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Commutation relations for functions of operators

Mark K. Transtrum® and Jean-Frangois S. Van Huele”
Department of Physics and Astronomy, Brigham Young University, Provo, Utah 84602

(Received 18 January 2005; accepted 4 April 2005; published online 2 June 2005)

We derive an expression for the commutator of functions of operators with constant
commutations relations in terms of the partial derivatives of these functions. This
result extends the well-known commutation relation between one operator and a
function of another operator. We discuss the range of applicability of the formula
with examples in quantum mechanics. © 2005 American Institute of
Physics. [DOI: 10.1063/1.1924703]

I. INTRODUCTION

A characteristic feature of quantum theory is the appearance of noncommuting operators. It is
perhaps most conspicuous in one-dimensional quantum mechanics where the position and mo-
mentum operators obey the canonical commutation relation

[x.p] =xp—px=ih. (1)

In the coordinate representation of wave mechanics where the position operator x is realized
by x multiplication and the momentum operator p by /i times the derivation with respect to x,
one can easily check that the canonical commutation relation Eq. (1) is identically satisfied by
applying the commutation operator on a test wave function ¢(x),

B b d
i dx i dx

h h h
[x,plipl(x) =x (rifl)) = —xif! () = —4plx) =~ () = il 2)
For quantum mechanics in three-dimensional space the commutation relations are generalized
to

[xi’pj] =ihd;; 3)

and augmented with new commutation relations

[xiaxj] = [piapj] =0, 4)

expressing the independence of the coordinates and of the momenta in the different dimensions.

When independent quantum mechanical systems are combined to form larger systems such as
multiparticle systems, the commutation rules for the operators within the individual systems are
preserved and augmented with vanishing commutation relations for operators acting on the dif-
ferent systems. Tensor products of the quantum mechanical spaces and of the operators that
operate on them accommodate this extension naturally.

In the Heisenberg picture of quantum mechanics where the operators carry the time depen-
dence of the system under consideration, the evolution of an individual operator 4 is determined
by its commutator with the Hamiltonian operator H, the generator of the time evolution:
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—:%[A,H]:O. (5)

Depending on the specific expression of the operators 4 and H in terms of the position and
momentum operators, the evaluation of the commutators in a set of equations like Eq. (5) can
become quite involved with implications on the integrability of the resulting differential equations.

The importance of evaluating commutators in quantum mechanics and the corresponding
problem in quantum field theory is illustrated by the vast literature on the subject. Many sources
and textbooks in quantum mechanics, starting with Dirac’s seminal text [Dirac (1958)], state the
canonical commutation relations either by postulating them, or by deriving them from their clas-
sical analogs, the canonical Poisson brackets, and then go on to show that they imply the following
commutation between the position operator x and any reasonable function of the momentum

operator f(p):
[x./(p)]=itf" (p) (6)

and its symplectic twin

[p.f(x)] =~ ifif" (x), (7)

where the (/) symbol denotes differentiation with respect to the variable. The derivation of Egs.
(6) and (7) is a typical and almost obligatory exercise in a modern text on quantum mechanics.
The standard way of proceeding is to consider the commutator of x with increasing powers of p,
to use induction, and to develop a Taylor expansion of the function f.

It may come as a surprise therefore that a further generalization of Egs. (6) and (7) is never
given. In fact we were not able to find an expression for the commutator of a function of x with
a function of p in the literature. The present paper provides such an expression [Eq. (18) below
when applied to x;=x and x,=p] and goes a few steps further by giving the general commutator
for functions of an arbitrary number of operators, with the restriction that all these operators have
known commutation relations amongst themselves and that their commutators do not involve
further operators (q-numbers) but only constants (c-numbers). To be specific, our formula does
apply to functions of standard position and momentum operators in multiple dimensions and for
multiple particles, as well as for functions of multiple raising and lowering (creation and annihi-
lation) ladder operators, but it does not generally apply, for example, to functions of angular
momentum operators. When dealing with angular momentum operators, one would need to reex-
press them as functions of position and momentum, and then apply the formula to those operators
directly. It does apply to functions of noncommuting position and momentum operators as con-
sidered in noncommutative space-time extensions of quantum theory [Snyder (1947), Jackiw
(2001)] but only to the extent that the noncommutative operators obey constant, i.e., c-number,
commutation relations.

In this paper, our approach to the problem is constructive. We state our general result first,
consider simple cases, make use of the induction process, and proceed by generalization. Unless
otherwise noted, we assume that the functions of the operators are well behaved in the sense that
they can be expanded in Taylor series. In Sec. V we comment on the applicability of the formulas
and give specific examples. In the Appendix we discuss correlations in the values of some sum-
mation indices that appear in our formulas and on the notation we developed to accommodate
them.

Il. ASSUMPTIONS

We begin by stating the definition of the commutator and list two properties that follow
directly from this definition. The definition of the commutator, Eq. (8), linearity, Eq. (9), and
Leibnitz’s rule, Eq. (10), will all be used explicitly in our derivations

[4,B]=AB—BA, (8)
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[4,aB+ C]= al[4,B]+[4,C], )

[4B,C]=A[B,C] +[A,C]B. (10)

In addition to the above-noted relations, we will use a third, well-known commutator relation
between an operator and a function of another operator. Given two operators x; and x, with a
constant commutation relation ¢, such that [x;,x,]=c, it can be shown that

[xlaf(xz)]ch/(xz), (11)

where f(x,) is an analytic function with a Taylor expansion. We will accept this relation here and
refer to our introductory section or to a text on quantum mechanics, e.g., Merzbacher (1998), for
an outline of its derivation. For the canonical position and momentum in quantum mechanics, the
constant ¢ takes the value if.

lll. GENERAL RESULT

The most general result that we present in this paper involves the commutator of two func-
tions of an arbitrary number of operators. Given » operators xi, ... ,x, such that [x;,x;]=c;;, where
c;; are c-numbers, we will show that

no j-1 ik kij
TR AR 15,35 5 PN > (Hz e )
J=2 i=l ij

'{-I,E k],} kl} Ii‘-rifl,rr

X (.. gl Ao~y Hf i ),

X (12)
where
n
k= 2 kij (13)
Jj=itl
and
i—1
k=2 k. (14)
j=1

The index of each summation ranges from zero to infinity (i=0-%) with the restriction that the
indices within the underbrace (—~~) are not all simultaneously zero. We will use the underbrace
throughout the paper to indicate this restriction. We refer to the Appendix for a further discussion
of the summation indices and the underbrace. We notice that only dummy indices k;; with i <j
appear in the summation.

If the restriction that the indices cannot be simultaneously zero did not apply, there would be
a term with no partial derivatives on the right-hand side of Eq. (12). That term would be gf—fg
=[g,f1=-[f,g]. Therefore, an equivalent statement of Eq. (12) reads

0 © © o0 n j—1 —c..k[j . .
S5 S 3 (M )yt iy

k=0 ky 370 kp3=0 & i1 k! "

n—1l,n J

o"];:fo'/(i dﬁég)=0
(15)

We will derive the generalized commutation relation Eq. (12), and we note that Eq. (15) is an
equivalent, more compact statement that does not contain commutators of functions explicitly.
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All the results presented in this paper are special cases of this general result. We derive the
result by constructing increasingly complex intermediate results in Sec. I'V.

IV. DERIVATIONS

We start by looking at the effect of increasing the power of x; in Eq. (11),

[T, f0c) ] = Doy fr) Ty + [, f(xy) ]
=cf (x)xy +xycf" (x3) = 2cx, 1" (x2) — c[x1, /" (x2)] = 2¢x, ' (x) — sz"(xz)~ (16)

We next show by induction that this result can be extended to an arbitrary power #,

[, fx)] = 2 (= DF! (Z )ckx’f‘kﬂk) (). (17)
k=1

Proof of Eq. (17): Equations (11) and (16) correspond to the cases n=1 and n=2 of the result
to be derived. We consider a general » and expand the commutator using Leibnitz’s rule applied
to xJ=xx "

X1, /()] =x, [x'lﬂ JS0) ]+ [x ,f(Xz)]x’Tl

n—1 n—1
=2<—1)’f”(" 1)C"X7"f")(Xz)+Cf’(x2)X71=E(—1)"”<n l)c"x’r" Ox)
pusi k k=1 k
n—1

- n= 1 n—1- n— ’
+ex| ! "(xp) — E (= 1)k+1( k )Ckal : kf(kﬂ)(xz) = nexy ! (x2)
k=1

1

n—1 n—1
S (" ety <3 cor(1 ety
k=2 k =2 k=1

+ (_ 1)n+lcn n)(xz) — E (_ 1)k+l<n )Ckx?_kf(k)(xz)-
=1 k

In the third line we used the identity /" (x,)x7 ' =x"""f"(x,)—[x" ", /' (x,)], and in the fourth line we
have redefined the index of the second summation to range from two to n—1 and have written the
nth term outside the summation. In the final line we have combined all terms under a single
summation. This completes the proof of Eq. (17).

We now extend the left argument of the commutator to include an analytic function of x; and
proceed by considering its Taylor expansion

o)

OSSR [E %fw(mx'f,g(xz)}

n=0 "t
=S Limoetm] =3 ~ /03 ( )(— 1) Dy
o 1! o 1! o \k

Interchanging the order of the summations, we find that we can write the result in terms of
derivatives of the original function, f(x;). The result is

c

- )k]m (k)
TR (xl)g (xz)- (18)

[l == 2
k=1

We pause to comment on this new result. The double summation introduced by the Taylor
expansions has been reduced to a single sum. Somehow in the expression for the commutator of
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the two functions only the contributions from products of identical orders of derivatives survive.
In a quantum mechanical context we see that the powers of position and momentum decrease
simultaneously and make room for factors of i# factors as required by dimensional analysis.

We will now consider two analytic functions of two operators, f(x;,x,) and g(x;,x,). We want
to write these as some expansion. We could use the one-dimensional Taylor expansion in x; and
write

Fx,x0) = 2 (),
n=0

where the coefficients are now functions of the operator x,. Instead, we simply observe that
expansions exist (either as Taylor series or otherwise) and write them generally as

foe1.x2) = 2 b, (02)f(x) (19)
n=0
and
glxy,xy) = E Y (X2)gm(x1). (20)
m=0

Since x, and x, do not commute we have made a choice in Egs. (19) and (20) in writing all the
x,-dependence to the left of the x;-dependence in every term in the sum. The ordering does affect
the explicit expression for ¢, and vy,, but the final result can be obtained no matter what ordering
is chosen. What matters is that one choice has been made and will be used consistently throughout
the derivation. The final result will be formally independent of the specific choice of ¢,, f,,, ¥
and g, and will be expressed in terms of f(x;,x,) and g(x;,x,) only.

Now we can consider the commutator:

[f(x1,%2),8(x1,x0) ] = 2 2 [ (x2) /2 (x1), Yin(x2) (1) ]

n=0 m=0
= 2 E (¢n(x2) 7m(x2)[fn(xl)sgm(xl)] + ¢n(x2)Un(xl)9 Ym(x2)]gm(xl)
n=0 m=0

+ [¢n(x2)a 7n1(x2)]gm(xl)fn(x1) + Ym(xz)[¢n(x2)agm(xl)]fn(xl))

and notice that simplification occurs because the commutators of two functions of the same
operator vanish, resulting in

[f(x1,x2),8(x1,x0) ] = 2 2 (@) x1)s Yin(x2) 1€ (X1) + V() D1 (x2) .2 (X 1) 1fn(x1))

n=0 m=0

Now we are in a position to apply Eq. (18) for two functions of a single operator each

o g =S S <¢n<x2>( 2( ) f’f(xow(xz))gm(xl)
k=1

n=0 m=0

wm(xz)(E —g( X1)¢(k)(Xz))fn(xl))

k=1

Interchanging the order of the summations and factoring without commuting, we obtain
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[lrxn).glr)]=— ) <( 2 E B ) S y“(xz)gm(xl))

k=1
+ 2 ( 2 Y0P (x) X ¢ff‘)(Xz)fn(x1))-
n=0

We now observe that the original function can be reassembled
2 ¢n(x2).ffq (xl) = E ¢n(x2)fn(xl) = _kf(xls-XZ) (21)
=0 X1 \ n=0 oxy

with similar formulas for partial derivatives of f with respect to x,, and for g with respect to x; and
x, and conclude that

o dady 21t )

X1,X X1,
[f( 1 2) g( 1 axl ax’g (9)61 &xz

k=1 k'

In Eq. (22) we have omitted the arguments of the functions from the expression for brevity.
We will continue to do so wherever there is no ambiguity in the arguments of the functions.

Before we can derive our formula for two functions of an arbitrary number of operators, we
must prove one more formula giving the commutator of a function of an arbitrary number of
operators and a function of one operator.

Given n—1 operators x;, i=1...(n—1) that each have a constant commutation relation with
another given operator x,,, such that [x;,x,]=c;, then

N R E( I( "”’)) 1 difit ),

i Ln-1

n=1 i=

(23)

where

We prove Eq. (23) by induction.
For n=2 Eq. (23) becomes

LA . %0 ,g(x,,)]=—2(H( 11p2) ) ) Px,8 =_E( CIZ) x {iqg
ky =l i Z

which we recognize as equivalent to Eq. (18), derived earlier.
Now we consider an arbitrary » and, in analogy with Eq. (19), write

.f(xla tee 7xn*1) = 2 ¢m(xn*1).fm(xl’ s 5xn*2)~
m=0

We expand the commutator using Leibnitz’s rule to obtain

[f.g]= 2_0 (bl €] + [ D &) -
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We evaluate the first commutator using Eq. (23) since the left argument is now a function of
n—2 operators. We evaluate the second commutator using Eq. (18). The result is

=3 (45 3 (T8 ). rnis)
m=0) ky_a M=l

_2 2 ( (’;_I" - (d\" I¢;}:)((9k ngfﬂi
m=0k,_=1 n—1 (24)

where

k= k. (25)

In the second term we apply the definition of the commutator Eq. (8) and Eq. (23) since again
it involves a function of n—2 operators,

n-2
(B8 = Ful ) + 20 2(1‘[( cu) )(a’::‘.‘a‘;;;;f (7 8)

| k. n =1 kT
(26)

In the last term, we have used & defined in Eq. (25). Substituting this into Eq. (24) we have

n-2 L % . k)
fel=- 3 (qs,,,z > (H Conh ) aﬁ‘...at;':if,,.){a_t,,g))—E( 5 (Gt
m=0 ky ki 1 k ! e m=0 Nk, =1 kn—l'

=

n-2 & 5 ko
X(f?i'::jcbm}fm(af:::-lg)) 353 5 (n( w" )(( 1) )

!
m=0 k kyo kyp=1 \i=l kn—l-
N — ——

X (1= ) (G A2fn) (9 ). o)

Since all terms contain derivatives of ¢,, next to derivatives of f,,, we can eliminate the
summation over m by using the observation made in Eq. (21) and write Eq. (27) in terms of the
original function f. We also combine factors

n—2 n—1
(_ cin)ki (_ Cn— ,n)kyrl (_ Cin)ki
e

-1k k -1 k!

n—1-

to get

n-2 % :, = _ R
e)=-3 - E(H( )(ﬁ"' WAL~ 2 (7( Pete )(Ji::::ﬂwf::"g)

kpo \i=1 k=1 r'l{n—l'

n=2

n-1

3 ;kz (n( ,;;* )w* it g
=2 ky_1=1 \i=l

(28)
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We observe that in the first term, the indices of the summations are not simultaneously zero.
In the last term, the first n—2 indices are not simultaneously zero. Thus, the first term corresponds
to the case k,_;=0. The second term is the case in which £, ...%,_, are simultaneously zero, and the
third term is the case in which the indices of neither group are simultaneously zero. Therefore,
these three terms can be collected into one term as we elaborate in the Appendix. This concludes
the proof of Eq. (23).

We are now ready to prove our main result, Eq. (12). This proof will again proceed by
induction.

First, we consider the case n=2:

2 j-1
FOEDNIENDIEDY (H IT —*’—: . ) (1d20) (12 - (12 (idzg))
kya \j=2 =1 if - - - -

-3 S92 ity gt

where we have used Eqs. (13) and (14) to find that k;=k}=k, , and k,=k;=0. We recognize that
this is just the result derived in Eq. (22).

We now consider an arbitrary value of n. We write the functions in analogy with Egs. (19) and
(20)

f(xlﬂ e ’xn) = E (rbm(xn)fm(xla cee rxn*l)
m=0

gxp o) = 2 V(X)X ).
p=0

Applying Leibnitz’s rule to [f,g] we have

[f.g]= 2 2 (s V)2 + VoL ool n+ ol fons ¥plEp + DV Lfoms 2, )
m=0 p=0
We observe that the first commutator vanishes since it involves the single operator x,. We use
Eq. (23) to evaluate the second and third terms. We use Eq. (12) to evaluate the last term, since

both arguments are functions of n—1 operators. The result is

n=1
[f.el= 2 27,,(2 = 3 (H )ﬂﬁ: rf;;;]'-"gp)(rﬁ;;qb,,,})f;n

m=0 p=0 kyu kg Vi=l kml
_—
il ( (‘ HI
B3> %(E > (H —_— )(a‘l" .. St m)(éif;,w)gp
m=0 p=0 ki ky_1n Vi=l in®
[ ————

+ 2 > ¢>,,,yp(2 > (H I1 (‘—"’*’)—)) (... g )i .. )

]
m=0 p=0 k12 kp_ap—1 MJ=2 0=l kfj'
Ny pr—

© n=1 j=1
S3an(s o () s

m=0 p=0 Jj=2

1‘1,2 'ku—2 n-1

(29)

where we have used the abbreviation
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K= 2 ki (30)

J=itl
and k! is defined in Eq. (14).

First, we notice that the first two terms of Eq. (29) can be combined:

n-1 j-1
2 (H 1 —"—) ot o BBV~ (o )
'{-Iu Jka’l—lrr =2 i=l
—_—
Next, we notice that ¢,, and y, commute. Also, using the definition of the commutator we can

change the order of ¢m(z?];:...&l;"::gp) and 7p(z?];:...z?l;”:}fm). We use Eq. (23) to evaluate these
commutators. After substitution into Eq. (29), the result is:

n-1 j-1
[f.g1=3 - Z(H Lol )5""---i::::‘“gc?f::f-df:**---i::::"fﬁfé::gl

Kin ky_tn \J=2 =1 kU
—_——

+ 2 2 (2 2 (H 1_[ _J_)) X {yp{a:‘: K"_ gp)qsm {7&5 {Jk_r‘r—:fm}

m=0 p=0 \kj 5 kp—ap-1 \J=2 0=l "J "

= bl T )y i)

® = n=1 j=1
+22(2--- P P (nn( " - " ))
m=0 p=0 \kj, kn—ln—lj"_l.u k =2 i=1 k i=1 k

n=1.n

e {)ﬁ){r}_‘:_‘ll"'kl g {}Ku 1K1, ng ){ﬁkl oty Irr(‘-b }{ﬂl: n ﬂ::}::‘fm]

n-1

— ¢m(afll+kl.ri . a_:_::_—]l+ku—l,rrf;n)(d_:_:r,u+'-‘+'kn—l.u-yp]((;f_: . (7kn-lg ]}

|

Combining factors

Jj=2

J=2 i=1 klj m i=1 kij!

and rearranging the summations, we get
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n=1 j=1 z k;
[fgl=2 = X (H I1 (—*,L) (3 ... dr-tmg)(dfng) — (.. Fr-lnf)(dfng))

ki k =2 i=1 ’{u

=11

n=1 j-1 Yk
+2 0 X (H I1 ;'T) ) (o g s 'g}{a‘a ﬂ‘:—'rﬂ - GpAf)
Jj=2 i=1

k12 kn-2,n-1 U

n j=-1
><(<7t: - :g})+2 5 B0 Diwew 3 (HH ){(dnu.,‘ ot *uetag)

n-1
ki2 L ]"]n ky—1a VJ=2 i=1

-1 *n = “1 X1 n

X(Jti o a"u I(/‘lrr"' ”‘u—lnf'} (d"‘]"’"‘ln i &‘:‘u—-ll*'kﬂ-l,rﬁ(éf“:{ - Of‘n ]a"!n"’ Ak lrrg)}

Now we observe that

and that

kl,n+ +kn*|,n=kr,1
in accordance with Egs. (13) and (14), which allows us to write

n=1 j=
[fgl= 2 X (HH(—“'-’—) (... dr-trg) (dnf) = (... Fr-f)(dyg)

Ky n ky_1 V=201

n=1 j-1
e (HH “")“f"' B AR )

! I
'{'|.2 f( —2n-1 5 2 =1 k "

n o j-
X .. ""g) )+ X X X (HH—"—) (&) ... dr-tg)

"'I 2 Krr—" n— l ky n k =2 i=l U

n=1.n

Xl Jortf) = (@ (ki rig)).

Finally, we observe the ranges of the groups of indices. The first term does not contain the
indices ki 5, ...k, - and, therefore, corresponds to the term in which they are simultaneously
zero. Also, the indices &y ,,, ...k, ,, do not appear in the second term, which then corresponds to
the term in which they are simultaneously zero. The third term has both sets of indices. Thus the
three terms can be combined (see the Appendix) noting that all the indices range from zero to
infinity, but are not simultaneously zero. Upon doing so, the equation becomes (12), completing
the proof.

V. DISCUSSION AND IMPLEMENTATION

The main result of this paper is Eq. (12). It gives a formula for the commutator of two
functions of noncommuting operators. It can actually be written more compactly in the form of
Eq. (15) in which both the left-hand side and the constraints on the summation indices have been
removed. Equation (15) actually looks so simple that one wonders if it cannot be derived trivially
from some general statement, instead of through the long and convoluted induction processes
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presented in Sec. IV. We have not been able to do so. Equation (12) applies to reasonable functions
f and g which have converging Taylor series. In the derivation, we interchanged the order of the
summations, thereby replacing a series by another, a step that is valid when both series converge.
We used the linearity of the derivative to derive term by term, a process that is again valid for
converging series with converging derivatives. Of course all formulas apply also to all finite or
truncated series such as those that appear when evaluating expressions to any finite order of
perturbation theory for example. That is the spirit in which the formulas were derived and the area
where they are most likely to find their domain of applicability. Since x; and x, in Eq. (22) and
X1,X3...,X, in Eq. (12) are operators, the derivatives and partial derivatives need to be explained
further. Already in Eq. (11) the derivative symbol refers to a derivative with respect to an operator.
In the one-dimensional case Eq. (11) can easily be interpreted as the operator replacement of the
derivative of a function with respect to a scalar variable. The prescription becomes: take the
ordinary derivative of the function and replace in the resulting expression every occurrence of the
variable x by an operator X. So for instance, denoting operators with capitals for now, the proce-
dure to find the operator derivative in a particular case gives

(e3X)/ N (e3x)/ :363):_) 3(€3X).

When the function depends on two or more noncommuting operators however, an operational
definition of the derivative needs to be supplied. We follow Louisell (1964) to define the derivative
with respect to an operator in terms of the derivative with respect to a scalar parameter \:

f(xp) = lim a%f(xﬂ,p)- 31)

and

d
Oy fxy, oo Xy oox,) = Hm —fxy, ..., 0N, L Lx),). (32)
! A—0 ON

This definition reduces to the ordinary derivative shown above in the one-dimensional case:

J
9. = lim —e**™N = Jim 330N =33, (33)
A—0 O\ A—0

Let us now apply this definition for operator derivatives to a function of two operators x and
p as an example of a situation that might arise in the evaluation of Eq. (12). It is clear that, as a
result of the noncommutativity of x and p the ordinary composition or chain rule,

(flgx)" =71"(gx)g" (x) =g" (x)/" (g(x)) (34)

cannot be applied without ambiguity since, for example,

d.(cos(xp)) # —sin(xp)p # p(—sin(xp) # 1/2(=sin(xp) p + p(-sin(xp)). (35)
For the exponential function however, we can follow Wilcox (1967) and adapt a result from
Snider (1964) to obtain

1

ax(ef(x,p)) :f due(l_“)f(x’P)(&xf(x,p))e”f(x’p) (36)
0

which can itself be used to get an explicit expression for the derivative operator in Eq. (35) above

1

dy(cos(xp)) =~ f

|
du cos[ (1 — u)xp]p sin(uxp) — f du sin[(1 —u)xp]p cos(uxp).  (37)
0 0
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This result is indeed quite different from that obtained from a naive application of the chain
rule for derivatives with respect to commuting variables. Furthermore the result in Eq. (37) can be
checked to any order of an expansion in powers of x or p. The derivative of a polynomial
truncation of the cosine function yields the result obtained by truncation of the trigonometric
functions in Eq. (37). We have developed algorithms for manipulating any polynomial expression
of noncommuting operators [Transtrum and Van Huele (to be published)]. That linearity and
Leibnitz’s rule apply to the operational derivative follows from the fact that these properties are
preserved in Eq. (31).

Finally we use Eq. (12) to derive the torque equation in the Heisenberg picture of quantum
mechanics as an illustration of a commutator of two functions, one of which (only) can be
expanded in a finite power series of its operators.

Consider the commutator of the nonrelativistic Hamiltonian,

2, 2, 2
pitp,tp;
2m

H: + V(x’y’z)7
with the z component of the angular momentum, L.=xp,—yp,. Since the only nonvanishing
commutators are [x,p,]=[y,p,]=[z,p.]=ih, the formula simplifies to

{_ fﬁ,)k”'”"
[L.(%,y,p0py) s HX, Y, 2, P pyp )] = 20 20 2 L
k I LLam.

m
———

X (¢, H)(d)

Py

Ay L) = (0 L), 7, 7y H))
“' e

By inspection, it is obvious that all mixed partial derivatives of L, that occur in the above
formula vanish. So, the above formula further simplifies to

[L..H]= 2 p ((akH)(akL) (AL, H)>+2 —_(( AH)(d, L) = (4L.)(d, H))

+E (- lﬁ)k

k=1

— (&, L) = (&-L.)(d, H))

=(= zﬁ)<(<9 N(=y) - py =+ (0,V)(x) - (~p)2 )—(zﬁ)((t? V)x = (3,V)y). (39)
Therefore

dL,
dr

=l—[LZ,H] xF, = yF,. (40)

We recognize the torque about the z axis as expected.

In conclusion, we have presented an expression for the commutator of two functions of an
arbitrary number of noncommuting operators whose commutators are constants. The formula is
derived constructively using the induction process. The resulting expression involves partial de-
rivatives of the functions with respect to the noncommuting operators. These partial derivatives
can be evaluated directly in some simple cases or in general through series expansions and
ordering algorithms to any order.
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APPENDIX: NOTATION FOR SUMMATION INDICES

In this appendix we comment on the use of our notation for the summation indices as they
appear in Eqgs. (12)—(14). First of all k;=k,=0 for any n. We include these terms to see the
symmetry in the formula.

Second, we note that when the summation indices have two subscripts, we separate the
subscripts by commas when at least one of them involves a number. Thus we write &, ,, &, ;, and
ki1 ;> but k;; instead of k; ;. Similarly, we write ¢, ¢;;, and ¢, ;, but ¢;; instead of ¢;;. The
simplification ¢, ,=c was made in the part of Sec. IV leading to Eq. (22).

Finally we discuss the correlation between the summation indices and the related underbrace
notation in more depth. Throughout the paper, we frequently use notation of the form

2 Xl k),
ky :

ke
[——

iy

where the underbrace indicates that the summations range from zero to infinity but are not simul-
taneously zero. We will explain some of the properties associated with these expressions.

In the case that the underbrace includes only one index, that index cannot be zero, and the
expression can be rewritten in more standard notation:

o0
D flky) =2 flky).
k] k|=1
——

Now, we consider the case that the underbrace contains two indices. Both cannot be zero
simultaneously, but one can be zero as long as the other is nonzero. Thus, there are two summa-
tions which account for the cases in which one of the indices is zero. There is also the case that
neither index is zero and a third term accounts for this:

> flkyky) = 2 flkky=0) + X, flk =0k) + >, X flky.ks).
ky ko k=1 ky=1 k=1 ky=1

—

We observe here that this result implies that

> 2 flkyky) = 2 flkyky = 0) + 2 flky = 0,kp) + X D flkyky),
ky ks k ks k ks

which we will generalize shortly.
It follows from the above argument, that, if there are » indices, £, ... ,k,, in an expression of
the form

2 Ef{kl? ""ku]a
ky '

ky
[———

there will be ('1’) terms in which one index is nonzero, (;) terms in which two indices are nonzero,
and so forth. Thus, there will be
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n
n
= (k ) —r
k=1
terms altogether. For large numbers of indices, the underbrace notation is clearly more compact;
however, for computational purposes, it will be necessary to expand the underbrace notation as we
have done here for the cases n=1 and n=2.

Now we consider a situation that arises frequently in the derivations presented in this paper.
This involves the case in which there are two groups of indices, &y, ...,k, and /,...,[, in an
expression of the form

S -S3 31
K L I

where f depends on each of the indices. We show that the underbrace has the following property:

T R T T TS T R Y

"

which is an identity used often throughout the paper. Given a little thought, this expression seems
reasonable, but we will present a slightly more rigorous proof.

The proof is not complicated; we simply count the number of terms on either side of the
equation. The left-hand side of the equation has 2"""—1 terms. The right-hand side has 2"—1
+2M—=1+(2"-1)(2"—1)=2""—1 terms. Since all of the terms on the the right involve summa-
tions in which some of the indices range from zero to infinity but are not simultaneously zero, we
conclude that each term on the right-hand side of the equation also appears on the left with no
repeated terms. Since both sides of the equation have equal numbers of terms, we conclude that
the two expressions are equivalent.
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