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Abstract

We study the structure and dynamics of the infinite sequence of extensions
of the Poincaré algebra whose method of construction was described in a
previous paper (Bonanos and Gomis J. Phys. A: Math. Theor. 42 (2009) 145206
(arXiv:hep-th/0808.2243)). We give explicitly the Maurer—Cartan (MC) 1-
forms of the extended Lie algebras up to level 3. Using these forms and
introducing a corresponding set of new dynamical couplings, we construct
an invariant Lagrangian, which describes the dynamics of a distribution of
charged particles in an external electromagnetic field. At each extension, the
distribution is approximated by a set of moments about the world line of its
center of mass and the field by its Taylor series expansion about the same line.
The equations of motion after the second extensions contain back-reaction
terms of the moments on the world line.

PACS numbers: 02.20.Qs, 02.70.Wz, 11.30.Cp

1. Introduction

In a recent paper [1], we have studied aspects of the Chevalley—Eilenberg cohomology of the
Galilei and Poincaré groups. In particular, we have seen that, at degree two, there is an infinite
sequence of Lie algebra extensions, beginning with the Galilei or Poincaré algebras. We
recall that the extensions found are non-central since the corresponding generators transform
non-trivially under the corresponding normal subalgebra of the unextended algebra.

In this paper, we study further the infinite sequence of extensions of the Poincaré algebra.
We study the tensor structure of the extensions and their physical interpretations. It is known
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that the Poincaré groupind + 1 (d > 1) has no central extensions* and that it has a non-central
antisymmetric tensor extension [8]. Physically, this extension corresponds to the symmetries
of a relativistic particle in a constant electromagnetic field and is known as the Maxwell group
[9, 10]. A modification of the Poincaré algebra having only two Lorentz generators, that
leaves a constant background electromagnetic field invariant, allows an extension with two
central charges that can be interpreted as the electric and magnetic charge (BCR algebra [11]).
Non-central extensions have also been considered for the diffeomorphism gauge algebra, see
for example [12].

Both central and non-central extensions are controlled by Chevalley—Eilenberg
cohomology theory, see for example [13]. Here we compute in a systematic, almost
algorithmic®, way the most general CE cohomology groups at form degree two. As
we will see, the non-trivial forms belong to different representations of the subgroup of
Lorentz transformations of the Poincaré group, in general with mixed symmetries. The
Lorentz transformations are a subgroup of the automorphism group and constitute a normal
subgroup of each extended group. We can associate with any non-central extension a Young
tableau.

As discussed in [1], the first non-central extension of the Poincaré algebra is obtained by
calculating all possible non-trivial closed 2-forms of the subgroup of space—time translations.
The forms are closed with respect to the exterior differential operator d. The complete
extended algebra is constructed from the original algebra and the extensions by incorporating
their transformation properties under Lorentz transformations, which is equivalent to replacing
the exterior differential operator d by the corresponding ‘covariant’ operator d + M A, M being
the zero-curvature connection associated with the Lorentz generators: dM + M A M = 0.

Once we have an extended algebra, we can further extend it by applying the same
procedure to an extended set of ‘translations’ which includes all generators except those of the
Lorentz subgroup. In this way, we obtain new extensions whose generators belong to higher
dimensional representations of the Lorentz group. This procedure does not end resulting in
an infinite sequence of groups—extensions of the Poincaré group. In the limit, our procedure
formally defines an infinite Lie algebra. However, we cannot prove this result.

We do not have a precise mathematical interpretation for this infinite Lie algebra. We find
it intriguing, however, that the generator content of this algebra is organized in levels like the
Lorentzian Kac—Moody algebras that are conjectured to be a symmetry of supergravity; see,
for example, [15] for the E/; approach and [16] for the E}( approach.

In order to obtain a possible physical interpretation of this infinite sequence of extensions
of the Poincaré group, we construct a relativistic particle Lagrangian, invariant under the
extended algebra, by using the MC forms. We also introduce tensor coupling ‘constants’
that we consider as new dynamical variables. These tensor couplings are invariant under the
extended symmetries.

The form of the equations of motion following from this Lagrangian leads us to the
conclusion that the physical system in question is a distribution of charged particles, described
collectively as a particle with a set of multipole moments, moving in a fixed background
electromagnetic field. The multipoles can be considered as Goldstone bosons. The background
field is described by its Taylor series expansion about the world line of the ‘particle’, higher

4 In 1 + 1 dimensions, there is one central extension [2], which has been used to study several problems of gravity
and Moyal quantization, see for example [3-5]. Also, in spaces R?" and R*" with automorphism groups U (n) and
Sp(n) x SU(2) (Kéhler and hyper-Kihler geometries), Galperin et al [6, 7] have obtained complex first-level central
extensions (a triplet in hyper-Kihler).
5 The calculations make use of the first author’s Mathematica package EDC (exterior differential calculus) [14]. The
procedure is described in detail in [1].
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terms in the series (and higher moments) appearing with every extension. Moreover, new terms
in the equation of motion of the ‘particle’ due to back-reaction terms involving the moments
appear. These results are obtained by integrating the equations of motion for the coupling
fields and plugging the solutions into the equations of motion of the particle coordinates. Once
we choose a particular solution, the equations of motion for the particle coordinates imply a
spontaneous breaking of the symmetries of the extended algebra.

The organization of the paper is as follows. In section 2, we introduce our notation and
conventions and obtain the first-level extensions. We then find explicit expressions for the
generators of the extended group, construct the Lagrangian and deduce the transformations of
the fields that leave the Lagrangian invariant. Finally, we obtain the equations of motion for
all dynamical variables. In sections 3 and 4, we repeat these steps for the second and third
extensions. We also give the defining equations for the fourth-level extensions. In section 5,
we point out that it is advantageous to consider the Young Tableau symmetries of the different
extensions, and how symmetry considerations can determine the structure of higher extensions.
Finally, in section 6, we compare our results with other approaches for constructing theories
with higher symmetry and discuss the implications.

2. The Poincaré group in 3+1 dimensions

The generators of the unextended Poincaré algebra are the translations P, and the Lorentz
transformations M, where the tensor indices take the values (0, 1, 2, 3). Denoting by 74
the Minkowski metric, the algebra is given by®

[Mab» Mcd] = _i(nbcMad - nbdMac + nudec - nachd)v
[Ps, Mp.] = _i(nubpc - nach)~

As described in [1], in order to construct the extensions we make use of the left invariant
Maurer—Cartan (MC) form, defined by

Q2.1

Q= —ig 'dg, (2.2)

where g represents a general element of the Poincaré group. The MC form satisfies the
Maurer—Cartan equation

dQ+iQ A Q =0. (2.3)
In components, the MC 1-form is written, for a generic Lie algebra, as

Q=X x4, (2.4)
where X, are the generators of the Lie algebra satisfying

(X5 Xc]=1f"pcXa 2.5)

and X4 are corresponding 1-forms’. Throughout this paper, we use the same capital letters
in plain and calligraphic font to denote generators and associated 1-forms. The MC equation
(2.3) implies that the 1-forms X4 satisfy

dxt = 140 x% A XC (2.6)

6 Although the algebra is real and the imaginary units can be made to disappear by replacing all generators G by iG,
we prefer to leave the i’s in the equations because then we can interpret the generators as Hermitian operators.

7 In general, the generator indices will refer to multiple-index tensors with symmetries. When such indices are
summed as in (2.4), (2.5), additional numerical factors must be introduced to compensate for multiple appearances
of identical terms in the sum.
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For the Poincaré case, the MC 1-form (2.4) becomes
Q= PP+ iMyp M?, 2.7)
while the MC equation (2.3) in components is
dP¢ + P A M =0, dM + M A ML =0. (2.8)

The first step in the cohomological analysis is to freeze the Lorentz degrees of freedom
and construct the most general 2-form that can be built from the translations alone, P¢. The
MC equations for these generators (dP* = 0) are obtained by putting M* — 0 in (2.8).
Then, we find that the most general closed invariant 2-form which cannot be written as the
differential of an invariant 1-form is

Q = fiap P A PP (2.9)

where f4p) is a constant second-rank antisymmetric tensor. Therefore, the non-trivial 2-form
extensions belong to an antisymmetric tensor representation of the Lorentz group. The 1-form
‘potentials’ associated with these closed 2-forms are denoted by Z!%?! and are defined by the
equation
dzlabl — pa A pP. (2.10)
From this equation, we obtain the algebra of the corresponding generators, denoted by
Z[ab]- We find

[Pm Pb] = +iZ[ub]» (211)

which implies that there is no central extension of the Poincaré group.
With the rotations included, the extended set of MC 1-forms satisfy the equations

dP* = —P° A M.,
dM® = — M A ML, (2.12)
dzlatl = —zlah A p b — M7 A 210 4Pt A PP

The associated algebra was introduced before in the literature [9-11]. It is known as the
Maxwell algebra.

2.1. Explicit parametrization

Here we will introduce explicit parameters labeling the group elements, which will induce an
explicit parametrization of all MC 1-forms in terms of the differentials of these parameters. We
will first obtain expressions for the MC 1-forms without the Lorentz generators. Specifically,
the general element of this coset of the extended group will be parametrized, locally, by

g =P exZat” (2.13)

where x¢, 0l9’! are the group parameters associated with the generators P,, Z,,. The
component MC 1-forms (2.4) can be computed directly from definition (2.2) and the
commutator (2.11) using the Baker—Campbell-Hausdorff formula. The result is

P = dx?, Z1P = gl 4 1 (x* dx” — x" dx?). (2.14)

If we want to have the explicit expressions of these MC 1-forms when we include the
Lorentz degrees of freedom, the right-hand side of all vector and tensor expressions given
above must be multiplied by an appropriate orthogonal matrix, U, for each index:

P — U1, dx?, gl = =1y, (0P 4+ L(xP dx? — x4 dx?)). (2.15)

4
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U depends on the parameters associated with the Lorentz generators and can be obtained by
adding appropriate terms to (2.13). In terms of U, the Lorentz MC 1-forms have the explicit
representation M?;, = U, due,.

The vector fields dual to these MC forms (when we freeze the Lorentz degrees of freedom)
are

d
Ty = —i—— 2.16
b =il (2.16)
a0 1 ad
po= i Ll Y. (2.17)
dx¢ 2 009
M, i (x, - O o g2 2.18)
=—ilxg=— —xp— — = , .
“* “Coxb Poxa T Bebr T Boer
and satisfy the commutators
My, Mcy] = _i(nbcMad - 7Hm’Muc + r]adec - nuchd),
[Ps, Mp.] = _i(nach - nach)v
[Paa Ph] = +iZL1bs
. (2.19)
Map, Zeql = _l(nbczad - nbdZac + nadec - naCZbd)v
[PLIa Zbc] = Oa
[Zab, Zeal = 0.

2.2. Particle Lagrangian and Noether charges

To obtain a physical interpretation, one possibility is to construct a particle Lagrangian that
is invariant under the extended Poincaré group using the nonlinear realization method [17]
for space—time symmetries, see for example [18]. A diffeomorphism-invariant free particle
Lagrangian is £y = m./—x2 and depends on the translation 1-forms only. A possible
Lagrangian including also the first extension 1-forms Z% (2.14) is

L=m—32+ 3 fp 2 =m/ =52 + L fap (0" + x1957), (2.20)

where we have introduced the antisymmetric tensor couplings f,5(7) that are considered as
new dynamical variables, in addition to the group space coordinates (x¢, %), which are now
also functions of the particle proper time. The physical interpretation of the extra variables
0 f., will be given after the equations of motion have been obtained.

This Lagrangian is invariant under translations®

Spx® = €, (2.21)
8p0°" = —1(e“x" — €"x), (2.22)
8p fup =0, (2.23)

and the non-vanishing shifts
8,09 = €, 87 fap = 0. (2.24)
The Noether charges associated with these symmetries are
Py = p, — %pahxb» Zab = Dab- (2.25)

8 The generators of these transformations are the right invariant vector fields.
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If we compute the Poisson bracket among these generators, we find
{Pa, Py} = —Zap, (2.26)

i.e. we recover the algebra’® (2.11).
In the proper time gauge, the Euler—Lagrange equations of motion following from (2.20)
are

80 > fu, =0, (2.27)
8fap — 0 + 1(x“x" — x"5) =0, (2.28)
8x4 — —miy + fapx’ = 0. (2.29)

Equation (2.29), with f,;, = e F,;, is the Lorentz force equation determining the motion
of a particle of mass m and charge e in an electromagnetic field F ;. Note that for this case, the
equation of motion for f,;, (2.28) does not affect the dynamics of the coordinates. This equation
tells us that #® is proportional to the ab component of the angular momentum (or magnetic
moment) of the particle“). In other words, 09? is a non-local function of the components of
the angular momenta of the particle.

Integration of the equation of motion associated with 6 gives f,;, = ffb =eF L?b. We see
that this solution spontaneously breaks Lorentz symmetry. If we substitute this solution in the
equation of motion for the variable x (2.29), we find that it describes the motion of a particle
in a constant, fixed EM field with

F. = Ffb = constant. (2.30)
It can be obtained from the potential
A, = —3Fox". (2.31)

3. Second-level extensions

One can obtain further extensions of the Poincaré group which lead to new generators in
higher dimensional representations of the Lorentz group. In order to find them, we apply the
same procedure as in the last section, at every level taking as ‘translations’ all generators of
the previous level other than the Lorentz ones, M,

For the second extension, we take as ‘translations’ the 1-forms

pe,  zlabl, (3.1)

The calculation results in 20 closed non-trivial 2-forms which can be written as the components
of the tensor!!

2P A Zlbel _pb A zleal _pe n zlabl (3.2)

Again, introducing the second-level potential 1-form Y“[*‘1, with the same symmetries as the
above 2-form tensor and unfreezing the Lorentz freedom, we find

dya[bc] — _Mus A ys[bc] _ Mbs A ya[sc] _ Mcs A ya[bs]
+2P% A Zlbel _pb A zleal _pe n zlabl, (3.3)

9 The reason for the overall sign difference from the starting algebra is that now the generators are active operators.
10 The terminology refers to the space-space components; the space—time components give a Lorentz-boosted
momentum (or dipole moment).

' This tensor is antisymmetric in [bc] and its totally antisymmetric part vanishes. This leads to four identities,
€abca PP A Zledl =, leaving 4 x 6 — 4 = 20 independent components.

6
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The corresponding generators Y, appear in the commutators of the original translations
with the first-level extensions

[Pas Zipe)] = 21Yaipe) — 1Ybiea) — 1Ye[ab)- 3.4)
The complete set of the second extension commutators are
(Map, Meal = =i Maa — NbaMac + NaaMpe — NacMpa),
[P, Mpcl = —1(Nap Pe — Nac Pp),
[Pa, Pyl = i1Zgp,
(Map, Zeal = =1(Mbc Zaa — Nba Zac + Nad Zbe — NacLpd),

[Pas Zpel = iQ2Yape — Yoca — Yean), (3.5)
[Zap: Zcal =0,

[Ypars Mcal = —1(be Y paa — Moa ¥ pac + Maa¥ ppe — Nac Y pba + Npe Yaab — NpaYean),

[Ypavs Zcal =0,

[Ypap, Pl =0,

[Ypabv chd] =0.

Note that, at this level, the operators Z,;, and Y, generate an Abelian subgroup.

3.1. Explicit parametrization

Introducing the second extension parameters £4°°! (coordinates in group space) with the
symmetries of Yalbel the coset element in the second extension can be written as

. i b be
g = eifax’ 03 Zan0" o5 YaneE™ 3.6)

We can then compute, as before, the corresponding MC forms; the ones associated with the
translations and first extension are not modified, while the second extension MC forms are
found to be

Ve = dghe — 2dx“0" +dx"0° + dx0°” + 1x*(x" dx — x“dx?).  (3.7)

The differential operators dual to the 1-forms given above provide a representation of the
extended algebra (3.5) (in the summations below, differentiations with respect to variables
that are zero—0%, £911 | etc—are omitted):

Yipe = —1——, 3.8
b Vygabe (3-8
ad
Zop = —1—, 3.9
b =il (3.9)
S 0 1 d 0 d 1 d
P, =—i| —+=x" +0" - — 0" — —x"x’—), (3.10)
9xa 27 gpar dgars gErsa 2 dErsa
a a a a
Ma = —i a5 _+9ar__9r
’ l[x axt  Poxa TV b T 7 Ggar
1 d d d 0
+Z ars g1 L ETS g7 ) 311
2 (%- 8§-brs Eb a&-ars) %- a BE”b g b 8%"“7:| ( )
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3.2. Lagrangian associated with the second-level extension

When we include the second extension, the particle Lagrangian becomes
L= m/ =%+ 5 far 2 + 5 fape Y™, (3.12)

where the new tensor couplings f,;.(t) have the symmetries of Y?¢ and, together with the
new group space coordinates £%°¢(t), are considered as new dynamical variables.

Apart from the ordinary Lorentz transformations, the non-trivial transformations leaving
the Lagrangian invariant are

Spx? =€, (3.13)
5pH% = _%(Eaxb — by, (3.14)
Spsabc — —x“(ebxc _ Ebe). (3.15)
8709 = €, (3.16)
876 = 2x"€" — xPe — x“e, (3.17)
SY%.abc — Gahc’ (318)

where €?, €%, €%¢ are arbitrary displacements of the group parameters. The conserved
quantities are written as

0 =€"Py+ 16 Zup + 1€ Yape, (3.19)
from which we obtain the Noether generators

Py = pa — 3PapxX” + ppeax’x€,

Zaty = pab + X (2Pcab — Pbea — Pabe): (3.20)

Yabc = Pabc-

The Poisson brackets among these generators reproduce the algebra (3.5) up to an overall
minus sign.
The Euler-Lagrange equations of motion now take the form

SEPC > fape =0, (3.21)
80ah g fab = (_2fcab + fabc + fbca)xc’ (3.22)
(Sfabc — %'.abc _ 2xa0bc +xh9m +xceab + %xa(xbxc _ xcxh) — 0, (323)
8fap — 0 + 1(x“x" — x"5%) =0, (3.24)
Sx — —mig + fabxb = _%fabxb + %(_zfabc + fhca + fcab)ébc

- %(_2fhca + fcab + fahc)xbxc~ (325)

Substituting for £, §%® from (3.22), (3.24), we find that the rhs of (3.25) vanishes, so that
the equation of motion for x* depends only on f;;,:

—mig + fapx? =0. (3.26)
If we integrate equations (3.21) and (3.22) for f,;. and f;;, we get
Jabe = faobc, fab = (—2 Coab + C?bc + f,?ca)x” + aob, 9 = constant (3.27)

8
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Note that these solutions break the extended symmetry spontaneously. If we substitute these
expressions back in (3.26), we have

—miy + 57+ (=210, + fope + fara)X%” = 0. (3.28)

The resulting equation of motion describes a particle in a given EM field which is linear in the
cartesian coordinates and can be obtained from the potential

Ay, = FOux"x¢ = LF) x”, 0 =eF?,. (3.29)

What makes this possible is the symmetry properties of the quantities fgm which imply
that the field strength f,; (3.27) satisfies fiqp.c; = 0.

Note that, as in the previous level, the equations of motion for f,;, and f,;. do not affect
the dynamics of the coordinates. The variable #¢” retains its old interpretation in terms of
the magnetic moment of the particle, while, from (3.23) with 9 = 0, we see that &“b" is
related to the integral of the first moment of the magnetic moment, i.e. the magnetic quadrupole
moment (second moment of the current distribution). Thus, it appears that our physical system
is a distribution of charged particles, described collectively at this level as the motion of a
particle with two sets of moments 9%, £%¢, moving in a given EM field. The non-locality
of the equations determining the moments suggests that the particles also interact among
themselves. This will become apparent at the next level where the equation determining x*
will acquire an extra force term proportional to the magnetic moment.

Writing (3.22) as d f,p = (=2 feap + fabe + frca) dx€, we can interpret the coefficients f.
as giving the partial derivatives of f;,.

4. Higher level extensions

In this section, we will consider explicitly the higher order extensions up to level 4. Here, as
we will see, a new phenomenon appears: we need more than one tensor to describe the new
extensions. Moreover, some of the lower level extensions no longer commute with themselves
or with the translations.

The procedure can be continued indefinitely. It will become apparent that, at level n,
several new tensor extensions of rank n + 1 appear.

4.1. Third extension

At the third level, the procedure gives 60 closed 2-forms which can be arranged as the

components of two fourth rank tensors with the following symmetries: S l(”b)(Cd), Sg“b“m” and

the additional antisymmetry §\“”“? = D@ apg slePlledl — _ gledliebl " Thege 1-form

potentials have, respectively, 45 and 15 independent components and satisfy the equations
dSitbcd — ’Pa A ycbd + Pa A ydhc + er A ycad + ’Pb A ydac

—PA yadb —PEA ybda _ de A yacb _ Pd A ybca, (41)
ngde — 4Zab A ch + Pa A ybcd _ Pb A yacd _ ch A ydab +Pd A ycab. (42)

In the third extension, the new non-vanishing commutators are those with a total of four free
indices. From (4.1), (4.2) it follows that they satisfy

[Zab, Zeal = 4iS§th» 4.3)
. i

[Pa: Yocal = 1(Sacha — Saane) + §(253bcd — Sacab = Sadbe)» (4.4)

9
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where the new generators S!, ., S%, , are assumed to have the full symmetries of the
corresponding 1-form potentials.
The coset will now be written as

g = elfor’ @3 Zab" o3 ¥urck"™ o3 Sipcaoi™ o Sipeaos™ (4.5)
where 0??, o$b¢d are new scalar parameters having the symmetries of S{*¢, S¢%¢. After a

long calculatlon, we obtain the following explicit expressions for the new MC 1- forms.

Silbcd — do_labcd _ (dxaé:cbd + dxa%-dbc +dxb€:wd + dxbgduc) + dxc%—adb + dxcé:bda
+dx/E + dx?E7 + L% (x dx)™ + xPx (x dx)*], (4.6)

Sgbcd = do abcd (dxaé:bcd dxbéacd _ dxc%-dab + dxd%-cab)
+209(d0° + (x dx)“4) — 20U (O + (x dx)“P), 4.7

where we have used the notation (x dx)?’ = (x dx? — x? dx%).

4.2. Third-order Lagrangian and equations of motion

With the third-order extensions, the particle Lagrangian becomes
L=my =52+ 5 fan 2 + 5 fare V" + §8abeaSI" + ghapcaS5"!,  (4.8)

where the new tensor couplings gupca(t), hapca(r) have the symmetries of S¢bed, Sgbed,
respectively, and together with the new group space coordinates o“b‘d 2"b‘d are also treated
as new dynamical variables.

This Lagrangian is invariant under the transformations found before plus the following

ones for the new variables

3 O_abcd _ _%(eaxhxﬁxd +beaxcxd ecxaxbxd de“xbxc), (49)
azo_lahcd — 3(xaxd6bc + xaxcehd + xhxcead + xhxd ac‘) (4]())
8 O,abcd X (Gcbd dbL‘) +)Cb(6md + edaC) _ )CC(Gadb +€bda) . Xd(éacb + Gbca)’ (411)
55, O_Iabcd 6111bcd (4.12)
and

8,057 = (e“x” — " x)0! — (e“x! — €!x)0, (4.13)
870500 = g1xbxd 4 bdxaxe — aybyc — ebexxd — €9 4 219 (4.14)
3Y02abcd _ xaebcd bEacd _ XCEdah + xdecab, (415)
5 abcd gbcd . (4.16)

The conserved quantities are written as

1 be 1 _ab abed g1 abed ¢2
Q=€ P+ 36" Zpe + 26 Yape + 561" Sapea + §657 Sipear 4.17)

10
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from which we obtain the Noether generators

Py, = p, — %pabxb + Ppeaxtx® — %p;bcdxbx"xd + %pﬁbcdxbec‘l (4.18)
Zpe = Poe + X' 2Pave — Poea — Peav) + 3 (Paped — Pacpa) XX

— 5 (Pobea = Pocpa) X% = Pheaa?™. (4.19)
Yabe = Pave + 5 (Pived = Pacva)** + 5 (2Pdabe = Pibea — Pcan)** (4.20)
Sabed = Pabed> Saved = Paved- (4.21)

The Euler—Lagrange equations of motion can be reduced to (3.22), (3.23), (3.24) and the
following new equations:

3alabcd — Zabed = 0, (4.22)
80274 = upea = 0, (4.23)
8gabcd — O;Iabcd — xa(%-cbd +§db€) +xb(€:cud +§d(l€) +xc(§adb +§bda)
. 1

+ x4 (E9P 4 gheay — 2[ x¢(xPi? — x5y + xbxd (x5 — xxY), (4.24)
8habcd — O;zabcd — xuébcd -b%-acd xc%-dab +xd%-cab

— 0 (x%? — x5 + 0% (x5P — xPxY), (4.25)

be 4 %

Sga ‘- fabc = —X (gabcd - gacbd) - ?(Zhdabc - hdbca - hdmb)s (426)
8x% — —miy + fapi’? =0, (4.27)

where, in reducing (4.25), (4.27), we have used (3.22), (3.23), (3.24). We should remark
that, as with (3.25), the rhs of (4.27) is not identically zero, but vanishes because of the other
equations of motion. An extra term that vanishes because of (3.24) also appears on the rhs
of (3.22).

As in the previous levels, the last terms in (4.25) allow us to relate o“**“ to the third-order
moments (octupole) of the current distribution. However, 6,%°¢ which vanishes when 6 and &
vanish, must be interpreted differently: it arises from nonlinear couplings of the current with
the quadrupole moment (x“£°*? terms) as well as of 6 with & (using (3.24); the last two terms
in (4.25) are 2 99bgcd — gedpab).

Integrating (4.22), (4.23), (4.26) and substituting in (3.22), we obtain the equation satisfied
by fab:
fab = 3(ggabd - g?bad)xcxd - (Zhgdab - h(zabd - h(c)bda)x X%+ ( 2 cub abc + fbca)

(4.28)

cx? — 204y, as follows from (3.24), we can integrate this equation to

Writing 2x¢x¢ = 4 (xx

T odr
get
_ 3(,0 0 0 0 d . 1(30 0 0 d
fdb - Z(gcabd — 8cbad T 8dabe — gdbac)xcx + Z(hcabd - hcbad + hd(lbL hdb(lL) ‘
0 d 0 0 0 0
- Zhabcdec (_2fcab + fabc + fbaa)xc + fab (4.29)
We observe that, when A° abea 7 0, the tensor f,;, depends on 6" in addition to having terms

quadratic in the cartesian coordinates. Thus, only part of f,;, can be derived from a potential,
and the interaction described by f,, can no longer be interpreted as a pure electromagnetic
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field. The part of f,; that cannot be derived from a potential gives terms to the equation of
motion that couple to the magnetic moment. Thus we write (4.27) as

mi, +2h0, 700 — h0, x0! = e Fui?, (4.30)
where F,;, represents an ordinary external EM field, now quadratic in the coordinates,
Fab = %(ggabd - ggbad + ggabc - ggbac)xcxd + (_chezb + fc?bc + fboca)xc + Ft?b' (431)
The symmetries of g, implies that F,, .; = 0 and thus can be derived from a potential.
The terms depending on hgbcd in the equation of motion imply a damping effect due to the
magnetic moment. As the magnetic moment is determined by the position x, this describes a
back-reaction altering the time evolution of x. Thus the dynamics of the motion now depends
on the dynamics of the new variables §°. We can conjecture that at the next level the tensor
fup will contain terms depending on £°°, terms cubic in x* and terms with the product 6% x¢,
and thus the equation of motion for the coordinates will also couple to the quadrupole moment.

As we did with (3.22), writing (4.26) as d fape = —dx?(gabea — Zacba) — X Qhgape —
habea —hacap) /3, We can interpret the coefficients g5 and hgpeq as giving the partial derivatives
of f.pe, Which, in turn, determine the partial derivatives of f;;. Thus gupeq and hgpeq are,
effectively, the second derivatives of f,;. Of course, the physical meaning of these two types
of second derivatives is different. The terms with /s leading to non-zero fiup j, can be
interpreted as magnetic sources. It is known that Maxwell’s theory is consistent with the
existence of such sources. However, we prefer to interpret these terms as introducing a
coupling to the magnetic moment #* in the equation of motion for the position variables.

The form (4.30) of the equation of motion, together with the equations determining the
evolution of the different moments (9“” € abe ' gabed - .), reinforce our conclusion, proposed
at the end of section 3, that the physical system described here is a distribution of charges
moving consistently (including effects due to non-vanishing moments) in a given EM field.
The description is approximated by a series expansion of the field and the corresponding
collection of moments of the current distribution, successive levels in the extension procedure
giving higher approximations.

At the mathematical level, the coordinates of the extended group space describe the
degrees of freedom in the multipole expansion of the current distribution and the induced
interactions between them. The symmetry group describes how changes in the coordinates
and multipole moments are interrelated in order that a self-consistent interpretation in terms of
moving charges in a given external EM field, including back-reaction terms, would be possible.

4.3. Fourth extension

At the fourth level, the procedure gives 204 new extensions which can be grouped as the
components of five different fifth rank tensors with definite symmetries. The corresponding
1-form generators, denoted by the symbols 7;, i = 1,...,5, and having the symmetries
indicated, satisfy

d,z—l(ahcd)e _ ,P(u A Sde)e, (4.32)
d,z—z(ahc)(de) — Sfabc)d A Pe +S;abc)e A ,Pd _ 4(Zd(a A ybc)e + Ze(a A ybc)d)

+4(P A SED 4 P p SIO) (4.33)
d,z;(abc)[de] _ (Sl(ubc)d A ,Pe _ Sl(abc)e A Pd + %(Zd(a A ybc)e o Ze(a A ybc)d)

X $(S5P AP = SEPAP) oy — (PO AS D= PUASIN), (4.34)

12
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d,];[abc][de] — Sg;bc]d APC — Séabc]e A Pd +4(Zd[a A ybc]e _ Ze[a A ybcjd)
+ %;(,P[a /\Sgcd]e _pla 5 Sgce]d +2ye[ab A zedl _ 2yd[ab A ZCE])’ (4.35)

d7lebedle — pla \ ghedle y pyelab \ zed], (4.36)

where the subscript (abc) indicates the symmetry operation that must be applied to the
expression in parentheses. These fifth rank tensors have, respectively, 84, 60, 36, 20, 4
independent components. We will not investigate further the fourth level extensions.

5. Young tableau symmetries and possible fifth-level extensions

To understand the structure of the higher level extensions, it is helpful to discuss their symmetry
properties in terms of Young tableaux (YT). The YT symmetries of all generators (MC 1-forms)
up to level 4 are'?

Po [, Zob H’ abe Bj’ Sgbed Bjj’ Sgbed Ej,
7‘1abcde B:\:EI’ 'Z‘Qabcde H}j, /]éabcde ] ‘ " fzzlabcde @3, /]‘5abcde Ej

Note that completely symmetric YT do not appear, as the requirement that the exterior
derivative of these 1-forms be given in terms of the wedge product of lower generators implies
at least one antisymmetry. The fifth-level generators (MC 1-forms) will have six indices and
will transform as the components of sixth-rank tensors with the following possible (in four
dimensions) YT symmetries:

Wizbcdef B:D:D, ngcdef HE':\ja ngcdef H [ \7 WZdeef HEB;

ngcdef 7J ‘, ngcdef - ‘ " W?bcdef @, Wé?bakf ?

The exterior derivative of each W, tensor will then be given in terms of wedge products
of pairs of lower order generators whose YT can be combined to give the YT of W;. For

example, the YT can be obtained by multiplying the following pairs of YT:
oo, HHen HHel, e

Thus, we expect sz(ade) “" to be given as a linear combination of the following four
terms: T, “PDC A pH_ pla A T)DCD | ge@ N HDT 4 zh@ A 82D and the (abed)(ef)
part of Y*%¢ A Y4/ which is, however, identically zero. Requiring the exterior derivative of
this linear combination to be zero, we determine the unknown coefficients (up to an overall
constant factor) and thus the equation defining W5:

bed d bed bed *d)e
dWZ(u cd)(ef) — 107—1(017(4)(3 A Pf) _ 373(64 A 7—2 cd)(ef) +3(Ze(u A 'Slc ) f +Zf(a A Siﬂd)e).
5.1
12 The third-level extensions have no particular YT symmetry, but can be expressed in terms of such tensors:
Sl(ab)(ed) _ YT:(;;br)d +YTgalbd)c _ YT;(ida)b _ YTg(idb)", Séab][cd] _ Yleallicld _ YlealiidJC _ YTgldla]h +YT[20111117]01’ where
the indices on YT tensors indicate the number of boxes in each row of the YT diagram. Similarly, for the fourth

extension tensors 7; defined in subsection 4.3 to have the corresponding YT symmetry, certain symmetry operations
must be performed on each 7;.
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Not all possible YT symmetries with a given number of indices are present: already at level

3, the symmetry H} does not appear. Conversely, some YT symmetries may appear more
than once, i.e. the linear combination of possible 2-forms with a given symmetry may not be
unique. Due to computer memory limitations, we have done the fifth-level calculations in
three dimensions and found that the generator ¥/; does not appear, while the generators Vs
and Ws appear with multiplicities 2 and 3, respectively (the generators W and Wy, being
antisymmetric in four indices, cannot exist).

We observe that in the Lagrangian, the coupling to the most symmetric generator (say
k(abedye corresponding to ’Tl(“de)e) will only contribute a term depending on the coordinates to
Jap- Thus, restricting attention to these most symmetric extensions, f;, will satisfy fi.s. = 0,13
so that an interpretation in terms of an ordinary electromagnetic field will always be possible.

We observe that these coefficients associated with the most symmetric extensions are in
one-to-one correspondence with the zero forms used by Vasliliev to describe the ‘unfolded
dynamics’ of the Maxwell equations [19], see also [20].

6. Summary and discussion

We have studied in detail the structure and the particle dynamics of the infinite sequence of
extensions of the Poincaré algebra outlined in [1]. We have seen that the generators of the
non-central extensions belong to tensor representations of the Lorentz group of increasingly
higher rank. We can associate one or more Young tableaux with every extension. Although we
have done the calculations in four dimensions, the extensions found also exist in any dimension
where their symmetry is allowed. We conjecture that the complete set of extensions constitute
an infinite Lie algebra.

We do not have a precise mathematical interpretation for this infinite algebra, but we note
that its generator content is organized in levels like the Lorentzian Kac—Moody algebras that
are conjectured to be a symmetry of supergravity [15, 16]. It is not completely unnatural that
there might be some connection between the two structures, despite the fact that the fields
in the Lorentzian Kac—-Moody algebras at level zero include the graviton. Following this
direction, we have studied analogies with the representations of the over-extension of the G,
G3+1* algebras with respect to A3.' If we disregard the level zero, at level 1 there is a vector
corresponding to P,, at level 2 an antisymmetric two tensor Z,, at level 3 a mixed generator
that corresponds to our Y, but at level 4 only one object that corresponds to SZM exists;
the generator S!, , does not appear. At level 5, only 7% .., Tasbcde appear. At level 6, there
appear only Wfbcdef, Wfbcdef. Therefore we can conclude that only some of the extensions
of the infinite sequence of Poincaré algebras we found appear also at non-zero levels of G3™.
We do not know if one can find an infinite algebra that encompasses all the possible Poincaré
extensions.

In order to understand the physical significance of this infinite sequence of extensions
of the Poincaré group, we have constructed an invariant Lagrangian that depends linearly on
the extensions by introducing tensor coupling ‘constants’ that we consider as new dynamical
variables. The physical system described by this Lagrangian is a distribution of charged
particles moving in an external electromagnetic field. The description is approximate: the

13 Consider the Taylor expansion of f,;, about the origin and let gipjcae) denote the coefficients of the cubic term.
When f, satisfies fiap,c) = 0, these coefficients must satisty gjapc)ge) = 0. These conditions imply that the g[ap)(cde)
coefficients have the same YT symmetry as that of the coefficients k(pcq)e, Which satisfy k(gpeaey = 0, and therefore
the k(apca)e coefficients determine the part cubic in the coordinates of an antisymmetric tensor fyp, satisfying fiap,¢] = 0.
4 d =5, N =2 pure supergravity using G3* was studied in [21].

15 We have used the computer program SimpLie [22] to study the level structure of the corresponding representations.
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particles are described collectively by their multipole moments about the world line of their
center of mass and the field by its Taylor expansion about the same line. New terms in
the approximation series appear with every extension. The multipoles can be considered as
Goldstone bosons. The higher extensions give back-reaction terms describing the effect of the
moments on the world line.

We think that sequential extensions of space—time groups including odd generators, using
the same methods as in this paper, might be useful in constructing theories containing fermions.
We hope to address this point in the future.
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