PHYSICAL REVIEW D

VOLUME 18, NUMBER 6

15 SEPTEMBER 1978
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For a class of problems it is shown that a solution to Newton’s equation of motion may be interpreted as
the generating function for the matrix elements of the coordinate operators in the Heisenberg representation.
For three one-dimensional problems, the harmonic oscillator, the particle in a box, and the x * anharmonic
oscillator, solutions to the quantum-mechanical problem are given in terms of the classical solution. A brief
examination is made of a two-dimensional problem in which the angular momentum is conserved.

I. INTRODUCTION

In a series of earlier papers attempts have been
made to solve anharmonic-oscillator-type prob-
lems! based on the following pair of assumptions:

(i) Matrix elements decrease rapidly as the
difference between indices (distance from the main
diagonal) increases.

(ii) Matrix elements vary slowly parallel to the
principal diagonal. The experience gained in the
application of these ideas to oscillator problems
has led to modifications in these ideas.

The solution of a quantum-mechanical problem
in the matrix form involves the construction of
pairs of operators ¢;, p; such that

(i) the commutation rules are satisfied,
(ii) the Hamiltonian operator H expressed as a
function of the p; and the ¢; is diagonal.

In terms of the type of approximation referred to
above it is possible to separate these two aspects
of the problem. The diagonalization of H may be
treated primarily as a problem in the difference
of the matrix indices while the commutation re-
lations primarily involve the dependence of ma-
trix elements on the sum of the indices. The part
of the problem that depends on the difference of
the indices, the diagonalization of H, can be re-
duced to the solution of Newton’s equation: F
=ina.

The demonstration that the diagonalization of A
can be approximately achieved in terms of a so-
lution of F'=ma will first be carried out in Sec. II
for a one-dimensional problem for which the
motion is periodic and for which the potential is
assumed to be expressed in terms of powers of
the coordinate. The generalization to a many-
degree-of-freedom problem is straightforward and
is carried out in Sec. III. To complete the solu-
tion of the quantum-mechanical problem the com-
mutation conditions are introduced in Sec. IV. In
Sec. V the application of the method to the har-
monic oscillator, the particle in a box, and the

x* anharmonic oscillator are treated.

The demonstration that a solution of Newton’s
equation can be used to find approximate matrix
elements has previously been given by Klein® in
the course of a derivation of the WKB method. The
derivation presented here grew out of attempts to
solve Eq. (1) as a set of coupled algebraic equa-
tions to which it reduces if the sum (2) is trun-
cated. The truncated-sum point of view gives
insight into the sizes of the various matrix ele-
ments which may be particularly useful guidance
in treating nonseparable problems. Several two-
dimensional problems are mentioned.

II. THE DIAGONALIZATION OF THE HAMILTONIAN

IN A ONE-DEGREE-OF-FREEDOM PROBLEM

The Newton and Heisenberg equations both have
the form
d?x
m e Rx),

where in Newton’s equation x is a number while in
Heisenberg’s it is a matrix. The time derivative
of a Heisenberg matrix element is given by

(%), =-((Ba=ED/MFran.

The equation becomes

- ’”(Ea;[ Eb) Xap = [ F(X) ]ap - (1)

This is a set of coupled algebraic equations usually
nonlinear since F will in general be a complicated
function of x. The computation of [ F(x)],, presents
computational problems, and before attempting this
calculation the first assumption will be introduced:
(i) The dependence of the matrix element x,,
on the sum of the indices is weak enough so that
the approximation

Xap =Z ar(éa,b+r+6a,b-r) (2)

is adequate to treat the diagonalization of H. The
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assumed weak dependence of x4, on a +b will be
recovered when the commutator is treated.

In order to calculate [ F(x)],, it is useful to in-
troduce the generating function g(#6),

2(0=2 a,(e" +e i), (3)

If the function F'[g(0)] is expanded in a Fourier
series,

Flg()]=)_ B(e'™" +e i),

then the coefficients B are functions of the a. If
F(x)=x°, then

e =
(X )ab - . Z E arl e are(da,cl+rl +6a,cl-rl)(601,c2+rl
1 Te

s CgLy Tyttt

The sums over the indices ¢, - *+, ¢,_, may be done

to give

(xe)ab = Z (Ga,lnr +6a,b-—r)
r

x Z aq“'areér,trltrzz-uzre-
v,

The » sum is over all the » and over the 2° pos-
sible permutation of the signs. This answer may
not be correct because the Kronecker 8’s may
not all have vanishing arguments in the interval
of summation. These missing terms are of the
type that is consistently neglected in this approxi-
mation. For small quantum numbers near the
edge of the matrix they will be significant. For
powers of x it follows that by comparison with
the expression for g¢(6) that

(xa)ab =Z Br(ba,b+r +6a_b—r) .

For a function F(x) that has a power-series ex-
pansion it is concluded that the matrix element
[F(x)]s is given by

[F(x)]ab =Z ﬁr(aa,b*r +6n,b-r) ’
while the function F{g(6)] is given by

Flg(0)]=_ B0 +e77%).

There is one final approximation required before

Heisenberg’s equation (1) can be reduced to New-

ton’s. The energy difference E, — £, is assumed to

be proportional to (a - ),
(E,- E,)=(a-b)AE.

The proportionality constant A E will have a de-

pendence on a +b, butthisistemporarily neglected.

. are(eirlf) +e-i719) .o

g(6) = Z a, o

..
LRI rl rz
1 Te

X (eiren +e‘i'e"’) .

Thus the number B, is given by

B = Z § : Gr,tr1*72i‘--trearlarz..'are7
A

where the inner sum is taken over all of the 2°

possible permutations of the plus and minus signs.
The matrix element (x°),, is given by

(,\'f e)ab = E

Cy* * Comy

Xacy¥eye, * " X Xeyoyb s

1% Ce-2Ce-1

If (2) is used this becomes

+ 6c1,c2-r1) e (Gcg_l,lﬁre + 6ce_l,b-re) .

The preceding results are substituted into (1)
to give
= m(a=bY(AE/NY X =[ () ]w
orifatb=r,
-mr2(AE/BYa,=3,. (4)
Now multiply by ¢*”° +¢7*"” and sum over » to re-

build the generating function and the equation be-
comes

d2
m(AE/h’)zdgf =F(g).

If the substitution
0=(AE/R)t
is made, the equation becomes Newton’s equation
mg =F(g).
If this equation is multiplied by ¢ and integrated,
the conservation of energy equation
2mg(t) + V[g(t)]=2mg?(0) + V{g(0)| = H(0)
results. The expansion of the right-hand side in a
Fourier series gives
H(0) = H(t) = H(0)e'* .

But the Fourier coefficients to be interpreted as
matrix elements so that

Hgy, = H(0)3,, .

The diagonalization of the Hamiltonian is equiva-
lent to classical conservation of energy.

Having determined the function g(6) it must be
expanded in the Fourier series

g(e) = Z ar(eire +e—i16)
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to determine the matrix elements of x. But the o,
are still functions of A E besides the mass and the
parameters required to specify the potential. This
is because the relation between 6 and ¢ contains the
as yet undetermined A E, and while g(¢) satisfies
Newton’s equation it is the Fourier coefficients of
£(6) that determine the @. To determine AE it

is necessary to use the commutation relation.

II. EXTENSION TO SEVERAL DEGREES OF FREEDOM

For a problem with d degrees of freedom there
are d coordinates, xV, x@ . . x@_  The ma-
trix elements of an operator x ) will have 2d
indices, X{)a, .-+, apbyoby - - sp,e In general the
indices will be represented by a vector a
=(a,, ..., a;) where the a; are integers. Using
these conventions the Heisenberg equations be-

come the collection
m(Ez-E9)/RPx;s =[F(xD,x®, . x@;5.
The energy difference E} — Ef is given by

E;-E;=(3-05)-AE,

where the vector & E has components AE,...,AE,

Each of the coordinates matrices is approxi-
mated by

(xzg= Z odD(b35.7+055-7), (5)
r

where T is a vector with integer components
¥, ...,7%s For each x‘¥) the generating function

g given by

g9 = 2 ol lexpli[F- A E)/R]t) +c.c.}  (6)

is introduced. The entire discussion of Sec. II
can be repeated to show that the generating func-
tions satisfy the Newtonian equation of motion
dzg(i)
dt?

m; =F“)[g(‘),...,g‘“’].

The clumsy theorem required to relate the
Heisenberg and Newtonian equations is for mono-
mials in the x*': If the matrix element

[x@Weory@ez e @ealzp =57 Br(d5 5,7 +035-7),

and if the product of generating functions g ‘¥

gWag@er. .. g@ea " Bolowni[(F- A E)/K]t)
+c.c.},

then
T=Br.

The proof proceeds as in the single-degree-of-

freedom case provided that the components of

X E are irrational with respect to each other. Once
this result is established, the passage from the
approximate Heisenberg equation to the Newtonian
equation is straightforward and energy conserva-
tion is equivalent to the diagonalization of H.

IV. COMMUTATION RULES

It is not possible to calculate the commutator by
the methods of the preceding two sections. If
these methods were employed the result would be
to calculate the Fourier coefficients of (mg)g
- g(mg). But since g is an ordinary function the
result would be zero. The reason that quantum
and classical mechanics are interchangeable so
far is that the matrices (2) and the generating func-
tions have the same multiplication rules.

A commutator has minus signs and the numerical
values are the small differences of large numbers.
A method to remove the minus signs is necessary
before the type of approximation used above can be
introduced. A satisfactory approach is to sum
parallel to the diagonal to produce sums in which
each term is positive. It is possible to make ap-
proximations in these formulas without the danger
of making the type of errors associated with ap-
proximations in sums that contain both positive
and nega’éive numbers. The commutator formula
is given first for a single-degree-of-freedom
system where everything can be carried out ex-
plicitly. For a system with more than one degree
of freedom the ordering of the energy levels is a
mysterious phenomenon® and implicit results are
derived.

The momentum p is given by

(h_/”d )p:[Hy X l’
so that the commutator relation is
[H, [H, x])=( /mi)[p, x| == (R2/m).

The diagonal matrix element of this relation is
Z(Eb - Ea)xubg :ﬁz/znl .
b

If the system is one-dimensional, a and b are just
non-negative integers and the sum can be changed
by setting b =a +7,

Z (Ecu-r - Ea)(xa,b+r 2 =ﬁ2/2}}l .
r=-a

Now the terms with positive values of r» are all
positive while those with negative values of » are
negative. If the above equation is summed on a
from a =0 to a =A it turns out that the negative
terms will all be cancelled by a subset of the posi-
tive terms. To see this divide the sum into two
parts,



=]

so that

A
S, +8, =(h2/2m) Y 1
a=g

=(n2/2m)A +1).
Consider the term S, and change the sign of 7,

a

E (Ea—r - Ea)(xa_a-r)z .

A
a=g r=9

S, =

2

Interchange the @ and » sums and use the sym-
metry of x to give

A

82 = - z‘: Z (Ea - Ea—r)(xa--r,a)2 .

r=9 a=7

Next let the a sum run from a=0 to A — 7 to give

A A-r
32 = - Z Z: (E,“, - En)(xu ,a+r)2 .

r=0 a=g

Finally, interchange the order of the a and » sums
again to give

(Ea+r - a)( xa,a+r)2 .

The two sums S, and S, may be combined and the
result is

A )
Sl +Sz = Z E (Eac-r - u)(xa,zur)z

a=0 r=A-a+1
=(n2/2m)(A +1).
Each term in the sum is positive since E,,, > E,
and X, .., is real. The approximations of the pre-

ceding sections may be introduced into this
formula with impunity to give

f: S rAEQ?=(R2/2m)(A +1).

a=Q r=A-a+]

Again invert the order of summation to yield

® 4
ETAEG,Z Z 1=(n%/2m)(A +1),
r=0 a

=A-r+1
The a sum can be done and the final formula is

(AB)Y r?a,? =(2/2m)(A+1).

As a consequence of this formula (A E) becomes a
function of A, the index parallel to the diagonal.
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The result for A E is not as explicit as it appears
since the o’s are dependent on A E. Because of
this dependence the o’s also pick up the previously
neglected dependence on the matrix index parallel
to the diagonal.

In a problem with d degrees of freedom almost
the same derivation can be given, but because the
matrix indices are now d-component vectors the
order relations are confused. Two types of order
will be distinguished. If each of the components
of &, a;, is smaller than the corresponding com-
ponent b; of b then & will be said to be less than
b. It is not necessary with this definition of
greater and lesser than for each pair of vectors
one is greater than the other. To each index &
there corresponds an energy £:. An index b is in
the set D7 if Ey < E7 and the index b is in the set
D§ if E;<Ef. If a< Dy then b= D; unless Ef = E7.

The commutator equation is

D (Eg—-Ex:g2=h2/2m.
5
Replace b by 4 +F which gives
2 (Efur=Ef)(x7 1.0 =k /2m.
;+ ?20
Instead of summing over a from a =0 to a=A the

appropriate domain of summation is iebi. The
commufator equation summed over this region is

Y X (Enr-Ed(xrzaR=(/em) 3 1.
A€ DI a+T >0 ie DT
A A

The sum on the right-hand side cannot be done at
this stage since the distribution of energy levels
is not known. The left-hand side can be separated
as before into a positive portion S, and a negative
portion S,:

Si= 3o D (Brg-Ed(xiig),
ae 03 a+Tend

S,= > 2 (Eni-Ed(xiia)l.

- - - -
ae D3 o=a+re DY
A a

As before, the sum S, will be manipulated until it
cancels a portion of the positive sum S,. The first
step is to replace T by - T,

S,== 2. 2, (Bi-E; xirar.

The interchange of the i and T sums gives

5= % %

_ - >
= ad = - -
r"DA T aLDA

(Ey - Ez_t)Nx7-13)0.

This is symbolically the same result as in the one-
dimensional case. That ¥ can vary over all of
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D~ follows since if 4 is any point in D3 choose r
=% so that F—4 =0 and 0 exists in D3, "so that ¥
takes on each value in DX Conversely ifre D-
then since A€ D3, a - cannot be positive, at
best it can be undefined with respect to zero. The
limits on @ reproduce the limits in the previous
sum.

As before the next step is to replace 3~ by &
to give

== 2 Z

I’b D/\ 0= aa+rs DX

(Bi i - ED(x 33,70

As in the one-dimensional case the sums are
again exchanged to give

Sp== Z Z

- - -
aeDy oira+renx

(B3 7= B3 5.7)

This sum can be combined with S, to give the
expression

S 2 (B3t = ED(x3 3.7
>
ic 03 T+ic(pg-pR)=0%
=(n%/2m) ) 1.
o3
As before the summands are all positive and it is
safe to use the approximation to give

ZZ

- >

-
ac D> a+re
A

(r- AE)a*Z-(h’z/2m)Z 1.

D>
A

>i+

Further simplification can be achieved by in-
verting the order of the sums to give

2 E-ABer Y 1= (ﬁz/ZM)E 1.
r’Zo a« DK ;+rfD% A

(7

The same remarks apply here and further em-
phasis must be placed on the necessity of knowing
the energy spectrum before the formula is useful.
There are d canonical pairs in a d-degree-of-
freedom problem so that there are d equations to
determine the d unknowns A E.

V. EXAMPLES

A number of simple examples are treated to
show how these techniques work out in practice.
The first three are in one dimension: The simple
harmonic oscillator, the particle in a box, and
the x2 +x* oscillator. The last example is a parti-
cle in a central potential in two dimensions and
in particular to a particle in a circular box.

Example 1: The harmonic oscillator
The equation of motion is

X +w2x=0,

HALPERN 18

The solution for the generating function is
gt)=a (e +e7tvh),

In terms of 6 this becomes
g(0) = a [exp(iZ 6w/AE) +c.c.].

There is only one nonvanishing matrix element,
@=Xg a4; = Xa41,e- The commutation condition is

o RE  a+l
a I e ———
VT m(aE) 2

Since the generating function must be of the form
g(0)=a (e'? +e7'?),

it follows that
AE=lw,

and thus @, becomes

3
2=
2 T e (@+1).

These are the well-known results.

Example 2: The particle in a box in one dimension

A particle of mass m is confined to move be-
tween x=0 and x=/. Its velocity is v. The gen-
erating function g(6) has a nonvanishing value for
9=t=0 while g(¢) and g'(6) are zero for (=9
=0. The correct solution for g(¢) is then the
cosine-type solution

The Fourier expansion of g(6) is given by

2 rol .
g0 == ): T l)z[exp((21’+1)——lAE19>

+C.C.] .

Because of the nature of the potential, the solution
for a is given without use of the commutator,

1 2/

Gr=@rs1E e

The commutator condition is

}:(2r+1)2[ﬂ2 (27f+1)2]2 N mﬁ:E (agl) :

If the sum is done this becomes

g)zﬁ_ n? (a+1)
7] 8 mAaE\ 2 /)’
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so that A E =(#2/4)(#2/ml?)(a +1).
Thus the solutions for %, and p,, are given by

Xa ,a+2r =Pa,ar2r =0,

1 2
Xa,a+ar+1 W 72 ?
_2ik a+l
Pagrares = 9507

These can be compared with the exact answers
which give for the nonvanishing matrix elements

1 _ 1 2
(2r+1)> (2a+27r+1)? 72 °

_4ih a(a+27+1)
Da a+2r+l - l (Za +27 +1)(27'+1) .

Xa,a+2r+1 =

These agree in both cases for the leading terms.

Example 3: The quartic anharmonic oscillator
The Newtonian equation of motion is
mx +mw?x +41x3=0,
The solution with the cosine behavior is
£(6)=Gen(nb, k),

where cn is a Jacobi elliptic function.* The con-
stants G, 7, and k are related to the parameters
m, w, and X by the relations

mh2w? +2M2G? =n%(1 - k?)(A E)?
A%w?=(1-2k)n%AE)2,
2MI2GR =mk®n?(A E)? .

Only two of these three relations are independent.
These can be used to calculate G and 12 which are
given by

P mw?
1-2 22 °

2 1 (ii w)a
== \5s) -
1-222\AE
Since g(6) must be periodic in 8 with period 27,
the period of the elliptic function ecn must be ad-

justed to satisfy this condition. The period of
cn(né, k) is given by 4K where

m/2
K= f (1 -k2sin?p)™2/2dg .
0

y_

Thus since 2771 =4K, it follows that

1=(+5m V) 2K
MT=\1-22 AE) w°
so that

' iim) iy /2 . _1/
Z(22) 1 - 2%2) ==f 1-k2 sin?¢)"!/2d
2(AE o ¢

is the third equation that permits the calculation
of the parameters of the elliptic function G, n, and
k in terms of the parameters m, w, and A of the
problem and A E. Notice that if 2 =0, the elliptic
function becomes an ordinary cosine and the prob-
lem reduces to the simple harmonic oscillator.

The elliptic function cn may be expanded in a
Fourier series,

21rG
Gen(no, k) = E I +qz,ﬂcos[(2r+1)6)]
The new parameter ¢ is related to 2 by
8
1- qzn—l)
p— 2 = —_—
1=k H (1+qz”'l '
The quantities a, are given by

21G g1/
=Kk T+

From the earlier formula it can be seen that %2
must be quite large before ¢ differs appreciably
from zero so the ¢, are very rapidly decreasing
functions of 7.

The commutator relation is

271G T+l % a+1
( )}:(zru) T el 3

This equation provides a fourth'relation which
permits the determination of the elliptic function
parameters G, 7, k2, K, and ¢ and the energy dif-
ference A E in terms of the problem parameters
m, w, and A and the quantum number a. The ma-
trix elements a, are then readily determined. The
solution of these four coupled equations is a non-
trivial numerical problem and it has not yet been
carried out.

Example 4: Particle in a central force in two dimensions

The equations of motion in classical mechanics
are

mp = L2 /mr?3 +a— =0,

6 =L/mr2.

The solutions give 7 as a periodic function of the
time with a period T,. Since the angular velocity
6 is determined by 7 it has the same period T,.
However, 0 which is found by integrating 0 will
have a periodic part but in addition may have a
portion of the type cf where ¢ is a constant if. 6
has a nonvanishing average value c¢. The cf part
of 6 introduces a second periodicity into sin6 and
cosf with a period T, =2n/c. The coordinates x
and y will have terms of the form e**“2’ where
w, =27/T, and no other T, dependence. Thus the
selection rule that x and y have nonvanishing ma-
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trix elements only between states of adjacent
angular momenta is derived in the present forma-
lism. The radial portion of the matrix element
depends of course on the explicit form of the po-
tential.

VI. CONCLUSION

The approximation that the matrix elements of
the coordinates x,, may be treated as independent
of a +b leads to a reduced problem. The matrices
in the reduced problem (5) have the same multi-
plication rules as a set of generating functions
(6). The generating functions satisfy the Newtonian
equations of motion so that the reduced problem
may be solved if the corresponding classical prob-
lem is soluble. To recover the full quantum-
mechanical problem from the reduced problem the
commutation relations are introduced by means
of (7).

The technique is a development of earlier efforts
to solve the matrix equations of anharmonic-
oscillator problems as sets of coupled algebraic
equations.’ The results are relatively independent
of the size of the anharmonic term for one-degree-
of-freedom systems. In the single-degree-of-
freedom systems the »? in (4) suggests a rapid
falloff in @ with ». This expectation is borne out
by numerical calculations and the examples. The
analogous equation for a coupled system would in-
volve (F+AE), and T+ A E is not necessarily an
increasing function of r as r gets far from the
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origin. This suggests that there are resonance
phenomena that allow energy to be shifted between
different modes. Numerical calculations for a
system of two coupled anharmonic oscillators
show that the matrix elements X4, 5, and
Yava-2p+; Can become quite large, approximately
equal to Xgpe. 1, and Yapaps; While Xgpey5., and
Vabas+2p+; are small. No general insights into this
resonance phenomenon have been available from
the numerical studies. Presumably the Fourier
coefficients in the classical solution to a coupled
problem will show similar resonance phenomena.
The identification and classification of large ma-
trix elements and the equivalent Fourier coef-
ficients which should make the understanding of
the behavior of coupled systems possible.

If the Newtonian equation of motion is solved and
this solution is expanded in a Fourier series as is
done in the examples, approximate expressions
for the coordinate and momentum operators can be
produced. To achieve more accurate numerical
results these can be used as the starting point for
a perturbation procedure based on the require-
ments the operators satisfy, the canonical com-
mutation relations, and that the Hamiltonian is
diagonal. My very limited experience is that this
perturbation procedure is always rapidly con-
vergent.
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