Equation (71) can be obtained as follows:
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3. 5 yw? wd 3w\ 5 @uy o, Uy g
X(L)+LD(g) = mulxx + *7“1*u1?*741m x° — 2 ~ o2
_ L UV S O T U N
= D< g2 ¥+ 2lxzwx). (85)
Thus, Equation (72) becomes
I(x,%;t) = 0. (86)

By replacing uq with u; in results, Equations (84)—(86) in the case of generator X4, we
get corresponding results in the case of generator X5, i.e.,

1 1
1(x, %;t) = —Zwluyx® + =(tp — yup)xx — ﬂfcz, (87)
« « «
X(L)+LD(&) = D[B(x, £;#)] = D — 22 x2 + 2x25 _ 12 2.3 (88)
202 «? 202
and )
I(x,%;t) = —;Tzzxxz + %xzx - %wzﬁ — B(x,%;t) =0, (89)

In Equations (86) and (89), both generators X4 and X5 give a trivial conservation quantity, 0.
X4, X7, and Xg are the generators that give us the invariant we are interested in. However,
the three generators have a similar form, but are associated with two independent solutions
of the equations of motion. That is, X4 is composed of u1, X7 is composed of both 11 and
up, and Xg is composed of 1. We do not list the process of obtaining the results of three
cases here, but the case of X7 seems to be the most meaningful calculation, so only this case
will be dealt with in more detail, and the cases of X4 and X7 will briefly state each result as
in the previous case.
In generators X4, Equation (60),

1
E(x,%;t) = Wu%(t), (90)
and 1
n(x,%t) = mm(t)ﬂ%(f)% (91)
Hence, Equation (53) gives
C1(x,%t) = % [(u% - wzu%)x - (ulul + ')/u%) x} (92)

The calculation process of Equation (69) in Xg is somewhat laborious, but it is very similar
to that in X7, which will cover the process. In X it can be obtained as follows: calculation

of Equation (71) is
. 2 .
X(L)+LD(¢) = fu%ci—;uxz - %(Zulul +qud)x? + (12 — wzu%)%
1 5. 2 1 .
= D<_ﬁu%x2+a7”1”1xx_@( Zu%—i—u%)xZ)
= DI[(B(x,%;t)]. (93)

Thus, Equation (72) becomes

.2 2 .
X w X
I(x,%t) = —§<ﬂ+ﬂx2>+na—8(x,x;t)
1 2.2 1 . . 1 2.2
= 2z X fﬁululxx+—2“2u1x
i
= =, 94
. (94)
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where I is Equation (30). Equation (94) is an invariant, Equation (32). Now, in the case of
X7, which we are interested in, we will cover the process in some detail. In these cases,

2
G(x, %;t) = mul(t)uz(t), (95)
and 1
n(x, xt) = m(”l(t)ﬂz(f) +1ig (F)uz(t))x. (96)
Hence, Equation (53) gives
) 1 o 5 . . )
C1(x, %) = " {2 (uluz —w uluZ)x — (uqtip + tqup + 27u1u2)x} , 97)

Substituting Equations (95)—(97) into Equation (71) and rearranging, we get

ww 2

w 2, . )
X(L)+LD(¢) = —Zuluzﬁxz — ZF(uluz + 1ty 4 yuqup) x> + E(uluz — wluqup) X%, (98)

We do not know whether Equation (98) can be expressed in the form D(B) or not. Since

Equation (98) is a quadratic expression of both x and ¥, let us assume that it has the form

D(B) and B is a quadratic form of x and x. And calculating and rearranging D(B) gives
D(B) = D(fa‘c2 +gxi+ hxz)

(f —2fr + 8% + (“2fw? + § —vg +2h)xi + (h— Q)% (99)

In Equation (99), f, g, and h are time-dependent functions and functions to be obtained. To
find it, we compare Equations (98) and (99), and if we set the coefficients of each quadratic
form to be equal, we get the following differential equations:

f=2fr+5=0,
g—v8— 2fw2 +2h = %(2111117_ — szuluz), (100)
. 2
h—w?g = —a—zzuluzww — %z(uluz +iqup) — zz‘f UqUy.
The solution of Equation (100) is obtained as
g(t) = azz(t) (2uq (H)ua(t) + 1 (Hua(t))
f(8) = = Fmu(Hua(t), (101)
2 .
h(t) = =i (ua(t) — ki ()i (8).
Thus, with Equation (101), Equation (99) becomes
2 .0 2 . . . 1 2 .. 2
D(B)=D — ik + E(uluz + tiqup)xx — p(w Uty + tiqtin)x”|. (102)

From Equation (102), Equation (98) becomes
2 .2 2 . . . 1 2 . 2
XL+ LD(¢) =D — X + E(ulm + i up)xx — E(w Uity + tiquip)x°|.  (103)

Thus, Equation (72) is obtained as

.2 2 .
. ¥ w? X
-t = — J— R 7_B
I(x, x; 1) §(2a+2ax>+;7“
I U R DN o
= —azuluzx -z (uptiy + tiqup)xx + 2 (uqup)x” = L. (104)
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Equation (104) is the same invariant quantity as the result of setting f(¢) = 0 in Equation (34).
In the case of Xg, the procedure for finding the result is the same as in the case of X7, and
the results are the same as replacing u; with u; in the results of X¢. In Xg, Equation (62),

N
&(x,x;t) = a(t)ul(t), (105)
and 1
n(x,%;t) = mul(t)uz(f)x (106)
Hence, Equation (53) gives
) 1 . . ;
C1(x,%;t) = W [(u% - wzug)x — (uptip + 'yu%)x} . (107)
Equation (93) gives
ww w? . . xXx
X(L)+LD(g) = —u%?xz — ﬁ(Zuzuz + 'yu%)xz + (u% — wzug)ﬁ

1 50,,2 1 -
= D <—azu%x2 + 2 Hathaxx — ﬁ(wzu% + ”%)xz)

— D[B(x,%1)). (108)

Thus, Equation (72) is obtained as

.2 2 .
X w X
Hx5t) = —&(=+92) 142 B
(x,%;) C<2a+ T ) +1
1 5,5 1 .. 1 55
= @uzx —;M2M2xx+@1/12x 212/2 (109)

where I, is Equation (31). Equation (109) is an invariant, Equation (34). Summarizing the
above results, there are eight generators corresponding to the groups that admit the equa-
tion of motion, Equation (26), which is a second-order linear differential equation. There
exists a B(x, X; t) that satisfies Equation (93) in all eight generators. Thus, the variational
integral formed by the Lagrangian of a system is invariant for each group corresponding to
eight generators (55)—(62). The invariants obtained from each generator are the Wronskian
constant )y, the quadratic invariant 12, L1, 122 for the equation of motion (26), and the
trivial invariant 0. We discuss, in this section, the invariants in groups and generators
admitted by the homogeneous second-order linear differential Equation (39) for f(t) = 0.
For non-homogeneous differential equations, Equation (3) (f(t) # 0), finding admitted
generators is too complicated. In the case of a relatively simple example of Equation (3), for
a forced free particle whose equation of motion is

¥ = f(t), (110)

Calculating the generators shows that all eight generators depend on f(t). Although
generators and invariants cannot be directly dealt with in the case of non-homogeneous
differential equations, Equation (3), they can be predicted from the results of homogeneous
differential equations. X is a generator that does not depend on the solution of the system.
It is obtained from any linear differential equation. In the case of the non-homogeneous
differential equation, Equation (3), it is a generator obtained by replacing x with x — x,,
where the particular solution, x, is Equation (13). The generators X; and X3 are the same
for both homogeneous and non-homogeneous forms in differential equations (Equation (3)).
This means that adding the general solution of a homogeneous differential equation to the
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solution of a non-homogeneous differential equation results in a general solution of the
non-homogeneous differential equation. The invariant is the Wronskian constant () in
both homogeneous and non-homogeneous cases. The results of X4 and X5 depend on the
cube of the two independent solutions u; and u; of the system. The invariant obtained a
trivial 0. In the case of inhomogeneity, we can only predict that it will depend on the cube
of uq, up, and f. The results of X¢, X7, and Xg are related to the square of 17 and u5, and the
invariant shows that there exists a quadratic invariant of x and x. In the non-homogeneous
case, we can predict that the invariants of the generator associated with X4, X7, and Xg will
be Equations (32), (33) and (34), respectively.

5. Invariant Variable Space

We regard invariant quantities (30) and (31) as new variables and examine the system
in the new variable space. We also cover variable transformations between the two spaces.
If Equation (26) has a solution of the oscillatory motion, two independent solutions of
Equation (26) can be set as 11 (t) and uy(t) = u;(t). If so, Equation (15) becomes

W) = ua ()i () — i ()i (1) = iQoa(t), (111)

where we can put Oy > 0. (If Qp < 0, we can select 11 (t) and uy(t) = uj(t) interchange-
ably.) In this case, the new variable associated with the invariant that can be inferred from
Equations (30) and (31) can be defined as follows.

L= \/%0 <u1(t)p - LZ((:)) X+ gl(t)>, (112)
and )
I = \/%0 <u1‘(t)p _ ”;1(%) X+ g;(t)) _ (113)
where /
a0 = [ ) . (114)

Calculating the Poisson square brackets of I; of Equation (112) and I of Equation (113) gives

oo, 0dLdL .
L,b}=——F—-——=—== 115
Thus, the transformation consisting of Equations (112) and (113) is not canonical. Let two
independent solutions of Equation (26), u1 and u5, be in monotonic motion. If so, 1y and up

can be chosen so that the Wronskian Equation (15) can be put as
W(t) = uq ()1 () —ug(t)ua(t) = Qoua(t), (116)

where )y > 0. In this case, the new variable associated with the invariant that can be
inferred from Equations (30) and (31) can be defined as

b= (mp - L5+ a0), (117)
and . ()
1)
L = \/70—0 <M2(t)P - Dé(f) x+g2(t>>' (118)
where
2(t) = /to L;Z((:,)) F(H)ar. (119)

https://doi.org/10.3390/sym18060880


https://doi.org/10.3390/sym18060880

Symmetry 2026, 18, 880

14 of 16

Here, Ij # I. Calculating the Poisson square brackets of I; and I, gives

ol dl, dl;dl

L,h=———-——=——==1
{0, b} ox dp  Jp dx (120)
Therefore, the transformation of monotonic motion consisting of Equations (118) and (119)
is a canonical transformation. Even in the case of oscillatory motion, if the variables are set
to I /v/iand I,/ /i, respectively, the transformation consisting of Equations (112) and (113)
is a canonical transformation. In this case, of course (I /v/i)* # I,/+/i. If the canonical
variables x and p of a system whose Hamiltonian is Equation (6), H(x, p; t), and the new
canonical variables I; and I, are connected by a point transformation, the Hamiltonian,
K(I, I;t), giving I and I is

dx OJF
K(I, Ip;t) = H(x, p;t) — p=— — —. 121
(I, Ip;t) (xP)Pat o5 (121)

Here, the generating function F(Iy, Ip; t) can be obtained from the following relational

expression [2].

dJx oF

I — pa—ll = E’ (122)
—paa—z = E)aTi (123)

Using Equations (117), (118), (122) and (123), Equation (121) is obtained by
K(L, I;t) = 0. (124)

Equation (124) means that the new variables I; and I, can be obtained from the calculation results
of the Hamilton—Jacobi theory. The inverse transformation of Equations (117) and (118) is

1
x = Q—O(uzll —uilp) +xp, (125)
X
p = 7(20(”2[1 — i)+ Xp, (126)

where x, is Equation (13) and %, is Equation (17). The inverse transformation of
Equations (112) and (113) is

1

@(ui‘h —u1h) + xp, (127)

= 7(u*1—u1)+x” (128)
b= e\ )

Simplifying Equations (32)-(34) with Equations (114) and (119), we get

2uqii u? 2.
B =uip*— #xp + lx—;xz - &ulgl(t)x +2u181(H)p + &3 (1), (129)
2 2.9 2uplp 03 o, 2 2
I5 = upp” — . xp+ ﬁx — &uzgz(t)x+2u2g2(t)p + g5(1), (130)
and
L, = ujupp” — . xp + 2 &(uzgl(t) +u192(t))x,
+(u182(t) + u281(t))p + g1(t)82(#)- (131)

https://doi.org/10.3390/sym18060880


https://doi.org/10.3390/sym18060880

Symmetry 2026, 18, 880

15 of 16

Calculating the Poisson brackets between I1 I, and I?, 1, and I?, and 112 and 122, respectively,

(L, I} = —20 7, (132)
(LI, I3} = 2013, (133)

and
{1}, 3} = 400 L1 Ip. (134)

In the case of oscillatory motion, the result calculated by Equations (112) and (113) is
obtained by replacing () with i in Equations (132)—(134), and in the case of monotonic
motion, the result is obtained by replacing () with 1.

6. Summary and Conclusions

We chose a time-dependent system given by the general quadratic Hamiltonian of
position and momentum and showed that the invariant quantities of the system are ex-
pressed by two independent solutions of homogeneous equations. The Wronskian constant
belongs to one of the invariants of the system obtained from the equations of motion.
In Section 3, two linear invariants given by the linear equations of x and p were also
obtained, and each of them has independent solutions of the homogeneous equations
of the system as auxiliary conditions. We also obtained three quadratic invariants of x
and p consisting of the product of the two linear invariants. The eight generators, i.e.,
Lie algebras, associated with the point symmetry group of the system are obtained from
the homogeneous differential equation of the equation of motion of the system. It was
proven that all of these generators have invariants, and their respective invariants were
derived in Section 4. The invariants obtained by the eight generators are the Wronskian
constant of the system, the three invariants given by the quadratic form of x and p, and the
trivial invariants 0, respectively. In Section 4, we defined new variables as two invariants
consisting of a linear combination of x and p. Treating our time-dependent system with
new variables makes our system more convenient to handle. When the solution to the
equation of motion of a system is an oscillatory function, that is, a bounded system, the
two new variables are complex conjugates of each other. And if the solution of the system
is a monotonic function, that is, the unbound system, a canonical transformation relation
is formed between the set of two new variables and the set of x and p. Our system is
time-dependent. Mechanical energy, which is conserved in conservative systems, is not
conserved in the time-dependent system. If a quantity that is not conserved in time is
defined as a physical quantity, it becomes difficult to interpret it physically. Among the
three physical quantities that consist of quadratic form of x and p, one that depends on the
two homogeneous solutions can be made into the energy dimension and defined as a new
energy quantity. Our system includes the conservation system. For example, if y(t) = 0,
and w?(t) = const. in Equation (3), our system becomes a harmonic oscillator. In this case,
the new energy, which is made up of invariant quantities, is reduced to mechanical energy.
We can expect that, in classical mechanics as well as quantum mechanics, the physical
quantities of time-dependent systems should be expressed as invariant quantities so that
they can be easily handled physically. The results of this paper show that new physical
quantities can be defined and treated as invariant. Through this paper, we have found the
conservation of a system using Lie algebra, but the main purpose of this paper is to find a
more understandable way to treat time-dependent systems quantum mechanically in the
next paper. The two invariants of the system, which are linearly given by the canonical
position and canonical momentum, can be assumed to correspond to the creation and
destruction operators in quantum mechanics. It can be predicted that the operator set
corresponding to the three invariant sets, which are the quadratic forms of the canonical
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position and canonical momentum, forms the SU(2) Lie algebra. We can predict that an
easier perturbation theory can be developed by comparing the f(t) = 0 system with the
f(t) # 0 system. And we can also discuss the coherent state of time-dependent systems.
We will subsequently attempt to use our method to study other time-dependent systems.
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