153
Progress of Theoretical Physics, Vol. 109, No. 2, February 2003
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We propose a generalization of cubic matrix mechanics by introducing a canonical triplet
and study its relation to Nambu mechanics. The generalized cubic matrix mechanics we
consider can be interpreted as a ‘quantum’ generalization of Nambu mechanics.

§1. Introduction

The study of a new, generalized mechanics beyond classical mechanics (CM)
and quantum mechanics (QM) is often regarded as ambitious, because QM has been
applied to very broad areas of physics with indisputable success. There is, however,
no strong reason to believe that QM is the unique mechanics to describe nature at a
fundamental level (around and beyond the gravitational scale). In fact, M-theory?) is
a promising candidate of a fundamental theory of nature, and there is an intriguing
proposal for a formulation of M-theory based on the infinite momentum frame,?
deeply related to the quantum mechanics of supermembranes,® but no complete
such formulation has yet been made. There is a possibility that an ultimate theory
requires a new mechanics combined with a configuration of fundamental objects.
Therefore it is still meaningful to construct a new, generalized mechanics and study
its properties.

Nambu proposed a generalization of Hamiltonian dynamics through the exten-
sion of phase space based on the Liouville theorem and gave a suggestion for its
quantization.?) The structure of this mechanics has been studied in the framework of
constrained systems® and in geometric and algebraic formulations.®) There are sev-
eral works in which the quantization of Nambu mechanics (NM) is investigated.®) 1)
As an interesting approach, Awata, Li, Minic and Yoneya introduced many-index
objects to realize the quantum version of Nambu bracket.?)

Recently, a new mechanics has been proposed based on many-index objects,
which is a generalization of Heisenberg’s matrix mechanics, and its basic structure
has been studied from the algebraic point of view.!3) The definition of the triple
product among three-index objects called ‘cubic matrices’ given in Ref. 12) is differ-
ent from that given in Ref. 9) in the respect that a generalization of the Ritz rule in
the phase factor is required, but the associativity of the products is not necessary.
This mechanics possesses a counterpart to the canonical structure in CM and can
be generalized through the extension of phase space modeling, following NM. It is
quite interesting to investigate this type of generalization and its relation to NM.

In this paper, we propose a generalization of cubic matrix mechanics, which we

12)
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refer to as ‘generalized cubic matrix mechanics’, by introducing a canonical triplet
and study the correspondence to NM. A conjecture concerning operator formalism
is also given.

Our strategy is almost the same as that in Ref. 13). In the next section, we
review the canonical structure of NM and discuss the basic structure that a mechanics
beyond NM should possess. We formulate a generalized cubic matrix mechanics and
study its structure from an algebraic viewpoint and its relation to NM in §3. Section
4 is devoted to conclusions and discussion.

§2. Nambu mechanics and beyond

2.1.  Canonical structure of Nambu mechanics

Here we review the canonical structure of Nambu mechanics.?) For simplicity,
we treat a system with a 3-dimensional phase space whose variables are x = z(t),
y =y(t) and z = z(t). They satisfy the “Hamilton’s equations”
dv  O(K,H) dy O(K,H) dz O(K,H)

dt — 0y, z) dt  d(z,x)  dt - A(z,y) (21)

where the right-hand sides represent 2-dimensional Jacobians, and K and H are the
“Hamiltonians”. Physical variables are given by functions of the canonical variables
and the time variable ¢; e.g., A = A(x,y, 2,t), B = B(z,y,2,t), and C = C(z,y, 2, t).
Hereafter we consider systems such that physical variables do not contain ¢ explicitly,
that is, closed physical systems. The Nambu bracket of three variables A, B and C
with respect to x, y and z is defined by

J(A,B,C)

e =

(2-2)

where the right-hand side represents a 3-dimensional Jacobian. Hence, the Nambu
brackets of the canonical variables are given by

{377?47 Z}NB = 17 {maxa Z}NB = {377?47 y}NB == {27 Z, Z}NB =0. (23)
The basic features of the Nambu bracket are as follows:

{A, B, C}NB = {B, C, A}NB = {C, A, B}NB
=—{C,B,A}xg = —{B, A,C}nxp = —{A4, C, B}np, (skew-symmetry) (2-4)
{A+B,C,D}xp = {A,C,D}xp + {B,C, D}xs, (linearity) (25)
{{A,B,C}ns, D, E}ng = {{A,D, E}xg, B,C}xg + {A,{B, D, E}xg, C}np
+{A,B,{C,D, E}xpg}x = 0, (fundamental identity) (2-6)
{AB,C,D}np = A{B,C,D}ng + {A,C, D}xBB. (derivation rule) (2-7)

By use of (2:1) and (2-2), the physical variable A is shown to satisfy the equation

dA
T {A, K, H}nB. (2-8)
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We call a transformation A — A" = C(A) that preserves the bracket structure
‘canonical’:

{A,B,C}ng — C({A,B,C}np) = {C(A),C(B),C(C)}nB- (2-9)
The infinitesimal version A — A’ = A + §A is given by
0A = {A, GI,GQ}NB(SS, (2'10)

where GG1 and G2 are generators of the transformation, and ds is an infinitesimal
parameter. We can show that the bracket structure is preserved under the transfor-
mation (2-10) by using the identity (2-6).

2.2. Beyond Nambu mechanics

The structure of Nambu mechanics is so elegant that it is natural to expect the
existence of a ‘quantum’ counterpart of NM. In this subsection, we present a conjec-
ture for the basic structure of a new mechanics beyond NM based on a requirement
that the algebraic structure of equations of motion and symmetry transformations be
preserved (up to anomalous breakings).

The above requirement is expressed as the following properties:

1. There are counterparts of the canonical variables in NM, which are denoted
X =X(t),Y =Y(t) and Z = Z(t), and physical variables are functions of X,
Y and Z in a closed system. There exists a counterpart of the Nambu bracket,
which we call the ‘generalized bracket’, and the bracket relations for X, Y and
Z are conditions that place restrictions on the phase space (like quantization
conditions in QM). The generalized bracket does not necessarily possess all
the algebraic properties of the Nambu bracket. However, at least it possesses
properties of skew-symmetry and linearity.

2. The equations of motion for physical variables are of the same type as those
in NM. More specifically, an equation of motion is obtained from the corre-
sponding equation in NM by replacing the Nambu bracket with the generalized
bracket.

3. There is a transformation that preserves the generalized bracket structure that
we call a ‘generalized canonical transformation’. The ‘fundamental identity’
analogous to (2:6) for the generalized bracket holds, including generators, which
are conserved quantities. Continuous symmetry transformations are realized as
generalized canonical transformations of conserved quantities.

Now we formulate the basic structure of a new mechanics based on the above
properties.

1. Let us denote the generalized bracket by B(x,*,*) and impose the following
conditions on X, Y and Z:

B(X,Y,Z)=0,B(X,X,Z)=B(X,Y,Y)=---=B(Z,Z,7Z) =0. (2-11)

Here O is a constant of motion, and the bracket of @ and any conserved quan-
tities A; vanishes; i.e. B(©,A4;,A4;) = 0. The skew-symmetry and linearity
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conditions are expressed by

B(A, B, 0) — B(B,C, A) = B(C, A, B)
_B(C,B,A) = —-B(B,A,C) = —B(A,C,B),  (2:12)
B(A+ B,C, D) B(A,C, D)+ B(B,C, D). (2:13)

We do not necessarily require correspondences between the fundamental iden-
tity nor the derivation rule in NM as properties of B(x, %, x) for generic variables.
2. The equation of motion for a physical quantity A is given by

%
dt
where K and H are the “Hamiltonians”.

3. A generalized canonical transformation is defined by the transformation A —
A" = G(A), which preserves the structure of B(x, *, x):

= B(A, K, H), (2:14)

B(A,B,C) — G(B(A, B,C)) = B(G(A),4(B),G(C)). (2-15)
The infinitesimal version of (2-15) is written
OB(A,B,C) = B(6A,B,C) + B(A,dB,C) + B(A, B,6C), (2-16)

under the infinitesimal generalized canonical transformation A — A’ = A+ A.
For conserved quantities G and Gy [i.e., dG;/dt = B(G;, K,H) = 0], the
fundamental identity holds:

B(B(A, B,C),G1,Gs) = B(B(A,G1,Gs), B,C)
+ B(A,B(B,G1,Gs),C) + B(A, B,B(C,G1,Gs)). (217

Then, a symmetry transformation is given by the infinitesimal generalized
canonical transformation,*

0A = B(A,G1,G2)ds. (2-18)
§3. Generalized cubic matrix mechanics

We have discussed the basic structure that a new mechanics beyond Nambu
mechanics should possess. It is expected that the study of NM will be helpful to
understand the structure of M-theory,')»? through the quantum theory of super-
membranes.?) For this reason, it is important to construct a ‘quantum’ version of
NM and study its features. In this section, we propose a new mechanics based on
cubic matrices, which is a generalization of the cubic matrix mechanics examined in
Refs. 12) and 13), and study its structure and the correspondence to NM.

*) Tt is not certain whether every continuous generalized canonical transformation 4 — A’ =
G(A) can be constructed from the infinitesimal one given by dA = B(A, F1, F>)ds, where F; are
generators. Here, we require the algebraic structure of symmetry transformations to be identical to
that in NM.
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3.1. Cubic matriz

Here we state our definition of a cubic matrix and its related terminology. A
cubic matrix is an object with three indices, Aj,,, which is a generalization of a
usual matrix, such as B;,,. We refer to a cubic matrix whose elements possess
cyclic symmetry, i.e., Apn = Amnl = Apim, as a cyclic cubic matrix. We define
the hermiticity of a cubic matrix by Appn(t) = A}, (t) for odd permutations
among indices and refer to a cubic matrix possessing hermiticity as a hermitian
cubic matrix. Here, the asterisk indicates complex conjugation. A hermitian cubic
matrix is a special type of cyclic cubic matrix, because it obeys the relations Ay, =

i = Amnt = A} = Apim = Aj,,,,- We refer to the following form of a cubic
matrix as a normal form or a normal cubic matrix:
N
Al(rm)z = Olm@mn + Omnani + OniQim. (3'1)

A normal cubic matrix is also a special type of cyclic cubic matrix. The elements of
a cubic matrix are treated as c-numbers throughout this paper.
3.2. Generalized cubic matrix mechanics and its structure

The physical variables are cyclic cubic matrices given by
Apn (t) = Appneimnt, (3-2)
where the angular frequency (2;,,,, has the properties
Qs = SE0(P) Qi (02 tmnk = Ltmn — Qi + Link — Lo = 0. (3-3)

Here, sgn(P) is +1 and —1 for even and odd permutations among indices, respec-
tively. The operator § is regarded as a coboundary operator that changes k-th
antisymmetric objects into (k + 1)-th objects, and this operation is nilpotent, i.e.
82 (x) = 0.1 The frequency 2, is regarded as a 3-cocycle, from the second equation
in (3-3).

If we define the triple product among cubic matrices Ajpn(t) = Apnne
Blmn(t) = Blmneinmnt and Clmn(t) = Clmneinlmnt by

(A(t)B(t)C(t))lmn = Z Almk(t)Blkn(t)Ckmn(t) = (ABC)lmneinmnty (34)
k

i mnt
)

this product takes the same form as (3-2), with the relation (3-3), which is a gen-
eralization of the Ritz rule.*) We comment that the resultant three-index ob-
ject, (ABC)pmne™mnt, does not always have cyclic symmetry, even if A, (t),
By (t) and Ciypp,y(t) are cyclic cubic matrices. Note that this product is, in gen-
eral, neither commutative nor associative; that is, (ABC);nn, # (BAC)m, and
(AB(CDE))imn # (A(BCD)E)jmn # ((ABC)DE);ny,. The triple-commutator is
defined by

[A(), B(t), C(#)limn = (A[®)B(1)C(t) + B(H)C(t)A(t) + C(t) A(t) B(t)
— B(H)A()C(t) — AR)C (1) B(t) — C(¢) B)A()) imn- (3-5)

*) The Ritz rule is given by (21, = Qi + 2, in QM, where §2,,,, is the angular frequency of
radiation from an atom.
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The triple-anticommutator is defined by

{A(1), B(t), C(t) }imn = (A)B()C(t) + B(t)C(t)A(t) + C(t) A(t) B(t)
+ B(t)A(t)C(t) + A(t)C(t)B(t) + C(t)B(t) A(t)) tmn- (3-6)
If Apn(t), Bimn(t) and Chypny,(t) are hermitian matrices, i[A(t), B(t), C(t)]imn and
{A(t), B(t), C(t) }1mn are also hermitian cubic matrices.
The generalized bracket is defined by use of the triple-commutator (3-5) as

1
B(A, B,C)ynn = %[A(t), B(t), C(t)]imn, (3-7)
where h¢ is a new physical constant. By definition, we find that the generalized
bracket (3-7) has the properties of skew-symmetry and linearity, as seen from the

relations

[A(t)v B(t)v C(t)]lmn = [B(t)7 C(t)7 A(t)]lmn = [C(t)7 A(t)v B(t)]lmn
= _[C<t)7 B<t)7 A(t)]lmn = _[B(t)7 A(t)7 C(t)]lmn = _[A(t)7 C(t)7 B(t)]lmm (38)
[A(t) + B(t), C(t), D(t)]imn = [A(2), C(t), D(®)]imn + [B(t), C(£), D(O)]tmn-  (39)

Note that neither the fundamental identity nor the derivation rule necessarily holds
for generic variables. (See Appendix A for properties of the triple-commutator
[A, B,C].)

We impose the following conditions on the canonical triplet X, (¢), Yimn(t) and
Zlmn(t):

[X(t)7 Y(t)v Z(t)]lmn = 1hcOpnn,
[X(t)7 X(t)v Z(t)]lmn == [Z<t)7 Z(t)7 Z<t)]lmn = 0. (310)

Here, ©},,, can be a normal cubic matrix, because the conditions should be imposed
time independently, and an arbitrary normal cubic matrix is a constant of motion,
as seen below.

The cyclic cubic matrix Ay, (t) yields the generalization of the Heisenberg equa-
tion

At (8) = 1@ A (8) = 2 [AC), K. o, (311)
where K and H are the Hamiltonians given by
Kimn = Stmkmn + dmnkni + Onikim (3-12)
and
Hipmn = Otmbhmn + 0mnhing + Onihim, (3-13)

respectively. By use of (3-12) and (3:13), {2, can be written

1
-len = =z (kmlhmn + knmhnl + klnhlm
he

- hmlkmn - hnmknl - hlnklm)- (3'14)
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Because the Hamiltonians Kj,,,, and Hj,,, are normal forms, we find that an arbitrary
normal cubic matrix AV is a constant of motion: iicdAWN) /dt = [A(N), K, H)ijmn =
0. The Hamiltonians are conserved quantities, and the time evolution of Ay, (t) is
regarded as the symmetry transformation generated by them. The fundamental
identity with Kj,,, and Hj,,, must hold in order to preserve the bracket structure
under the transformation. This requirement is equivalent to the requirement that
Qymn be a 3-cocycle, i.e., (§02);mnk = 0. An extreme case in which §2;,,,, is a 3-cocycle
is that in which k;,,, =1 or hy,, = 1. When kj,,, = 1, K}, and (2., can be written

Klmn = 5lm + 5mn + 5nl7 (315)
_ 2 () ) )
len - hC’ (hlm + h‘mn + hnl )’ (3 16)

(=)
Ilm
matrix mechanics is equivalent to ordinary cubic matrix mechanics*) discussed in

Refs. 12) and 13).

Next, we consider the case that k;,, = —k,,; and hy,, = —h,,; and both kg, and
him are 2-cocycles, i.e., (0k)ynn = 0 and (6h)jn, = 0. In this case, we can show that
21mn is a 3-cocycle, and then §2;,,, can be rewritten as

respectively. Here h; ' = %(hlm — hpy). In this case, our generalization of cubic

3

an:_
l hic

(k:mlhmn - hmlk:mn>. (317)

Rewriting this further, we have

3

an = —
l hC

((kpl hpm - hpl kpm) + (kpmhpn - hpmkpn)
+ (kpnhpl - hpnkpl)>7 (3-18)

where p is arbitrary. The relation (3-18) shows that (2, is a 3-coboundary, and
it leads to the conjecture that generalized cubic matrix mechanics can be reduced
to cubic matrix mechanics by a suitable change of Hamiltonians. We discuss a
simple example for variables that yield the generalized Heisenberg equation (3:11)
in Appendix B.

The generalized bracket structure (3:-7) is preserved by the infinitesimal trans-
formation

1

_ %[A(t), G, G nds, (3-19)

S Apn (t)

where G and GV are normal cubic matrices and (G{VG{™) is a 3-cocycle.
1 2 1 2 Imn
Here, we use the fact that the fundamental identity holds for such normal cubic

*) In cubic matrix mechanics, Kjmy is given by Iimn = 01m (1 —80mn) 4+ 0mn (1 —0n1) +0ni (1 — i) -
The difference between Ky in (3:15) and Iy has no effect on the equations of motion, because
there is the identity [A, B, Alimn = 0 for arbitrary cyclic cubic matrices A and B and Ay, =
(Slmémn‘
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matrices GgN) and GgN), so that

14, B,C), GV, G = 14, GV, G5, B, Cliin

Further, we find that the derivation rule

[ABC, G\, G = (1A, G, GSNBC) o + (A[B, GV, GO 1
+(AB[C, G, G ) n (3-21)

holds for GgN) and GéN) if (ABC)py, is a cyclic cubic matrix.

3.3. Correspondence to Nambu mechanics

We now discuss the relation between Nambu mechanics and generalized cubic
matrix mechanics from the viewpoint of the correspondence principle. First we
review the relation between classical mechanics and quantum mechanics. A physical
variable F'(t) in CM is regarded as a linear combination of one-index objects (a 1 x 1
matrix) in the form

F(t) =Y Fne“, (3-22)

where F}} = F_,,, because F'(t) should be a real quantity, and the angular frequency
{2, is an integer multiple of the basic frequency w, i.e. £2, = nw. By use of the fact
that the action variable J = % ¢ pdq is the canonical conjugate of the angle variable
wt, the equation of motion for F'(¢) can be written

%F(t) _ Zn: inwF,ei %t — {F(t), Hps, (3-23)

where {*,*}pp is the Poisson bracket with respect to the canonical pair wt and J,
and we use Hamilton’s canonical equation for the angle variable,

d OH

—(wt) ={wt, H = —. 3:24
(wt) = {uwt, Hipp = (3:24)
Under the guidance of Bohr’s correspondence principle, there is the following corre-
spondence between w and (2,,,,:

o 2an

w =

0 . E - E
e lim “tann gy, Sntdn T e

An an_y  An An_ hAn
n n

(3:25)

Here, <= indicates the correspondence, and we use the Bohr frequency condition
hpn = Enm — E,. We find that the equation on the right-hand side in (3-25)
corresponds to (3-24) with the Bohr-Sommerfeld quantization condition, J = hn.
Next, we study the ‘classical’ limit of generalized matrix mechanics based on
3-index objects, whose frequency condition is given by (3-17). We consider the case
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that a physical variable A(t) in NM is expanded as a linear combination of one-index
objects, so that

A(t) =D Ape't, (3-26)

where A = A_,, and the angular frequency 2, is an integer multiple of the basic
frequency w, i.e. 2, = nw. The equation of motion for A(t) is written

d .
—A(t) = inwA, et = LA(t), K, H 2
7 (t) ;mw e {A(t), K, H}ns, (327)

where {*, %, x}xp is the Nambu bracket with respect to the canonical triplet Ji, wt
and Jo, and we use “Hamilton’s equation” for the angle variable wt,
O(K,H)

d
E(Wt) = {wt, K, H}NB = m (328)

Here J; and J2 are conserved quantities. (See Appendix C for the “Hamilton-
Jacobi formalism” of NM.) It is natural to assume the existence of the following
correspondence between w and {2,,:

AN lim it am

“TAN 7 avan_g AlAn

S(kl—i-AllthrAnn - hl+All kn+Ann)

= li
a A ho AlAn !
3 . kl—l—Aln - kln hln+An - hln
ho aidn o\ Al An
hl—l—Aln - hln kln+An - kln)
_ . 3-29
Al An ( )

Here, AN = AlAn, Al = m — [, An = m — n, <= indicates the correspondence,
and we use the frequency condition (3-17) with the property that k;,, and hy,, are
2-cocycles. We find that the equation on the right-hand side in (3-29) corresponds to
(3-28) if J; and J2 are quantized in analogy to the Bohr-Sommerfeld quantization
condition. In this way, the generalized cubic matrix mechanics can be interpreted as
a ‘quantum’ generalization of NM.

3.4. Conjecture on operator formalism

We have studied the structure of generalized cubic matrix mechanics using a
matrix formalism. This mechanics has an interesting algebraic structure, but the
formalism is not practical, because it is only applicable to stationary systems. From
experience, it is known that in order to be of practical use, operator formalism must
be capable of handling problems in a wider class of physical systems. By analogy to
quantum mechanics, we now give a conjecture on the operator formalism of gener-
alized cubic matrix mechanics. First, we make the following basic assumptions.
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1. For a given physical system, there exists a triplet of state vectors |m1; Poymoms )
|ma; Prymoms) and |ms; Prmymams) that depend on both the quantum numbers
m; (e.g., these m; represent [, m or n) and their ordering. Here, the ordering
is represented by a permutation (denoted by Py, moms) for a standard ordering
(e.g., my =1,my =m,m3 =n).
2. For every physical observable, there is a one-to-one correspondence to a linear
operator A.
Under the above assumptions, it is natural to identify the cubic matrix element Ay,
with fl|l;len>|m; Pinn) |75 Pimn).  In general, the quantity A, moms 1s identified
with A|m1; Prymams ) 125 Prymams )13 Prymams)- By use of (3-11), the following
equations of motion for the states are derived:

ZﬁCau; len> = Z |l/; Pl’mn>[K7 H]l(’l )’

l/
. d . B /. (nl)
thalm, len> - Z |’I7’L ) Bm’n) [K’ H]m’m’

. d . /. (Im)
iR =75 Pann) = Y |15 P K, H] (3-30)

n'n

n/

where [K, H}E,Tn) = K,y Hyn — Hyp Ky, and we employ the Schrodinger picture.
By use of relations (3-12) and (3-13), [K, H]l(,rlrm) can be written as

5, HI5™ = (Kinhrn — bk (3-31)

The equations (3-30) are regarded as a generalization of the Schrédinger equation.
The time evolution of state vectors is given by

1
US len> = exp <h_(klnhlm - hlnklm)t> ’l, an)Oa
C
”/TL; len> = €Xp (hl(kmlhmn - hmlkmn)t> |m; an>07
C

i
hc
where the subscript 0 indicates that the state is that at an initial time. In the same
way, the time development of state vectors for the matrix element A,,;, is given by

)
’l; Pmln> = exXp (%(knlhlm - hnlklm)t> ’l, Pmln)Oa

7 Pl — exp ( (mmht — hnmknm) 17 P, (3:32)

7
’m; Pmln> = exp (%(kmnhml - hmnkml)t) |m§ Pmln>07
1
’n; Pmln> = €xp <%(knlhnm - hnlknm)t> |n; Pmln>0' (333)

From (3-32) and (3-33), we can identify |l; Py,,) with the complex conjugate of
|l; Pynn). It is seen that this identification is consistent with the skew-symmetric
property of the phase factor in (3-2).

¥102 ‘TT Jequierdss uo A1sieAlun nusuiys e /61o'sfeuno pioxo-did//:dny wouy pspeojumod


http://ptp.oxfordjournals.org/

Cubic Matriz, Nambu Mechanics and Beyond 163
§4. Conclusions and discussion

We have proposed a generalization of cubic matrix mechanics by introduc-
ing a canonical triplet and studied the structure of the mechanics and the rela-
tion to Nambu mechanics. The basic structure of generalized cubic matrix me-
chanics is summarized as follows. The infinitesimal symmetry transformation of a
physical quantity Ay, (t), which is a cyclic cubic matrix, is given by 0 A, (t) =
% [A(t), G1, G2]imn0s. Here the triple-commutator is the counterpart of the Nambu
bracket in NM, and GG1 and G4 are generators of the transformation, which are normal
cubic matrices. The time evolution of A, (t) is regarded as the symmetry trans-
formation generated by the Hamiltonians Kj,, and Hjy,y,, such that ihcd Ay, (t) =
[A(t), K, H]i;mn0t, which is a generalization of the Heisenberg equation. A normal cu-
bic matrix, Gl(::;)l, is a constant of motion; i.e., ihchl(T]Zi/dt =[G, K, H]jpp = 0.
The fundamental identity and the derivation rule hold in the case that they contain
a special type of conserved quantities, G; and G2, such as (3-20) and (3-21), and
the bracket structure is preserved under the symmetry transformation, as seen from
the fundamental identity. There is a correspondence between generalized cubic ma-
trix mechanics and NM, and hence our matrix mechanics can be interpreted as a
‘quantum’ version of NM. There is a simple system of harmonic oscillators described
by 3 x 3 x 3 matrices, which yield the generalization of the Heisenberg equation
(3-11), but this is not a non-trivial example entirely. The dynamical variables in
this system are essentially Xj,.,(t) and Y}, (), and the introduction of a special
type of normal cubic matrices Ffmn seems tricky. Moreover, the system can also
be described in terms of cubic matrix mechanics. It would be interesting to find a
non-trivial system, where all members of a canonical triplet are time-dependent and
satisfy (3-11), and study its dynamics and relation to reality. For this purpose, it
would be useful to explore a counterpart to the rigid rotator that yields the Euler
equation.

There still exist several obstacles that must be overcome before we can arrive at
a final formulation. For example, there is the conjecture that no global symmetry
exists in a quantum theory including gravity.® If this conjecture holds, then we
would need a formulation including local symmetries. Another modification would
be necessary if we incorporate a gravitational interaction. The theory should be
formulated in a background-independent way, as the theory of general relativity.
Therefore, the scheme discussed in this paper can be interpreted as an effective
description of an underlying mechanics after fixing the background geometry and
ignoring dynamical degrees of freedom for the graviton.
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Appendix A
—— Features of Triple-Commutator

In this appendix, we study the properties of the triple-commutator [A, B, C] for
cyclic cubic matrices Ay Bimn and Cppy,. This commutator is written

—~— —_~—

[A7 B, C]lmn = Almn(BC)lmn + Blmn(CA)lmn + Clmn(AB)lmn
+ ([AaBaC])?mm (Al)
where (/é\é'/)lmn and ([4, B,C])}  are defined by
(Bc)lmn = Blnncnmn + Blmlclln + BmmnClmm
- Bnmnclnn - BllnClml - BlmmCmmn (A2)
and
([A,B,CDpn= > (Almk(Bllkamn = Clion Brmn)

k#lm,n
+ Bk (ClienAkmn — AtknCrmn) + Cimik (Atkn Brmn — BlknAkmn))a (A-3)

P

respectively. The features of (BC),,,,, are as follows:

—_~—

1. (BC),,,, possesses skew-symmetry with respect to permutations among indices:

—_

—_~ /S~ e/~

= (BC)yi = ~(BO)pyy = ~(BO)py (&)

min = Inm-*

2. If by, = Bym and ¢, = Cypyy, are 2-cocycles, i.e, by, (= —byy) = by + by and

Cim(= —¢m1) = Cin + Cum, then (BCO) is a 3-cocycle:

Ilmn
—~ —~ —~ —~ —~

Ilmn

We can show the following relations from the above expressions and properties.
1. For arbitrary cyclic cubic matrices A and B, [A, B, Aljn, = 0 with Ay, =
6lm5mn-
2. For arbitrary normal cubic matrices B
(N) (N)

(N)

imm, and C’l(gz, the triple-commutator

~——

among A, B)") and C;/ is given by [A, B™M), O], = A (BNCI),
3. The triple-commutator among arbitrary normal cubic matrices Al(n]\z[r)z’ Bl(n]\zfr)l and

C’l(r]:g is vanishing; that is, [A(N), BW), C(N)]lmn =0.
4. The fundamental identity holds if any two of A, B, C, D and E are normal

forms (e.g., D = Dl(n]\;% and E = El(gz), and (D) EWN)), is a 3-cocycle:

HAv Ba 0]7 D(N)v E(N)]lmn = [[A, D(N)a E(N)]a B, C]lmn
+ [A7 [Bv D(N)v E(N)]7 C]lmn + [Aa B, [Ca D(N)a E(N)Hlmn (A6)
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5. The derivation rule holds for normal cubic matrices D(m) and El(m%, so that

[ABC, DX EM))p, = (1A, DX EMBC) jnn + (A[B, DX, EM Oy
+ (AB[CaD(N)7E(N)Dlmny (A7)

if (DINEW)), is a 3-cocycle and (ABC)ymy, is a cyclic cubic matrix.

Appendix B
—— FEzample

Here we study a simple example for variables that yield the generalization of the
Heisenberg equation (3-11). The variables are three kinds of cyclic 3 x 3 x 3 matrices
defined by

len( ) \/—lslmn|619lmn
Y = hc i mnt
lmn(t) = mglmne )
h
Zimn = _7% <5lm€mn + 5mn€nl + 5nl€lm>7 (Bl)

where each of the indices [, m and n runs from 1 to 3, €;,,,, is the Levi-Civita symbol,
and €5, = Y1 €imk- The above variables satisfy the relations

[X(t)v Y(t)v Z]lmn = _h%Wlmna [Y<t)v Z, W]lmn = _h%len(t)a
[Za VVa X(t)]lmn = h%’}/lmn(t)v [W’ X(t)v Y(t)]lmn = _h2CZlmna (B'2)

where W),,,, is proportional to I}, and defined as
ho
VVlmn = Z\/E—; <5lm( - 5mn) + 5mn(1 - 5nl) + 5nl(1 - 5lm)> (B3)

When we consider X, (t), Yimn(t) and Zj,,, as a canonical triplet, the first relation
in (B-2) is regarded as the first condition in (3-10).
Next, we introduce normal cubic matrices defined by

Efyn = 0tm (0 = 8,) + S (0, = 67) + 8 (8] — 7,), (B-4)

where ¢ = 1,2,3. The quantity efm = (5;' — §¢ satisfies efm +et + e;l = 0, because
€], is a 2-coboundary. Further, there is the relation

i g Joi
CrnlChn = €hiCmn = —Eij€lmn- (B-5)

The variables X, (), Yimn(t) and E?

Imn

{X(t)7 Eiv X(t)}lmn = {Y(t), Ei? Y(t)}lmn = h%’FlZmnv
{X (), F', X () Ytmn = {Y (), F*,Y () Ytrmn = B By (B-6)

satisfy the relations
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i . . .
where F}  are normal cubic matrices given by

Fllmn = 5lm(|5mn|5:n — |emnal) + 5mn(‘5nl’5% — lentil)
+ 6nl(|5lm|5l2 - |5lmi|)‘ (B7)

Here, we use the formula of triple-anticommutator

—

{Aa B, C(N)}lmn = AZWN(B/C(\N))lmn + Blmn(AC(N))lmn

k

+ Omn (Z(AnlkBlnk + ankAlnk)an)
%

+ 0 (Z(Alkamlk + BlmkAmlk)Clk)a (B-8)
%

—

where CWN) = 6,.¢mn + GmnCni + OniCim and (BCWI)) is defined by

Imn

(BCWM)), = BinnCnm + Bimicin + BmmnCmi

+ BimmCmn + BrmnCnl + BinCim- (B'9)
When the Hamiltonians are given by
. 1 4
Klmn = Ellmnn Hlmn = ghCQEljmny (BlO)

the frequency (2., can be written
len = _Qgijglmny (Bll)

by use of (3-14). Then, the time-development of the variables X, (t), Yimn(t) and
Zimn are given by

d 1

Elen(t) - %[X(t), K7 H]lmn - \QYVlmn(t)v (B12)
d 1

Eyvlmn(t) = %[Y(t),K, H]lmn - _Qlen(t)y (B13)
d 1

—Z =—I\Z4Z,K.H = B-14
dt Ilmn th[ y L3 ]lmn 07 ( )

where we take i = 1(2,3) and j = 2(3,1). We find that Xj,,,,(t) and Y}, (¢) describe a
harmonic oscillator from the above equations. The quantities K and H are expressed
in terms of X, (t) and Y, (t) as®)

Kinn = g (X0, P X O+ (70, Y O ).
Hipn = o (X0, F X (O} + Y (0. Y (Ohir). (B15)
C

*) These expressions for K and H are not unique.
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It is known that equations of the same forms as (B-12) and (B-13) are derived in
cubic matrix mechanics.'? We have

d 1
Elen(t) - %[X(t), I, H]lmn - Q)/lmn(t)a (B16)
d 1
alflmn(t) - %[Y(t)vlvH]lmn — _\Qlen(t)7 (B17)

where I and H are given by
Tyn = 5lm(1 - 5mn) + 5mn(1 - 5nl) + 5nl(1 - 5lm)a

X (), LY ()

Hmn = ~319
62,

1
= _EhCQ((Slmgmn + dmnEnl + 5ln5lm)‘ (B'18)

Appendix C
—— “Hamilton-Jacobi Formalism” for Nambu Mechanics

In this appendix, we study “Hamilton-Jacobi formalism” for Nambu mechanics.
The basic ingredient is the differential 2-form relation®

dS = xdy Ndz — KdH A dt, (C1)

where A represents Cartan’s wedge product and S = S(y, z, t) is a differential 1-form.
Hamilton’s equations (2-1) are derived by taking the exterior derivatives of the above
equation (C-1):

0=dxANdyNdz—dK NdH N dt. (C-2)

By use of the skew-symmetric property of the Nambu bracket and the equation of
motion (2-8), we find that the Hamiltonians K and H are constants of motion. The
trajectory of the physical system in the phase space (z,y,z) is determined by the
intersection of two surfaces, K(z,y,z) = k = const and H(x,y,z) = h = const.
Hereafter, we consider periodic motion on the intersection given by C(z,y) = const
and z = const for simplicity.

Next, we consider the canonical transformation from the canonical triplet (x,y, z)

to (jlathYQ)v
xdy Ndz — KdH A dt = J1d0 A dJy — K'dH' A dt + dW, (C-3)

where 6 = wt is the angle variable, 7o = z, and W = W(y, z, J1, t) is a differential 1-
form called the ‘generating function’. With the relation W = adf and the equation
(C-3), we obtain the equations

_00B) ,_ 0.8 0.0)
Ny,2)" O, Ja) Oy, Tn)
OH _0ef)  OH OH _0(0.8) OH _ da.f)
oy Oy, t)’ 0z 0T  O(z,t)" 0  O(J1,t)

*) 1t is known that the dynamics of relativistic strings are described by Hamilton-Jacobi formal-
16)

=0, (C4)

. (C5)

ism based on a slightly different 2-form including two evolution parameters from (C-1).
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For a conserved system, we find that [/, and J> are constants of motion from Hamil-
ton’s equations for J; and Jo:

a7,  O(K',H') dJ; O(K',H')
_ L = = = . C'6
dt (0, 72) 0 dt 0(J1,9) 0 (C-6)
By solving the equations (C-6), we obtain the relations J3 = J1(k,h) and Jo =
j2(k7 h)
Finally, we study the change in 6 over a complete cycle of y, given by
00 0 9J(a, ) d }{ d(a, B) d j{
A= ¢ —dy= ¢ — dy = dy = — ¢ xdy, (C-7
oy oy (T, J2) Y=g Ny, J2) YT an v (G7)

where we have used the equations (C-4). Because A8 = 27, 7 is given by

5i=L 74 wdy. (C-8)

:277'

Hence, J; corresponds to the action variable in CM. The period T' of a complete
cycle of rotation is given by

7 = 9,002 J1) (C9)
ok, )
as seen from Hamilton’s equation for 6(= 2%t),
o oK' H') (©10)
dt  (J2, Jh)
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