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Abstract. A complete and explicit classification of generalized, or local, symmetries of
massless free fields of spin s > 1/2 is carried out. Up to equivalence, these are found to
consists of the conformal symmetries and their duals, new chiral symmetries of order 2s, and
their higher-order extensions obtained by Lie differentiation with respect to conformal Killing
vectors. In particular, the results yield a complete classification of generalized symmetries of
the Dirac-Weyl neutrino equation, Maxwell’s equations, and the linearized gravity equations.
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1 Introduction

Recent years have seen a growing interest in the study of the symmetry structure of the main field
equations originating in mathematical physics. Generalized, or local, symmetries, which arise as
vectors that are tangent to the solution jet space and preserve the contact ideal, are important
for several reasons. Besides their original application to the construction of conservation laws,
they play a central role in various methods, in particular in the classical symmetry reduction [16],
Vessiot’s method of group foliation [12], and separation of variables, for finding exact solutions
to systems of partial differential equations. Generalized symmetries also arise in the study
of infinite dimensional Hamiltonian systems [16] and are, moreover, connected with Bécklund
transformations and integrability [11]. In fact, the existence of an infinite number of independent
generalized symmetries has been proposed as a test for complete integrability of a system of
differential equations [13].

For the important examples of the Einstein gravitational field equations and the Yang-Mills
field equations with semi-simple structure group, classifications of their symmetry structures
[4, 19] have shown that, besides the obvious gauge symmetries, these equations essentially admit
no generalized symmetries. In contrast, the linear graviton equations and the linear abelian
Yang-Mills equations possess a rich structure of generalized symmetries, which to-date has yet
to be fully determined.

In this paper we present a complete, explicit classification of the generalized symmetries for
the massless field equations of any spin s = %, 1, %, ... on Minkowski spacetime, formulated
in terms of spinor fields. These equations comprise as special cases Maxwell’s equations, i.e.,
U(1) Yang-Mills equations for s = 1, and graviton equations, i.e., linearized Einstein equations
for s = 2. Other field equations of physical interest which are included are the Dirac-Weyl, or
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massless neutrino equation, and the gravitino equation, corresponding to the spin values s = %
3

and s = 3, respectively.

There are two main results of the classification. First, we obtain spin s generalizations of
constant coefficient linear second order symmetries found some years ago by Fushchich and
Nikitin for Maxwell’s equations [8] and subsequently generalized by Pohjanpelto [18]. The new
second order symmetries for Maxwell’s equations are especially interesting because, under duality
rotations of the electromagnetic spinor, they possess odd parity as opposed to the even parity
of the well-known conformal point symmetries. Consequently, we will refer to the new spin s
generalizations as chiral symmetries. Furthermore, we show that the spacetime symmetries and
chiral symmetries, together with scalings and duality rotations, generate the complete enveloping
algebra of all generalized symmetries for the massless spin s field equations. In particular, these
equations admit no other generalized symmetries apart from the elementary ones arising from
the linearity of the field equations. It is also worth noting that, due to the conformal invariance
of the massless field equations, our results provide as a by-product a complete classification
of generalized symmetries of spin s fields on any locally conformally flat spacetime, extending
earlier results for the electromagnetic field obtained by Kalnins et al. [10].

This classification is a counterpart to our results classifying all local conservation laws for
the massless spin s field equations [1, 2, 3]. We emphasize, however, that there is no immediate
Noether correspondence between conservation laws and symmetries in our situation, as the
formulation of the massless spin s field equations in terms of spinor fields does not admit a local
Lagrangian.

Our paper is organized as follows. First, in section 2 we cover some background material
on symmetries of differential equations and on spinorial formalism, including a factorization
property of Killing spinors on Minkowski space that is pivotal in the symmetry analysis carried
out in this paper. Then in section 3 we state and prove our classification Theorem for generalized
symmetries of arbitrary order for the massless field equations. These, in particular, include novel
chiral symmetries of order 2s for spin s = %, 1, %, ... fields. As applications, in section 4 we
transcribe our main result in the spin s = 1 case into tensorial form to derive a complete
classification of generalized symmetries for the vacuum Maxwell’s equations, and, finally, in
section 5, we employ the methods of section 3 to carry out a full symmetry analysis of the Weyl
system, or the massless Dirac equation, on Minkowski space. Our results for the Weyl system
complement those found in [5, 7, 15], and, in particular, provide a classification of symmetries
of arbitrarily high order for the massless neutrino equations.

2 Preliminaries

Let M be Minkowski space with coordinates z?, 0 < i < 3, and let Fy, s = %, 1, %, ..., stand
for the coordinate bundle

T By = {(2", da,415.)} — {(z)},

where ¢4, 4,.-4,, 15 @ type (2s,0) spinor. We denote the kth order jet bundle of local sections
of B, by JF(E,), 0 < k < co. Recall that the infinite jet bundle J>°(E,) is the coordinate space

J (ES> = {<m 7¢A1A2--~A257 ¢A1A2~-A237J1? ERR) ¢A1A2"'A2S7]1j2"'.7p7 s )}7
where ¢, A,... Ay, j1 jo-j, Stands for the pth order derivative variables. As is customary, we write

B|Bj--B,, . 0_le

By
¢A1A2..-A25,3132-..Bp - B e

/ . . B/
1 .+J2 . Jp P .. .
9By, 0 po¢A1A2"'A257]1]2"’]p’
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where o/ gp, 0 < j < 3, are, up to a constant factor, the identity matrix and the Pauli spin
matrices. We also write

By Bp BJ-Bj,

¢A’ Al Al B = b4, 4, Agg,B1-+Bp
where the bar stands for complex conjugation. Here and in the sequel we employ the Einstein
summation convention in both the space-time and spinorial indices, and we lower and raise
spinorial indices using the spinor metric e4p and its inverse e4?; see [17] for further details.
In order to streamline our notation, we will employ boldface capital letters to designate
spinorial multi-indices. Thus, for example, we will write

B, B|B}-B,
¢A25,Bp ¢A1A2"-A2373132"-Bp’

and we will combine multi-indices by the rule B,C, = (B1Bz - - - B,C1Cy - - Cy).
We let

accl = Ué’C’ 8/83;1

denote the spinor representative of the coordinate derivative 9/0z°. Moreover, we define partial

.. Aos,B
derivative operators 0 e b
Al Aag B B D! D! : _
8A25’Bp¢ D/ . E(Cl “'6025) 2‘€(D1 1...6Dp) Pe(Bi 1...63;7) :D’ 1fp_1"’
Cas,D, ™ .
o) 2 r 07 lfp # T,
A sv DT
00" Py, i = 0
and write

aAIZ‘S’BI _ 8A2S7BP
¢ By T¢ By

Here, in accordance with the standard spinorial notation, we have written ec* for the kronecker
delta and we use round brackets to indicate symmetrization in the enclosed indices.
A generalized vector field X on E; in spinor form is a vector field

! _ 7A/
X:PCC 8CC’+QA258$28+QA/288¢)255 (].)

where the coefficients PCY" = PCY" (27, ¢lP)), Qa,. = Qa.,. (27, ¢*!) are spinor valued functions

in 27 and the derivative variables ¢, g’ up to some finite order p. An evolutionary vector field
Y, in turn, is a generalized vector field of the form

Axs | 7 AL
Y = Qan 00" + Qay 0,

where Qa,, is called the characteristic of Y.
Let
B,C' JA2,B B,C'sA}, B!
DE =08+ (¢an B 05 B, + ba Bc 0,8, (2)
p>0

stand for the spinor representative of the standard total derivative operator, which, as is easily
verified, satisfies the commutation formula

A257Bp D / _ c’ (Bp‘ A257‘Bp71)
(05" 8;, Dc 1 = ey~ e 10, gy ),

p>1 (3)
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The infinite prolongation pr X of X in (1) to a vector field on J*°(E;) is given by

o’ B B, Ass,B B By,— <AL B
prX = PC“Docr+) (D) D) Ray )0, g) + (D) -+ D! Bay )0,* g, ), (4)
p=0
where Ra,, is the characteristic of the evolutionary form
/ Aoy a) = 7A/5
Xov = (Qas, = PY“ $as,.00)05% + (Qay, — PY“day 000"
of X.
The massless free field equation of spin s and its differential consequences
AzsB!
Snsn B, =0, P=0, (5)

determine the infinitely prolonged solution manifold R*(Es) C J*°(Es) of the equations. Ac-
cording to [17], the symmetrized derivative variables

B! B/
(bAszZ = ¢(A2S7Bz)’ p=>0, (6)

known as Penrose’s exact sets of fields, together with the independent variables 2 provide
coordinates for R*>°(FEs). Moreover, as is easily verified, the unsymmetrized and symmetrized

. B! B/
variables ¢, g, @A, g, agree on R>*(Es).
A generalized, or local, symmetry of massless free fields is a generalized vector field X satis-

fying
pr ngbAzsj?S =0 on R (E). (7)

Note that any generalized vector field of the form

’ Ass | — FA5,
Tp = PY“(ocr + G an.co0y™ + ay ccr0y™)
with the prolongation

pr TP = PCC/DCC/

automatically satisfies the determining equations (7) for a symmetry. Hence we will call a
symmetry trivial if its prolongation agrees with a total vector field prTp = PCC Deer on
R>(Es) and we call two symmetries equivalent if their difference is a trivial symmetry. See,
e.g., [6, 16] for further details and background material on generalized symmetries.

In this paper we explicitly classify all equivalence classes of generalized symmetries of massless
free fields of spin s = %, 1, %, ... on Minkowski space. By the above, in our classification we only
need to consider symmetries in evolutionary form, and for such a vector field

— —A’
Y = Qa,, (9(?25 + QAQS 8¢ 2
the determining equations (7) for the characteristic Qa,, become
D497 Qa,, =0  on R™(Ej). (8)

Moreover, after replacing X by an equivalent symmetry, we can always assume that the compo-
nents Qa,, are functions of only the independent variables % and the symmetrized derivative

. B
variables ¢Bgs+qv 0 < g < p, for some p.
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Recall that a vector field ¢ = £/(27)d; on M is conformal Killing provided that
0i&j) = kg (9)

for some function k = k(x%), where 7;; stands for the Minkowski metric. As can be verified by
a direct computation, a conformal Killing vector field £ gives rise to the symmetry

Z[€] = Za,.[6102% + Za, [0 (10)

of massless free fields of spin s, with the characteristic

1—s

4 (aCC/€CCI)¢Azs )

ZAQS [5] = £CC,¢A2sCC' + 580'(A255001¢A25—1)C +

which agrees with the conformally weighted Lie derivative

_ 1 /
ﬁé Voas = Leda,, + z(accfcc )PAs,

of the spinor field ¢a,,; see [2, 17].
In the course of the present symmetry classification we will repeatedly use the fact that, on
account of the linearity of the massless free field equations, the componentwise derivative

pr Z[£]Y

of an evolutionary symmetry Y with respect to the prolongation of the vector field Z[¢] is again
a symmetry of the equations; see, e.g., [18].
In spinor form the conformal Killing vector equation (9) becomes

o\ &) =0. (11)

An obvious generalization of equations (11) to spinor fields /{22 = /{:L (z€C") of type (k,1) is

(A;Jrl A;)

8(Alc-s-1HAk) =0, (12)

and symmetric spinor fields Hi; = Iigii)) (2€C") satisfying these equations are called Killing

spinors of type (k,l). Thus, in particular, a type (1,1) Killing spinor mﬁl corresponds to a com-

plex conformal Killing vector. The following Lemma, which is a special case of the well-known
factorization property of Killing spinors on Minkowski space, is pivotal in our classification of
symmetries of massless free fields. For more details, see [17].

Lemma 1. Let fﬁ:}%, /12:“3 be Killing spinors of type (k,k) and (k,k + 2s). Then fﬁf; can be
expressed as a sum of symmetrized products of k Killing spinors of type (1,1), and nii*zs can
be expressed as a sum of symmetrized products of Killing spinors of type (0,2s) and k Killing
spinors of type (1,1). The dimensions of the complex vector spaces of Killing spinors of type
(k,k) and (k,k + 2s) are

(k+1)%(k 4 2)%(2k + 3) /12 and
(k+1)(k+2)(k + 25+ 1)(k + 25 + 2)(2k + 25 + 3) /12,

respectively.
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3 Main Results

Let &, (1,...,(p be real conformal Killing vectors and let 784 be a type (0,4s) Killing spinor.
Let Z[€] be the symmetry associated with £ as in (10) and define Z[i¢] by

. . = AL,
Z[i€] = iZa,,[€]05% —iZa; [€)0,>. (13)
Furthermore, let
Wir] = Wa,, [1]042 + W, )55 (14)

be an evolutionary vector field with components

2s
Wan, 7] =D 0250081 (Agu 1| OBy A pial 33;,|A25WBPC“S—%AQS,,,)CQH7 (15)
p=0
where the coefficients ca, , are given by
4s —p+1(2s
= <p<2s.
C2s,p 15+ 1 (p)’ 0<p<32s (16)
Moreover, write
ZK?CD?CP} :pTZ[Cl]pI‘Z[Cp]Z[é], (17>
Z[i&; Cry o5 Gpl = pr Z[Q] - - - pr Z[Gp) Z[ig], (18)
W[ﬂ-a C17qu} :prZ[Cl]prZ[Cq]W[ﬂ-]’ (19)

for the repeated componentwise derivatives of the vector fields (10), (13), (14) with respect to
conformal symmetries.

Proposition 1. Let &, (1,...,(p be conformal Killing vectors and let wa,, be a Killing spinor
of type (0,4s). Then the evolutionary vector fields

Z[S;Ch"‘)Cp]a Z[1€7C177Cp]7 W[W;Clv"wcq]? p,q207 (20)

are symmetries of the massless free field equations of spin s of order p+1 and q+2s, respectively.
Moreover, when restricted to the solution manifold R*°(Es), the leading order terms in the

components Za,,[&;C1, - Cpls ZAn[1E5C, -, G, Was [T Cl, ..., (] of the symmetries (20)
reduce to

_\pt1e(Cis Co s Cptn) Choa

( 1) f(Ci ClCé CPC’;H)QSAQSC;H-N

1 \pH1:e(C1 0 Co  ~ Cpp1) Chia

( 1) lf(ci <1C§ CPCZ’)+1)¢AQSCP+1’
CyBls

(C1 ~ C Cq) -
(=D% ey oc]  Cac] ™8y Pazic,
respectively.

Proof. We only need to show that Wir] in (14), (15) satisfies the symmetry equations (7).
First note that due to the Killing spinor equations (12) we have that

Ao d°P 7B =0, (21)
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and, consequently,

dccrdpprmBis = dop OpormBis. (22)
Write

H11>,A2571A’ - 8A’2583{(A2sfp+1|83é\14257p+2| |8B'|A P Cie p¢A2s p)Chs p

I A2 1 AT T aBi(A%prIaBé\A%fpwl"'laB’lA P Cle- pqﬁ?;s ~p)Cls_pA»

0 < p < 2s, so that W([n] is a symmetry of massless free field equations provided that

2s

Z C2Svp(H11?7A2s—1A’ + H??,Azs—1A’) =0. (23)
p=0

We compute
HP Ags 1 A

B 4s
C 4s+1

Ass| B! Cl D
OB, (42111084 Ass ol Omglag, (ea o0 3 B Caemd DG e

B/ _,C,

4 »
On(Anspir| OB Ao prol "1 OB 140, O e GG, e

__ b
4s+1
4s — B/ C =
15 +133 (Aaeepir OBz pial 1 Oyl an, O TP v P 0, e

457;771‘4/
P 1 4s —p2s —
= —1I  +—
454+ 1 PA2A + 4s +1 25

B _B.C, . D'Z
X aBi(Azns—p|aBé|A2s—p+1\ T 8B;|A2S718|D’|7r Pt ¢A257p71)0215,p,1

A’'B»

where we used (21) and (22). On the other hand,

2 _Pp B,C,, . D'7
Iy Asusar = 5 00808 (e 11198yl 455 pial 7| OBplAz, T 71077 Fnse )y ar- (25)

4s—p

Now it follows from (24), (25) that

It (4s —p)(25 — p) 112 ,
p,A2s 1A (48 —p+ 1)(p + 1) p+1,A0s 1A’

(26)
Clearly

H%S,A%_IA/ — O, H87A23—1A/ — 0 (27)

Consequently, by virtue of (16), equation (23) holds and hence W]r] is a symmetry of the
massless free field equations. |

The massless free field equations of spin s also admit the obvious scaling symmetry S, its
dual symmetry S, and the elementary symmetries £[p] given by

S = dan 0% +3p, D, 8 =iga, 0% — gy, O, (28)

and

/

El] = pan, (2)07 + Bay (215, (29)

where a,. = pa,.(x%) is any solution of (5).
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Theorem 1. Let Q be a generalized symmetry of the massless free field equations of spin s =
%, 1, g, ... If the evolutionary form of Q is of order r, then Q is equivalent to a symmetry Q
of order at most r which can be written as

O=V+¢&ly, (30)

where Qa,, = Qa,,(r?) is a solution of the massless free field equations of spin s, and where V
is equivalent to a spinorial symmetry that is a linear combination of the symmetries

S, 8, Zl&C,. Gl ZEEC. Gl WIm,. .., ¢ (31)

withp <r—1,q<r—2s.
In particular, the dimension d,. of the real vector space of equivalence classes of spinorial
symmetries of order at most r spanned by the symmetries (31) is

dr = (r+1)%(r +2)%(r + 3)%/18, if r < 2s,
and
dr = (r+1)*(r +2)%(r + 3)%/18 (32)
+((r+1)? = 4s")((r +2)* = 45”)((r +3)* = 45") /18, if r > 2s.

The above result was originally announced without proof in [3].

Proof. Without loss of generality, we can assume that the components O 4, of Q are functions
. . ; . . . . Al

of the independent variables x* and the symmetrized derivative variables ¢ A;’S+p, 0<p<mr.

Consequently,

S S p -570;) B
¢>B2 QAzs = 3 (B (C):;)QA%? ad) ’ QA2S = a ( QAQS (33)

It follows from the determining equations for spinorial symmetries that

0, G DY Ons =0, 9P Dl On,, = 0 (34

on R*°(Es). By virtue of the commutation formulas (3), the above equations with p = r 4 1
show that

(B2s,Cr ~Ass = B’S,C’
<j> ’ QAQQS 1 0, ags( ’ )QAzs)Azs 1 =0 (35)

identically on J*°(Es). Equations (35), in turn, combined with (33), imply that

B;,C B B Bas oCr
Qﬁ ’ 7ﬁQA2s:6Al( Yeay, 7 €Ay, QASCQ)’

B5,.C As Azs TBlzsC/r (36)

ry) 7‘ AQS _ Al “ e
6(;5 Q E(Cr—23+1 €Cr 2512 €C. Cr_2s)"

for some spinor valued functions Sg,’“ y Ta :25/ on J°(Es) symmetric in their indices. Note in

7+2.s

particular that 7 vanishes if r < 2s.

Next use equatlons (34) with p = r together with the commutation formulas (3) to conclude
that

BC

257

D20,P 5 Qa, =0, D=0, =0 on R¥(E). (37)

(A
Now substitute expressions (36) into (37) to deduce that

v (C; s c; S)
DEHSG) =0, DTS <0 on RE(E,).
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C! .
But it is easy to see that the above equations force Sc,, TCTTj;: to be independent of the

symmetrized derivative variables c;SBZ o P2 0, and, consequently, they must satisfy the Killing
spinor equations

a(cr+1 ) _ 0 a(c':'+2s+1 /Z'C;’“FQS) — 0

(C;+1 C,) (Cr72s+1 C'r725)
Thus
7‘ r+2s T 2s
QA-2S ¢A2 + B,_2s ¢A25 +uA2s7

A/
where Up,, only involves the derivative variables ¢ A;’S+p up to order r — 1.

Now by the factorization property of Lemma 1, the Killing spinors g’f ) T]i Tf;:

expressed as a sum of symmetrized products of r Killing spinors of type (1,1), and as a sum of
symmetrized products of a Killing spinor of type (0,4s) and r — 2s Killing spinors of type (1,1),
respectively. Thus by Proposition 1 there is a linear combination V. of the basic symmetries

can be

Z[53C17"'7CT—1]7 Z[ig;glv"'acr—lL W[W;C17"'7CT—28]

so that on R*°(E;), the highest order terms in V, agree with those in Q, and, consequently, the
symmetry Q is equivalent to a linear combination of the basic symmetries (17), (18), (19) with
p=1r—1,¢=r—2s and an evolutionary symmetry of order r» — 1.

Now proceed inductively in the order of the symmetry. In the last step the symmetry Q is
equivalent to a linear combination of the symmetries (17), (18), (19) withp <r—1, ¢ < r — 2s,
and an evolutionary symmetry V, of order 0. But it is straightforward to solve the determining
equations (8) for V, to see that

VoyAQS = aquQs + 90A2s7

where a € C is a constant and pa,, = @a,, (') is a solution of the massless free field equations
of spin s. Thus (30) holds.

Finally, the above arguments show that the vector space of equivalence classes of symmetries
of order » > 1 modulo symmetries of order r — 1 is isomorphic with the real vector space of
Killing spinors of type (r,r), if r < 2s and with the direct sum of the real vector spaces of Killing
spinors of type (r,r) and (r — 2s,r + 2s) if r > 2s. The dimension of the space spanned by the
spinorial symmetries (31) now can be computed by adding up the dimensions given in Lemma
1. This concludes the proof of the Theorem. |

4 Symmetries of Maxwell’s Equations

In this Section we transcribe the spinorial symmetries of Theorem 1 for s = 1 to tensorial form
in order to classify generalized symmetries of Maxwell’s equations

F;;7 =0, xFi;7 =0 (38)

on Minkowski space. Here F;; = —F7; are the components of the electromagnetic field tensor F'
and * stands for the Hodge dual.

We write A%2(T*M) — M for the associated bundle with coordinates Fj;, i < j. Then
J®A%(T*M) is the coordinate bundle

{(&", Fij, Fyjrys Fijakar - - )} — {(2)}.
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For notational convenience, we write Fjjk, ..k, = —Fji k;.-k, for i > j.
In spinor form the electromagnetic field tensor F' becomes

OunppFij = eapdap +eapdap,

while Maxwell’s equations (38) correspond to the spin s = 1 massless free field equations (5) for
the electromagnetic spinor ¢pap = ¢(aB)-

A generalized symmetry of Maxwell’s equations in evolutionary form is a vector field ¥ =
Q;;07 satistying

DQ;; =0, D7 %Qi5 =0 (39)
on solutions of (38). If one defines Qp by
oy w5 Qij = €arp Qan + eapQuarp, (40)

then it easily follows from (39), (40) that Qap are the components of a generalized symmetry
of the massless field equations of spin s = 1. Thus, by employing the correspondence (40), we
can obtain a complete classification of generalized symmetries of Maxwell’s equations from the
classification result in Theorem 1.

Symmetries (28), (29) clearly correspond to the symmetries

S=Fydl,  S=xF;ddl, — EF)=TF;00 (41)

of Maxwell’s equations, where F is any solution of (38) with components F;; = F;;(z*). Con-
formal symmetries (10) and their duals (13) in turn give rise to the symmetries

Z[F;€) = 24[F; €107,  Z[F;€ = 2i[+F; €07, (42)
with components
Zii[F; €] = & Fyjp — 2a[z‘§ij]k’

where £ is a conformal Killing vector on M and where square brackets indicate skew-symmetrization
in the enclosed indices.

In order to transcribe the second order chiral symmetries WW[r] introduced in (14) to symme-
tries of Maxwell’s equations in physical form, we first introduce the following polynomial tensors
on M. Let

Pijk = Qi (43)
Piji = T3 + T + O + Mg a0n) 2" (44)
1
2 2 2
Pijhl = i@ %5) — 5Mal k)| Tm T
1 2 2 1 2
5 O g %51+ el )T Gk 2 (4)

1
P?jk:l = (x[ia?]n[kxl} + x[ka?]n[z’xj])wn + Z(x[ia?]kl + x[ka?]ij)xnxn

1 1
t 5 iy + o) 22"+ 5 (g1 + i) 7" 0" (46)

1 1
Pijit = (Ui 25 — §a§1[i\n[wz]|j]$p$p)xmxn - Ea?jklxmwmxnxnv (47)
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0 1 2 3 4 o
where Aiikl> Gijry Qijs Qijp> Qjpy A€ real constants satisfying

i = a?kl} [ig]’ al[lijkl] =0, “?jkj =0, h=04, (48)
a?jk = a?[jk‘]v aﬁjk‘] =0, a?i] =0, h=1,3, (49)
a%j = () a;' =0, (50)

and where we raise indices using the inverse %/ of the Minkowski metric.
Note that a?jkl, h = 0,4, possesses the symmetries of Weyl’s conformal curvature tensor.
Hence their spinor representatives can be written in the form

h h —h
arr J I KK'LL :EIJGKLOZI/J/K/L/+€[/J/€K/L/O[IJKL, h:O,4, (51)

where 041}, J) 18 a constant, symmetric spinor. See, for example, [17]. Moreover, it is easy to

verify that by (49), (50), the spinor representatives of afj and a?jk, h =1, 3, are given by

a%I/JJ/ = Oé%J]/J/ and (52)
h h —h
aII’JJ’KK’:EJKaII’J’K’+€J/K/aI’IJK7 h:1,3, (53)

where oz} IJK oz% jry = a% JI'Js a? 1y K> are symmetric constant spinors.
For 0 <h < 4, let W[F;p®] denote the evolutionary vector field with components

Wi 5 0P) = i F™ ")+ O ™+ 20 Dt F™ gy + 207 O B, (54)
where p?jkl are the polynomials in (43),...,(47), and write

ZIF;&, Q- Gl = prZF; G - pr Z[F; G| Z[F; €, (55)

WIF; % G-y Gl = pr2[F; G -+ pr Z[F; G| WEF; p°) (56)

for the componentwise Lie derivatives, where Z[F’; (;] stands for the conformal symmetry (42)
associated with the conformal Killing vector (;.

Lemma 2. Let pli‘jkl, 0 <h <4, be the polynomials (43),...,(47). Then the spinor representative
of Py is of the form

PirgrkkiLy = €LIEKLT ki + €07 €k LTy i, (57)
where

W(I)IJ/K/L/ = O‘(I)’J’K/L” W}'J/K'L' = QE(IIJ'K/xé)a

W%’J’K’L’ = EQ%LU’N?%%)a TR = _%agKL(I’xg’xﬁ’xﬁ/)v (58)

W%’J’K’L’ = iaéflJKfoffV}/x?'fB%h

Moreover, on the solution manifold R>(E1), the spinor representatives of the evolutionary vector

fields W[F;p*] in (54) reduce to
Wiy [F; p*| = ep g Wi 7] + ergWi 77, (59)

where Wry[m®] are the components (15) of chiral symmetries for spin s = 1 fields. Thus
Wi;[F;p"], 0 <h <4, is a symmetry of Mazwell’s equations. Moreover,

«Wii[F;p"] = — Wi [*F; pt). (60)
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Proof. The proofs of the equations in the Lemma are based on straightforward albeit lengthy
computations. We will therefore, as an example, derive equation (57) for h = 2 and equation
(59), and omit the proofs of the remaining equations in the Lemma.

One can check by a direct computation that the polynomials p?jkl possess the symmetries of
Weyl’s conformal curvature tensor, that is,

Pije = Pl Pligrg =05 P’ =0, 0<sh<d,

Consequently, we can write the spinor representatives of p?jkl in the form (57); see [17]. Then,
in particular,

h _ 1 h P
Tryr'y = 4Pr JIQIK

L. (61)
Thus we can find ﬂ}l, i1 Dy substituting the spinor representative of the expression on the right-
hand side of equations (43),...,(47) into (61) and, in each of the resulting terms, symmetrizing
over primed indices. The computations can be further simplified by using the observation that
given a tensor f;;5; with the spinor representative frjy kx/rr/, then the spinor representative
hipyrkrLr of hijr = flij)k) satisfies

Q

hert po 9L = feaan® ouern @ (62)

Now insert the spinor representative of the right-hand side of the equation (45) into (61).
Then by virtue of (62), the first term yields the expression

1
2 K L
QYKL PR L

The spinor forms of each of the remaining terms on the right-hand side of (45) contain an
instance of the conjugate of the epsilon tensor, and, consequently, upon symmetrization over
primed indices these terms vanish. Hence we have that

1
2 K L
WI/J/K/L/ = ZO[KL(]/J/I'K/CCL/),

as required.
In order to derive (59), we first write

1 . 1 .
Fry = §(Fkl —ixFy), W'F Y = §(Mj[vah] — iW;;[*F, p")), (63)

so that

1kl 1kl

Kl 3 3
WEGIE, P = Pl B 4 Oipla P+ gamplézm[iF T+ 5ama[iph]mle

; . (64)

We also have that F+KK/LL/ = GKLaK/L“
Note that by virtue of the Killing spinor equations

4 8PI:)/

P_h _ h
aI/ﬂ-J/K’L’M/ = —gEII(J/ TrK’L’M’)P"

Hence

—K'L'M'P 3 _.p - KL
aP(I’T‘-E’)K’L’M’Qﬁ = 56}5 7T111<’L’P/(I’¢J’)K v (65)
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Consider, for example, the spinor representative of the second term on the right-hand side of
equation (64). On the solution manifold R*>°(E;) we have

i J h +kL
UII’Ujjla[ipj}mle ;
h - K'L'M' h - K'L'M'
- —a][/ﬂ'JlK/L/M/¢J +8JJ/7T]’K’L’M’¢I
hK'L'M'P' 7 h ZK'L'M'P
= GIIJ/aPl(]ﬂ- ¢J)K’L/M’ — E]Jap(pﬂ'J/)K/L/M,QS (66)
L'P

hK'L’M'P’a _§ aP' h a K’
J)K’L’M’ 5€[J PWK/L/P/(I/ J/) 5

= €y Opm

where we used (65). Similarly, on R*°(E}), we see that

i j . h +kl h - K'L'M'P'
OOy Prmt ") = €r TR P P ,  and (67)
K'L'M’ (68)

K'L'P’

i h L wK'L'M'P'
O'}I/O'JJ/ampklm[iF ,j] = EI/J/ap/([TF ¢J)

h - P
— €rg0ppim KL

Moreover, by virtue of (21),

i J gmg . h +kl
UII/UJJ/a 6[Zpﬂmle

hK'L'M'P' P _h K'L'M—
= epran@Jp/w ¢K/L’ - E[JapM/a(I/TFJ/) d)K’L/ (69>

hK'L'M'P' 7

=epyOn10pT Orp

on R®(Ey).
Now equations (66), ..., (69) together show that the spinor form of W™ ;[F, p"] is
W g [FopR] = epy (e K VMG pr
4 gaP/(IWhK/L/M/PlaJ)K’L’M’ I gaM’IaJP’ﬂ'hK/LIM/Pl$K’L’)
= ep g Wrlrh,
which immediately yields equation (59). |

Theorem 2. The space of equivalence classes of symmetries of Maxwell’s equations of order r,
r > 2, is spanned by the symmetries

EF), S, S,
Z[F557C1) qu]’ Z[*F;faCla'”qu]) qgr_]-a (70)
WIF;p* G Ggly WF5p% ¢, ¢), 0<h<4, ¢<r—2,

where F is an arbitrary solution of Maxwell’s equations, &, (1,...,(., are conformal Killing
vectors and p?jkl’ 0 <h <4, are the polynomials given in (43),..., (47). Apart from the trivial
symmetries E(F), there are

dp = (r+1)(r+3)(r* +8° +17r% + 4r +6)/9
independent symmetries of Maxwell’s equations of order r > 2.

Proof. First note that if ¥ = Qijag is a symmetry of Maxwell’s equations in evolutionary
form with the spinor representative Q determined by (40) then the spinor representative of the
symmetry pr Z[F;(]Y is pr Z[(]Q. Thus, in light of Theorem 1 and by linearity, it suffices to
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show that the spinorial symmetries £(¢), S, S, Z[¢], Z[i¢], W[r], where ¢ is a real conformal
Killing vector and 7 is a type (0,4) Killing spinor, are contained in the span of the spinorial
symmetries corresponding to

E(F), S, S, ZF;€, *Z[F;€], sW[F;p*], W[F;p"], 0<h<4,

under the identification (40). N

Obviously the symmetries £(F), S, S, Z[F; ], *Z[F; ] correspond via (40) to the spinorial
symmetries E(p), S, S Z[{], Z[i&], where ¢ is the spinorial counterpart of the solution F of
Maxwell’s equations.

Next, by (58), the spinor fields Tr}l/ i1 corresponding to the polynomials p?j 1 Span the space
of Killing spinors of type (0,4) provided that we allow a% sy also to take complex values. Thus,
in light of (59), the first part of the Theorem now follows from the observation that if W[r]
is the spinorial symmetry corresponding to W[F;p®], then Wlin] corresponds to the symmetry
WIF; p*) = —<W[F; pb).

Finally, the dimension count follows from the dimension count in Theorem 1. This concludes
the proof of the Theorem. |

Remark 1. The new chiral symmetries W[F'; p*] are physically interesting since, as evidenced
by equation (60), they possess odd parity, i.e., chirality, under the duality transformation in-
terchanging the electric and magnetic fields. Hence, in a marked contrast to the conformal
symmetries Z[F’; €], which behave equivariantly under the duality transformation, the new sec-
ond order symmetries, when regarded as differential operators acting on solutions of Maxwell’s
equations, map self-dual electromagnetic fields to anti-self-dual fields and vice versa.

5 Applications to the Dirac operator on Minkowski space
Recall that a Dirac spinor consists of a pair
A/
= (%)
PA
of spinor fields of type (0,1) and (1,0) (see, e.g., [20]), with the conjugate spinor ¥* given by
_A
o = <“’ ) .
V4

A vector v* € M determines a linear transformation 4 on Dirac spinors given by

s <Uiag4Al90A > _ (1)

. ’
vioaap?

Then the Dirac y-matrices are defined by the condition

Vi O =, (72)
so that
0 oA'B .
.= VA < < .
= (o, Ty ). 0siss (73)

Moreover, as is customary, we will write

_ (I 0
V5= T2 =g 1)
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The Weyl system, or the massless Dirac equation, is given by

P =0, (74)
where

- 0

= ~t -

D=7"755

is the Dirac operator. As an application of the methods developed in section 3 we present here
a complete classification of generalized symmetries of the Weyl system on Minkowski space.
Evidently, the Weyl system is equivalent to the decoupled pair
SOAAA :0’ wA ,AA’:O (76)

)

(75)

of spin s = % massless free field equation and its conjugate equation, and, consequently, we will
be able to analyze symmetries of (74) by the methods employed in the proof of the classification
result in Theorem 1.

Now an evolutionary vector field takes the form

/ — A= —
X =Q%0yn +Q Dya+ Rady, + Raidy,,,
where the characteristic
A/
o= (%)
A
can be assumed to depend on the spacetime variables z* and the exact sets of fields, that is, the

symmetrized derivatives

AA! (A’AL) A’ A
P __ P P __ P
(G A, = (4 Ay PaA, = P4,A,)

of the components of the Dirac spinor.
As in the case of massless free fields, the Weyl system obviously admits scaling, conformal and
chiral symmetries and their duals. The scaling symmetry and its dual possess the characteristics

S[w] =,  S[iv]=iw.

Let £ be a real conformal Killing vector, 75'¢" a type (0,2) Killing spinor. We write
! ! 1 / ! 1 ! /
¢ ?/)éc/ + 5(30 9 per + g(acc’fcc )l
Z[W:¢) = : (77)

! 1 ! 1 !
% pacor + 5(@10/500 Yoo + g(acc'fcc )pa

_ b2
FBCoA 4+ 5 OATEC pp
W ] = 5 (78)
B apicr + 3 e ppy
for the characteristics of the basic conformal and chiral symmetries of the Weyl system (74).

Moreover, we define Z[iW¥;¢] in the obvious fashion, and denote the componentwise Lie deriva-
tives of Z[W;¢], Z[iW; ], W[¥; n] with respect to the conformal symmetries corresponding to

Clr . 7Cp by
Z[q’;§>c17"'7<p]7 Z[i‘I’;gaCla"pr]? W[‘I’;W;Clw"agp}'
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Theorem 3. Let Q be a generalized symmetry of order r of the Weyl system (74) in evolutionary
form. Then Q is equivalent to a symmetry Q of order at most r in evolutionary form which can
be written as

Q=V+e&[y, (79)

where E[WV] is an elementary symmetry corresponding to a solution ¥ = W(x') of the Weyl
system, and where V is equivalent to a symmetry that is a linear combination of the symmetries

Zl §C17"'7<p]7 7521 £C17"‘7Cp]7
W‘P7F<17"'7Cp]7 75W‘I’77T417"'7<p]7
W‘It* 7T Cla"'uCpL 75W ‘I’*vﬂ_;Ch""(p]v

S[e],  Siv], vS[®], ST,
S[er],  S[w, VS[ET],  S[EPT,
Z[®;6,C1,---5 G, 15258, (1,5 Gpls
Z[l‘Il €, Cly"')Cp]v 'YSZ[I‘I’ &, Clu"'?gp]’ (80)
Z[W*56,C1,- -, Gl V2[5, ¢y Gl
[ [
[ [
[ [

where p < r — 1. In particular, the dimension d, of the real vector space of equivalence classes
of spinorial symmetries of order at most r spanned by the symmetries (80) is

do= S+ 1200+ 220+ 37+ (0 + 12 = (27 = )(( 437~ 1], forr>1.

9
Proof. The proof of Theorem 3 follows very much the same lines as the proof of Theorem 1,
and we can safely omit the details. |
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