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On the new invariance algebras
and superalgebras of relativistic wave

equations
W.I. FUSHCHYCH, A.G. NIKITIN

We show that any relativistic wave equation for a particle with mass m > 0 and
arbitrary spin s is invariant under the Lie algebra of the group GL(2s + 1,C). The
explicit form of basis elements of this algebra is given for any s. The complete sets
of the symmetry operators of the Dirac and Maxwell equations are obtained, which
belong to the classes of the first- and second-order differential operators with matrix
coefficients. Corresponding new conservation laws and constants of motion are found.

1. Introduction

The classical Lie approach is the main mathematical apparatus used for the analysis
of the symmetry of partial differential equations [l, 30]. This approach was that from
which it was established that the Poincaré group is the maximal symmetry group of
the Dirac equation [2, 22] and that the maximal symmetry of Maxwell’s equations
is determined by the conformal group replenished by the Heaviside-Larmor—Rainich
transformation. However, in spite of its power and universality, the Lie approach
does not make it possible to find all the symmetry operators of the given equation.
Actually it gives the possibility or finding only such symmetry operators which are
the first-order differential operators.

Using the non-Lie approach [5, 6, 8, 9], in which the invariance group generators
may be differential operators of any order and even integro-differential operators, the
new invariance groups of a number of relativistic wave equations have been found.
It has been demonstrated that the Dirac equation was invariant under the group
SU(2) x SU(2) [5, 6, 12] and that the Kemmer—Duffin—Petiau equation for the vector
field was invariant under the group SU(3)x.SU(3) [29, 12]. The non-Lie approach gave
the possibility of finding the additional symmetry of the Dirac and Kemmer-Duffin—
Petiau equations describing the particles in an external electromagnetic field [13, 27].
The hidden symmetry of Maxwell’s equations has also been found and is described
by the eightparameter transformation group including the subgroup of Heaviside-
Larmor-Rainich transformations [13, 14, 15, 17].

In this paper we continue to study the symmetry of the Dirac, Weyl and Maxwell
equations and of relativistic wave equations for any spin particles. The main results
obtained here may be formulated as follows.

(i) We found that any Poincaré-invariant wave equation for a particle of arbitrary
spin s and mass m = 0 is additionally invariant under the 2(2s+1)(2s+1)-dimensional
Lie algebra which is isomorphic to the Lie algebra of the group GL(2s + 1,C). The
explicit form of basis elements of this invariance algebra is found for any value of s.
Thus the additional symmetry of an arbitrary relativistic wave equation is descri-
bed whereas previously one studied, as a rule, the symmetry properties of specific
equations.
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(ii) In our earlier work we restricted ourselves to studying symmetry operators of
relativistic wave equations which belong to a finite-dimensional Lie algebra [17]. Here
we also consider the symmetry operators belonging to the classes of firstand second-
order differential operators with matrix coefficients which, generally speaking, are
not the basis elements of any finite-dimensional Lie algebra, but are closely connected
with conservation laws. The complete set of symmetry operators of the Dirac equation
in the class of first-order differential operators with matrix coefficients (class 91;) is
found. We also obtain the symmetry operators of the Weyl and Maxwell equations
which form the basis of the Lie superalgebra.

(iii) The new conservation laws and motion constants, which are connected with
hidden symmetry of the Dirac and Maxwell equations, are found.

The results of this paper supplement and in some sense complete, those obtained
by us and expanded by a number of other authors [3, 31, 24, 32] by studying the
additional symmetry of Poincaré-invariant wave equations.

2. The additional symmetry of Poincaré-invariant wave equations
for arbitrary spin particles
In this section we demonstrate that any relativistic wave equation for a particle of
non-zero mass and spin s = 0 has more extensive symmetry than Poincaré invariance,
and describe this additional symmetry exactly.
Let us write an arbitrary linear (differential or integro-differential) equation in the
following symbolic form

L =0, (2.1)

where L is a linear operator defined on a vector space H, ¢ € H.
Let @ be an operator defined on H. We say that ) is the symmetry operator of
the equation (2.1), if

L(Qy) =0 (2.2)

for any ¢ satisfying (2.1).

Definition. Equation (2.1) is Poincaré-invariant and describes a particle of mass
m and spin s if it has 10 symmetry operators P,, J,,, p,v =0,1,2,3, which form
the basis of the Lie algebra of the Poincaré group, and any solution v satisfies the
conditions

P, Pty = m*y, W, WH = —m?s(s + 1)1, (2.3)
where W, is the Lubansky—Pauli vector

1 14 ag
W, = §5WWJ PP, (2.4)
Below we consider only such equations (2.1) which satisfy the given definition and
so may be interpreted as equations for a relastivistic particle of spin s and mass m.
The symmetry operators P,, J,, of such a equation satisfy the commutation relations

[P/MPD] =0, [P;u Jua] = i(gpupa - QWPV)7

, (2.5)
[J,uua J)\U} = Z(glLO'JV)\ + gl/)\J;m' - g;t)\Jucr - guer,u)\)
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which characterise the Lie algebra of the Poincaré group P(1,3). The eigenvalues
of the corresponding Casimir operators P, P* and W, W*# are lixed and given by the
relations (2.3). Let us emphasise that we do not make any supposition with regards to
the explicit form of the operators P, and J,, — they can be as differential operators
of first order as non-local (integro-differential) ones.

Theorem 1. Any Poincaré-invariant equation for a particle of mass m and spin s is
invariant under the algebra' GL(2s + 1,C).

Proof. Let P,, J,, be the symmetry operators of the equation (2.1) satisfying the
commutation relations (2.5). Then by the definition (2.3) the following combinations

1
L = —leuwpeWPP? +i(P,W, — P,W,)] (2.6)

py T2

are also the symmetry operators of these equations.
Using (2.5) and the relations

(W,,P,] =0, Wy, W, | = i€ppa PPW? 2.7)
can make sure that the operators (2.6) satisfy the conditions
[ ;:i:w Qi:o'] = Z'(g,anf)\ + gl/)\Q/:i:g - gu)\Qg:g - gani)\)m74(PuP#)27 (28)
1
C1 = 1 QuQ" = —m'WA\W*P, P°,
4 on
1 (2.9)
Cy = Z5,W,J(,QiWQiW = Fim W, WHP,P°.

It follows from (2.3) and (2.8) that on the set of the equation (2.1) solutions the
operators (2.6) satisfy the commutation relations

Q5. Q% 1¢ = i(9,0 Q5 + 9:0QF, — nQit, — 900 Q)Y (2.10)

which characterise the Lie algebra of the group SL(2,C). From (2.3) and (2.9) one
obtains the eigenvalues of corresponding Casimir operators

1
Crp=5 I+ -1)0,  Cav=ilohy, (2.11)

where lp = s, I; = (s + 1).

So we have demonstrated that any Poincaré-invariant equation for a particle of
non-zero mass and spin s # 0 is additionally invariant under the algebra SL(2,C),
the basis elements of which belong to the enveloping algebra of the P(1,3) and are
given exactly by the relations (2.6). According to (2.11) the operators (2.6) realise
the representation D(ly,l1) = D(s,%(s + 1)) of the algebra GL(2,C). Now we see
that this invariance algebra may be extended to 2(2s + 1)-dimensional Lie algebra
isomorphic to the algebra GL(2s + 1,C). Exactly the basis elements of the algebra
GL(2s+ 1,C) have the following form on the set of the equation (2.1) solutions:

Andkn = ank(Q;:S - Q8_2)P7§a Anntk = aknPﬁ(Q;S + QE)Z)?
;\mn = Ql)\mna

I'We use the same notation for the groups and for the corresponding Lie algebras.

(2.12)
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where

Q2 —s—1+n Eabe
pPS = xl2 2 2T
" 1;[71 n' —n ’ @ = 2s(s+ 1)

m,n=12,...,2s+1, k=0,1,...,2s —n

QOach7

and ag, are the coefficients determined by the recurrent relations

agn, =1, a1, = [n(2s + 1 —n)]"1/2,
Axn = AA—1n0A—1n+A—15 A=23,...,28 —n.

Actually the polynomials of the symmetry operators Q/w given by the relati-
ons (2.12) manifestly are the symmetry operators of equation (2.1). Operators (2.11)
form the basis of the algebra GL(2s 4+ 1,C) inasmuch as they satisiy the following
commutation relations

[)\ab7 )\cd] = _[S\aba )\cd] = 6bc)\ad - 6ad)\bC7

~ - - 2.13
[Aalh Acd] = 5bc>\ad - 6ad>\bc, a, b, C, d == 1, 2, e ,25 + 1 ( )

which characterise the algebra GL(2s + 1,C'). The relations (2.13) are correct on the
set of the equation (2.1) solutions. The validity of these solutions can be verified by
direct calculation using the equivalent matrix representation for the basis elements of
the algebra SL(2,C) (which is evaluated according to (2.11))

Q(_l‘—b = SachCa Q(Ta = —5,.

Here S, are the matrices which realise the representation D(s) of the SO(3) algebra
in the Gelfand—Zetlin basis [21]. Thus the theorem is proved.

So if equation (2.1) is Poincaré invariant and describes a particle of spin s and
mass m > 0, it is invariant also under the algebra GL(2s + 1,C), the basis elements
of which belong to the enveloping algebra of the algebra P(1,3). The operators (2.12)
together with the Poincaré generators P, and J,,, form the basis of the 10+2(2s+1)-
dimensional Lie algebra isomorphic to the algebra P(1,3) & GL(2s + 1,C). The last
statement can easily be verified by moving to the new basis P, — P,, J,, —

Q,ul/u mn )\mnv )\mn - Amna where

Q12 = Z(S -—n+ 1))\mn7 QOS = Z(s —n+ 1)5\mna

n n

Q23 = Z i(AnnﬁJ + Antin), Q31 = —i[Q12, Q23]
Qo2 = 1[Q23, Qos), Qo1 = —i[Q31, Qos)-

The theorem proved has a constructive character insofar as it gives the explicit
form of the basis elements of additional invariance algebra via the Poincaré generators.
Starting, for example, from the Poincaré generators for the Dirac equation

], (2.14)

P: . =
w=DPu =1 1

.0
oxH’ Sy = Tppy — Tupp +
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where 7, are the Dirac matrices, one obtains by the formula (2.6) the additional
symmetry operators of this equation found earlier by Fushchych and Nikitin [12]. In
an analogous way to formulae (2.6) and (2.12), the additional invariance algebras of
the Kemmer—Duffin-Petiau and Proca equations may be obtained (see [12, 17, 19,
20]) and even the invariance algebra of infinite-component wave equations [18] may
be found.

Let us note that relativistic wave equations for a particle of spin s > 0 also possess
such additional invariance algebras which belong to the class of integro-differential
operators [5, 8, 9, 16, 17, 29, 27] and, generally speaking, are not numbered among
the enveloping algebras of the algebra P(1,3).

3. Symmetry operators of the Dirac equation in the class 91,
Here we consider in detail the symmetry properties of the Dirac equation

Ly = (’Yﬂp;t - m)¢ =0. (3.1
It is well known that the symmetry of equation (3.1) which can be found in
the classical Lie approach is exhausted by invariance under the algebra P(1,3), the
basis elements of which are given in (2.14), and under a corresponding group of
transformations, i.e. the Poincaré group.
Theorem 1 gives the possibility of extending the set of symmetry operators of
the Dirac equation. Actually, using formulae (2.6), (2.14) and (3.1) one obtains the
additional symmetry operators [12, 17]

i i

1
wr = 4[,7;1771/] + 5=

5 (Yupv — Yopu) (1 £ i7a). (3.2)

The operators (3.2) are the first-order differential operators with matrix coeffi-
cients (i.e. belong to the class 9Mt;) and so they cannot be found in the frames of
classical Lie approach. But these operators (with fixed sign +) form the basis of
16-dimensional Lie algebra together with the Poincaré generators (2.14). It follows
from the above that the Dirac equation is invariant under the 16-parameter group
including the Lorentz transformations (generated by P,, J,,,) and the transformations
which are generated by the operators (3.2). Specifically these transformations have
the form

b — 9/ = exp(200Q) = (c030 — 3172 5in O)p-= (1 F i) sine(wla—w—wa—w)
m 0xo 0x1
if Q = Q7 ete [12].

It may be interesting to know whether the operators (2.14) and (3.3) exhaust all
symmetry operators of the Dirac equation in the class 9. It turns out that this is
not so.

Here we find the complete set of symmetry operators @ € 9, for equation (3.1)
which, however, do not form the basis of Lie algebra.

Theorem 2. The Dirac equation has 26 linearly independent symmetry operators
Q € M. These operators include the Poincaré generators (2.14), identity operator
and [ifteen operators given below
1. 1.
Nu = 1274(;”# - m'yu)7 Wy = mS/w + 571('7;471/ - 'Vz/pu)7 (3.3)
Ay = wpa” + 2w, — iy, B = iy4(D — mry,at),
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where
3. 1. /
D =a*p, + Ez, S = Zz[’yﬂ,'yy], w,v=20,1,2,3. (3.3)

Proof. To find all linearly independent symmetry operators of the Dirac equation in
the class 9, it is necessary to obtain the general solution of the following operator
equations

where L = y*p, —m, @ and fg are unknown operators belonging to 9;:
Q:A‘upu—I—B, fQ:é#pu+l~)7
A,, B,, C, and D are 4 x 4 matrices depending on z = (¢, z).
Relations (3.4) mean that the operators on the RHS and LHS give the same result
acting on arbitrary solutions of the Dirac equation. On the set of these solutions
operator pg can be expressed via the operators p, with matrix coefficients: pgyp =

Hvy = (yom+707YaPa)®- In other words it is sufficient to restrict ourself by considering
symmetry operators of a form such that

Q=B -p+G, (3.5)
where B and G are 4 x 4 matrices depending on x. For the operators (3.5) the
invariance condition (3.4) reduces to the following form:

[po — H,Q] = fo(po — H), (3.6)

where fg =0 insofar as the commutator on the LHS cannot depend on py.
An unknown operator (3.5) can be expanded via a complete set of the Dirac
matrices

B=1d°+ i’74d1 +nn’ + Smt + Y17 b”,

P , " . 3.7)
G =Iad’ +ivsa + v’ + S f* + vavg”s

where d°, d*, n”, m*¥, b”, a°, o', ¢”, f*¥, ¢¥ are unknown functions on x.
Substituting (3.5) and (3.7) into (3.6) and equating coefficients by the linearly
independent matrices and differential operators one comes to the following system of
partial differential equations:
n'=b"=0, 0l =icged?, b =icaped’,
mga = iéabAO7 mgb = eabCAl, a,b,c=1,2,3,
odt  ody  dd:i  Ody

Oz 0r, Or, Oxp’

. 1 p . 1 . . . .
d = 5 rot %, d = srotd’, d = —grad A", divd' =—34", i=0.1,

(3.8)

a#b, mdivd’ =0, mdivd" = 2ima',

1 1 1
¢ =—=(rotd?),, & =-Zdivd®+mA°® ¢°== divd?

21 ’ 1 ’ 3.0 (3.9)
gt = —i(rot d*), —imd:, a° = —51' divd®, grada® = —§id ,

1 i 1 ) .
al = i div d + smdivd’, grada' = —md — gidl,

1. 1 1., 1
0 = gdy = Jilrot dV)a,  f = cape | Gide + 4 (rot d”) +md |
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where the dot denotes the derivative on zy and there is no sum by the repeated indices.
The symbol d" denotes a vector with components (df,db,d%) (analogous notation is
used for other vector quantities).

The first line in (3.9) gives the equations in the Killing form. Using this cir-
cumstance it is not difficult to obtain the general solution of the system (3.9) for
m # 0:

dozwxn+pxo+u, d' = ¢+ )z, d>=xxe+¢,
d=exg+pz+o, =0 g°=—im(& + \ra),
1

1
an = Epan fab = §5abc(2mgc - nc) + m(xa&_b - beCL)? (310)

A =—pu—mp-x+ ), c
3
Al = Xz + w, a® =Q, at = —52')\.

=e?, A= —p.x — 5,

Here the Greek letters denote arbitrary constants.

So the general solution of the system (3.9) depends on 26 arbitrary numerical
parameters. Substituting (3.7), (3.8) and (3.10) into (3.5) and using equation (3.1),
one obtains a general expression for the symmetry operator @ € 9; for the Dirac
equation as a linear combination of the Poincaré group generators (2.14), identity
operator and the operators (3.3). The theorem is proved.

So we have obtained the complete set of the symmetry operators @ € 9 for
the Dirac equation with m # 0. Besides the Poincaré group generators (2.14) this
set includes four operators which coincide on the set of the equation (3.1) solutions
with Lubansky—Pauli vector (2.4), six operators wy, = 3(Q}f, + @y, ). trivial identity
operator and five symmetry operators B and A,, 4 = 0,1,2,3, which belong to the
enveloping algebra generated by the Poincaré generators.

The operators (3.3) satisfy the following commutation relations

[B,P,] = =2in,,  [B,n.=—%i(P,+mA,),
1 .
[A,LL?PI/] = E[nu,ny] = —2%();“].

However these operators do not form the basis of the Lie algebra inasmuch as the
commutators [w,,,,wxs| do not belong to the class Mi;.

One of the most interesting consequences of the symmetry described in theorem 2
is the existence of new conservation laws for the Dirac equation. Corresponding new
conserved currents have the form

1/- ov oY _
o = <1/Jv4% Ereile %wb) + myaSuip,
1. o - oY - oY o 311
Wupr = ZZ (st;ﬂ/} + 1/)&;»% - d’Sl/u% - %Sﬂl’w) + ( ’ )

1 -
+§m1/1[5uu,%]+¢, Bu = QIMU/Wy A/LV = 217}\(4-)/1,)\%

The tensors 7,,, Wy, A, and the vector B, correspond to the symmetry operators
Ny, Wpp, A, and B. All quantities (3.11) satisly the continuity equations
pyn;w =0, pywupu =0, pyA,uu =0, pVBV =0

and so generate conservation laws.
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4. Additional symmetry of the Weyl and massless Dirac equations
Here we study the symmetry of the Weyl equation

ot'pup =0, (4.1
where ¢ is the two-component spinor and o* the Pauli matrices. Putting
o+
= .7, 4.2
v ( (" =) ) (22
one may rewrite this equation in the Dirac form
Ypup =0, (4.3)

where ~# are the Dirac matrices in the Majorana representation. So we consider the
symmetry properties of equation (4.3) in order to obtain the results which are valued
as for the Weyl equation as for the massless Dirac one.

Theorem 3. The massless Dirac equation has 46 symmetry operators Q@ € M. These
operators are

P,, Juw, K,, D, F, FP,, F'J,,, FK,, F'D, I, (4.4a)

Ap, = d]ul/xu + -TV‘:)/JV — Yus dj;w = YuPv — YwPu, FA/,M (44b)

where K,, = 2z, D —p,x,x¥ + 252", F =iy4, P, J, and D are given in (2.14)
and (3.5').

Proof. This can be carried out in full analogy with the proof of theorem 2. The
general solution of the system (3.8) for the case m = 0 has the form

1
a° :mw-u"+§u0‘ (:r%—wQ) +xxn*+ v+ p“zoxr + A + wxg,
a=0,1, d* =x xe+cx—Cxo+ d® = x &+ ox+exg+ x,

1
A% = — @ pzg + 5p* (o + 2%) + 0020 + w4+ X7
; 0 ) (4.5)
aa:_§i($~ﬂa+pa$0+6a)7 c =0, xa:_gaa g :f’
1
9= ~Cor 0= S0+ P o + ),
1
fab = _§Eabc(uix0 + pimc + wi + 778

and includes 46 independent parameters denoted by the Greek letters. Substituting
(3.5) and (4.5) into (3.7) and using equation (4.3) one obtains a general expression
for the symmetry operator of the massless Dirac equation in the form of a linear
combination of the operators (4.4). Thus the theorem is proved.

Among the operators (4.4) there are exactly fourteen symmetry operators, which
do not belong to the enveloping algebra generated by the conformal group generators
P,, Ju, K,, D and by the operator F' = iv,. These essentially new symmetry
operators are given in (4.4b).

Operators (4.4) transform the real wave function ¢ (4.2) into real wave function
¥ = Qi and so they are also the symmetry operators for the Weyl equation (4.1).
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Incidentally the linear transformations of ¢ (4.2) generate linear and antilinear trans-
formations of a two-component Weyl spinor.

The operators (4.4) do not form a basis of the Lie algebra. However, one may
consider different subsets of the operators (4.4) which have the structure of the Lie
algebra or superalgebra. Thus the operators (4.4a) form the basis of 32-dimensional
Lie algebra including the Lie algebra of the conformal group. The operators J,,,, &,
F and A\, = FP, satisfy the following commutation and anticommutation relations:

[d)ul/a ‘:JAU]+ = _2i[Jpwap)\pa} = 2(9u)\pl/po' + JuoPuPx — GuoDvPr — gl/)\pupa)v
[J;u/y@)\o] = Z.(gua@w\ + gm\a)uo - gu)\d)ua - guo(-:)u)\)7 F? = I (46)
Gy Apl+ = (Wi, Fly =0, [Aus Aol = 2pupy, [Aus Fly = 2P,

where the symbol [A, B]; denotes the anticommutator [A4, B]; = AB + BA.

It follows from (2.5) and (4.6) that the set of symmetry operators {P,, J,., ppupv, I,
F, Ay, @, } form the basis of the Lie superalgebra (which includes ten symmetry
operators p,p, not belonging to the class 91;).

5. The symmetry and supersymmetry of Maxwell’s equations
We shall write Maxwell’s equations for the electromagnetic field in vacuum in the
following form [17]:

Ly = (Za/a$0 + 098 p)¢ =0,
L{le = (pa -8 'ppa)'(/J = 0.

0 =1 . « O
02:2(1 0 ) Sa:z<80 Sa), (5.2)

where 1 and 0 are unit and zero 3 x 3 matrices, s, are the generators of irreducible
representation D(1) of the group SO(3) with the matrix elements (s4)pe = i€ape. The
symbol 1) denotes the six-component function, ¥ = column (FEy, Es, E3, Hy, Hy, H3),
where E, and H, are the components of the vectors of electric and magnetic fields
strengths.

[t is well known that the Maxwell equations are invariant under the conformal
group C(1,3) and under the group H of Heaviside-Larmor—Rainich transformations.
Moreover it was found [14, 15, 16, 17] that these equations also have the additional
hidden symmetry in the class of integro-differential operators which is determined by
the algebra GL(2,C). It was demonstrated also that GL(2,C) is the most extensive
invariance algebra of the Maxwell equations if one sopposes the symmetry operators
do not depend on .

Here we study the symmetry of the Maxwell equations in quite another aspect. The
requirement that the symmetry operators belong to a finite-dimensional Lie algebra is
very important if one is interested in studying the symmetry groups of the equations
considered. However for many applications (e.g. for constructing conservation laws)
this requirement is not essential. So we do not require that the symmetry operators of
Maxwell’s equations should belong to a finite-dimensional Lie algebra but restrict the
class of operators considered by the second-order differential operators with constant

(5.1)

Here
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matrix coefficients. In other words we consider the symmetry operators of a form
such that

Q = dabpapb + cvpy + 9, a, b= 1,2,3, (53)

where dgp, ¢ and g are 6 x 6 numerical matrices. The operators (5.3) do not depend
on po inasmuch as one may always pgt via 025 - p1p according to equation (5.1). Let
us denote the class of the operators (5.3) by the symbol 9s.

We shall see that the Maxwell equations have non-trivial symmetry operators in
the class My which do not belong to the enveloping algebra of the conformal group
generators. On the other hand the analysis of more extensive classes of the Maxwell
equation symmetry operators is very complicated and cannot be carried out within
the framework of the present paper.

The invariance condition for equation (5.1) under the operators (5.3) may be wri-
tten in the following general form [17]

[L1,Q] = ah L1 + 'Ly, [LS,Q) = oLy + B LY, (5.4)

where in our case af, = ag' = 0 since the commutators on the LHS cannot depend
on pg, and

B = ghepvpe + 5o + 1% Bp"" = gpupe + [ pe + BV, (5.5)

where gf, fF, h¥ are numerical matrices, k = a or k = a,d.
Any of the matrices in (5.3) and (5.5) can be represented as a linear combination
of the matrices DY and GY,, where

ch/ = O’,,Sc, ng = Uy(écd — SCSd — SdSC).

Here o, are the 6 x 6 Pauli matrices commuting with S, of (5.2). Calculating the
commutators in (5.4) and equating the coefficients by the linearly independent matri-
ces and differential operators one may prove the following statement.

Theorem 4. The Maxwell equations (5.1) have ten linearly independent symmetry
operators ) € My which do not belong to the enveloping algebra of the Lie algebra
of the group C(1,3) ® H. These operators have the form

Qab = O014ab; Qab = 03qab, (56)

where
Gab = [(S X D)as (S X P)b] — P*6ap, P> =i + D5 + 3.

Proof. The proof can be carried out in full analogy with the proofs of theorems 2 and
3 and so can be omitted. We note only that equations (5.3)-(5.5) are satisfied by the
46 linearly independent operators given below:

00, iaopaa 00PaPv, UOS "D, ipaS "D, Z.UQa

2 : . ~ (5.7)
0" Pa 102PaPb, UQS P, ZU2paS P, Qab7 Qab7

where Qg and Qup are given in (5.6). All operators of (5.7) with the exception of

Qb and Qgp can be expressed via P,, S-p = %albc]ach and oo, where J,, and P,
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are the Poincaré generators given by the formulae (2.14) with %i[fya,’yb] — Eabede,
o9 is the matrix of (5.2) (which is the generator of the Heaviside-Larmor—Rainich
transformations).

Note 1. From twenty operators (5.6) exactly ten are linearly independent in so far as

(Q11 + Q22 + Q33)Y = (Q11 + Q2o + Q33)¢ = 0,

where 1) is an arbitrary solution of equations (5.1).
Note 2. The operators aé, 55’ and a2Q“ from (5.4) which correspond to the symmetry
operators (5.6) are zero matrices. For Béif and Bgca’f one obtains by direct calculation

B = ioa B! = —0184al(S X P)as (S X o]+

So we have determined the complete set of the Maxwell equation symmetry ope-
rators in the class 5. Using the notation given in (5.2) and below formula (5.2), it
is not difficult to represent the transformations ¥ — Qupt and ¢ — Qutp generated
by operators (5.6), in the terms of the electromagnetic field strengths

E.— gitHa,  He— giiEa, (5.8)

E.— 9B, He— —qiiHa, (5.9)
where

95 = PapbOed — PaPeObd — PoPebad + P> (8acObd + Sbedad — dabded)-

The invariance of Maxwell’s equations under transformations (5.8) and (5.9) can be
easily verified by direct calculation.

The operators (5.6) do not form a basis of a Lie algebra. However, one may
consider subsets of the operators (5.6) which can be extended to the Lie superalgebras.
One of these subsets includes the following operators:

1 1 ~
Ql = EeabcCachv Q2 = ggabcCacha
(5.10)

. 1 =
QS =5 D, Q4 = écacbpapbv Qo = p27

where ¢, are arbitrary numbers satisfying the condition ¢,¢, = 1. The operators (5.10)
satisfy the relations

[Q,Q"+ =20, (@)%, (@)= (@) =" = (@' - @),
(@) ¥ =0Q%, [Q,Q1=[Q"Q=1Q".Q"]=0
and so form the basis of the Lie superalgebra together with the operator Q. This

superalgebra can be extended by adding the operators Q%t% = ig2§ - pQ®, Q'+* =
i028 - p(Q*)? and Q12 = p?%(Q*)?, a = 1,2,3, which satisfy the relations

[Q6+a, Q(i+b]+ — 25ale2+b7 [QG+a7 Qb]Jr —_ 25abQ6+b,
(@, QP] = [Q"***,QP] =0, B=1.2,...,15.

In conclusion let us give the explicit form of the motion constants of the electro-
magnetic field which correspond to the symmetry operators (5.6). Due to the Maxwell
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equations the following bilinear combinations do not depend on z( and so are conser-
ved in time

Iy = / Br T Quptp = / d®z [(rot H),(rot H), — (rot E),(rot E)y+

+Eap2Eb - HaPQHb] ’ (5 11)

fin= [ #2007 Quw = [ &% [E?Hy+ Ho*By-
—(rot E)4(rot H), — (rot H),(rot E)y] .

In contrast with the classical motion constants (energy, momentum, etc) the integral
combinations (5.11) depend not only on E and H but also on the derivatives of these
vectors.

So starting from the symmetry operators (5.6) found above we obtain ten new
constants of motion for the electromagnetic field in vacuum given by relations (5.11).
These motion constants, in contrast to the Lipkin ones [25, 4, 23, 26], have nothing
to do with the Lorentz or conformal invariance of the Maxwell equations inasmuch as
the corresponding symmetry operators (5.6) do not belong to the enveloping algebra
of the algebra C(1,3) ® H.
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Note added in proof. In the formulation of theorem 3 we have omitted six symmetry
operators of the massless Dirac equation, which have the form Q,, = —Q., =
[K,,A,]. So this equation has 52 linearly independent symmetry operators @ € 9t
All the symmetry operators @ € 9t for the Dirac equation with m # 0 belong to the
enveloping algebra of algebra P(1,3) inasmuch as operator B (3.3) can be represented
as DY = $€.up0J" JP79 on the set of the Dirac equation solutions.
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