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Abstract. All inequivalent realizations of the Poincaré algebras p(1,1) and p(1,2) acting in
spaces of not more than three variables are constructed. First-order deformations of p(1,1) and
p(1,2) are proposed and the generic realizations for the initial and deformed Poincaré algebras
are presented.

1. Introduction

Realizations of Lie algebras by vector fields are widely applicable in mathematics and physics,
indeed, representations by first-order differential operators are effectively used in Lie group
theory of differential equations: reduction, integration, calculation of differential invariants, etc.;
in group classification of partial differential equations; in the theory of differential invariants; in
general relativity and other physical problems such as classification of gravity fields of a general
form under the motion groups and groups of conformal transformations, or quantization based
on Noether symmetries, see also [1-5] and [6] for review.

In this work we apply an algebraic approach proposed in [7] and the classification of
subalgebras obtained in [8] for the explicit construction of vector fields of the lowest Poincaré
algebra p(1, 1), the six-dimensional Poincaré algebra p(1,2) and their deformations. Realizations
of different Poincaré algebras were widely studied (see, e.g., [9-13]), but only covariant
realizations were considered and a number of realizations are not represented explicitly as far
as some of the coefficients require the solution of partial differential equations, that can not
be presented in quadratures. Along with the realizations we also propose three one-parametric
deformations of p(1,1) and p(1,2) and construct their generic realizations by the same method.
The results of this paper is a part of the forthcoming general classification of the realizations of
Poincaré algebras p(1,2) and p(1,3) [14].

Let g be an n-dimensional Lie algebra over a field R or C. We denote an open subset of R™
as M and the Lie algebra of vector fields on it as Vect(M ), the vector fields are taken in a form of
linear first-order differential operators with analytical coefficients and the Lie product of vector
fields is given by their commutator. The group of all automorphisms of g is denoted by Aut(g)
and the notion of realization of a Lie algebra is defined as follows (see [6] for details).

A realization of a Lie algebra g in vector fields on M is a homomorphism R: g — Vect(M).
The realization is faithful if ker R = {0} and unfaithful otherwise. If the action of the local Lie
group that corresponds to a fixed realization is transitive on M, then this realization is called
generic.
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Realizations of Lie algebras are constructed up to Aut(g)-equivalence and nondegenerate
change of coordinates on M. Note that for any generic realization the dimension of M coincides
with the dimension of g that is m = n.

Below we propose the practical scheme for construction of left-invariant vector fields extracted

9

Tm,izl,Q,...,n,canbe

from [7]. The coefficients £ (x) of the generic realization Z;=Y" &l (x)
k=1

) n
recovered from the left-invariant differential one-forms Q=3" w!(x)dz; using the duality of the
=1

left-invariant vector fields and differential one-forms wf(z)ﬁ,’c(x) = 52 and the coefficients wﬁ(x)
of the differential one-forms are constructed as follows:

. . l
wh(z) = <A<1>(x1)A(2)(x2)...A(@*l)(ﬂfl)> L i=2,3,...,n, 1=1,2,...,n, Wt =46,

i
where the matrices AP, p=1,2,...,n, are the exponential solutions of the system
AP (1) = —ad,, AP)(), AP(0) =1.

All the rest of realizations of a fixed Lie algebra are constructed by means of projection of
the generic realization using the known set of Aut(g)-inequivalent subalgebras and the following
rule.

Let b = (em+1,--.,€n) be a subalgebra of g = (ej,...,e,) with a complementary space
{e1,...,em}, then, using the above approach and the shortcut 9; = 6%1-’ we will obtain the basis
elements in the form

eizfil(xl,xg,...,xm)ﬁl+£Z~2(x1,x2,...,xm)82—l—---—i—ﬁr(asl,wz,...,xm)@m—l—
+€r+1($1,$2,...,$n)am+1 +€Zm+2($171’27- . ~,=77n)8m+2 +-- +§zn(x17x27'” 7xn)an

The realization projected on the coordinates z1, s, ..., T, is well defined and has the form
pry(e;) = E (1, oy )01+ E2(T1, Ty T )Oo + - A EM(T1, T2, . Tin) O

The number of necessary variables m = dim(g) — dim(h) coincides with the codimension
of h and the projected realization R(h) is called realization corresponding to the subalgebra b.
In particular this means that the generic realization corresponds to zero subalgebra hy = (0)
and R(ho) is always realized in n = dim(g) variables.

The structure of realizations constructed by means of the algebraic method reminds a tree
diagram, namely: a realization corresponding to a subalgebra h; can be constructed by means
of projection from a realization corresponding to a subalgebra hs if ho C b1.

Note that all inequivalent realizations of a fixed Lie algebra can be obtained by the above
method, as far as any realization corresponds to a quotient group G/H that acts effectively on
some subspace M, where H is a subgroup that corresponds to some subalgebra b [7].

2. Realizations of the Poincaré algebra p(1,1)

The ‘smallest’ Poincaré algebra p(1, 1) is supposed to act in the two-dimensional space-time R*'!
and has dimension three: p(1,1) = (P, P1,Jo1). Its basis elements satisfy the commutation
relations

[Po, P\l =0, [FPo,Jo1i] =P1, [P1,Jo1] = Fo. (1)

Only covariant realizations of the Lie algebra p(1,1) in space of three variables were
constructed in [9]. All inequivalent faithful realizations of p(1, 1) were also obtained by the direct
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Table 1. Realizations of p(1,1)

Complementary

Subalgebra Realization
vector space
{Po, P1,Jo1} (0) Py =01, Pr =02, Jo1 = 2201 + 2102 + 03
{J01»P1} <P > PQ = —Sinh$182, P1 = COSh1'182, J01 = 61
{Py, Pi} (Jo1) Py =01, Py = 0y, Jo1 = 2201 + 10,
{Po, Jo1} (Po+ Pr) Py =01, P, = -0y, Jo1 = —2101 + 02
{Py, Jo1 } (Po — Pr) Py =01, P, =01, Jo1 = 2101 + 02
{Jo1} (Po, Pr) Py=0,P =0, Jo1 =0
{Py} (Po+ P1,Jo1) Po=01, PL=—01, Jo1 = —x101
{Py} (Po— P1,Jo1) Py =01, PL =01, Jnn =x10:

method in [6] for the isomorphic Lie algebra A3} with the commutation relations (e; = Py + P,
ez =Py — P, e3=Jon)

le1,e2] =0, [er,e3] =e1, [ea,e3] = —ea. (2)

We list realizations of p(1,1) together with the corresponding subalgebras and bases of
complementary vector spaces in Table 1.

The subalgebras that contain one of ideals (Py £+ P;) of p(1,1) lead to unfaithful realizations
which are new and were not constructed in [6]. The rest of realizations are equivalent to the
faithful realizations obtained for Ag}l

We purposely do not fix independent (say ¢, x) and dependent (say u, w) variables in the
presented realizations. One can choose them in any order convenient for the certain application.
For example, the first realization from Table 1 can be considered as

{Py =0y, P1 =20y, Jon =20 +1t0y + 0y}, for wu=wu(t,z) or
{Po = 0Oy, P1 =0y, Jor =wdy +udy + 0}, where wu=u(t)and w=w(t).

3. Realizations of the Poincaré algebra p(1,2)
The Poincaré algebra
p(1,2) = (P, Pr, P2, Jot, Joz, J12)

is six-dimensional and usually considered in (142)-dimensional Minkowski space with the basis
elements that satisfy the nonzero commutation relations

[P(),J()l] = P, [PhJOI] = P, [P27J02] = P,
[Po, Jo2] = P, [P1, Ji2] = =P, [P2,J12] = P,
[Jo1, Jo2] = =12, [Joz2,J12] = Jo1, [Jo1, J12] = —Jo2.

Since we are interested in the generic realization and realizations in not more than three
variables, we need the subalgebras of p(1,2) of the dimensions three, four and five only. Using
the subalgebras of the Poincaré algebra obtained in [8] and applying the algorithm described in
the first section we obtained the desired realizations. The result is arranged in tables together
with the subalgebras and bases of the complementary vector spaces used in calculations.
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Table 2. Realizations of p(1,2) in three variables

Complementary

Subalgebra Realization
vector space

P0:O7 P1:07 P2207

Jo1 = 01,
{Jo1, Joz2, J12} (Po, P, P2} j.——sinhz; tanh 290, + cosh 10— S2R2L g,
J12 = cosh xq tanh 2507 — sinh x195 + Zgz}ﬁ ‘;; O3
Py = l(l + xQ)al, P = 7(132(91,
(Po+Py, P, i ?

- Py = §(—1+x3)01,
{Po—Ps, Jo1+J12, Jo2 } i(jzol 75?3;_ Jm:(—aclacz—ge’%”)(91—#%(l—xg)é)g—mcg@g7
Be{0,1} L Jop=—a101 — 220 + 05,
Ji2 = (122 + §6_2x3)61 + (1 + 23)02 — 2203
Py =01, P = 0., P, =05,
{Po, P, P2} (Jo1, Joz2, Ji2)  Jo1 = x201 + 2102, Jo2 = 301 + 2105,
J12 = 2305 — 2203
Py = (sinh z sinxg + cosh z1)0s,
P, = (—sinhx; — cosh zq sinx3)0s,

{Po — P2, Jo1, Ji2} EDPO;_P% Py = —cosx302, Jo1 = 04,
1s 02> J02:_ COSh.Z‘l tanmgal—%@—sinhxl@g,
J12 = SinhIl tanxgal + %32 + COSthlag
Py = coshzy coshzo03, P| = —sinh 25053,
(aPy + Jya, P, = —sinh z1 cosh 2503, .
{Joz2, Jo1, Po} P, P), Jor=—sinhz, taﬂhxzaﬁCOthlaz—aigé}ﬁZa&
a>0 Jo2 = 01,
J12:— COSh.Z‘l tanhargaﬁ— sinhxlag—a%ﬁg
PO = 7Sinhl‘233, P1 = COST1 COShIQ@g,
(aPy + Joa, P, = —sinxy cosh x503, . Lo
{le’,]()hpl} PO;P2>7 J01:7 sinxl tanhx231+cosxlﬁgfa%3g,
a>0 Joa=—cos ] tanhxgal—sinxlﬁg—a%}slhgmag7
Ji2 =01
<P0+P2, P():(lfl’%)zal*mg@g, P1:62, PQZ*(1+IE§)81*I33§,
P +J02 J01:(£L’2—"E (1’2+2Q))81+($1—$3($2+a))82+(1—$ )837
Py—Py, Py, Jor+J 1oz, 3 3
{Po=F2, P, Jor -1z} Jo1—J12), Joa=—2(x1 + ax3)0; — ady — 22305,
a>0 J12=($2+$§<$2+20&))81—(wl—x3($2+a))82+(1+$§)83

Generic realization of p(1,2) has the form

Py=01, Pi=0. P=03 Jor=2x201+ 2102+ Oy,

inh
Jo2 = 301 + 103 — sinh x4 tanh x504 + cosh x405 — Sinh T4 D6,
cosh xs
cosh
Ji2 = 309 — £203 + cosh x4 tanh z504 — sinh 2405 + 4 O6.
cosh xs

Comparing the realizations of p(1,2) obtained in this section with the realizations obtained
in [13] we conclude that the result of [13] is a partial case of the results obtained in this paper
as far as only covariant realizations (i.e. the operators Py, P, and Ps are represented by the
commuting shifts only) were considered and the sets of dependent and independent variables
were fixed before the calculations.
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Table 3. Realizations of p(1,2) in two variables

Complementary

Subalgebra Realization
vector space

Py=0,P, =0, P,=0,

{Jo1 + Ji2, Jo2} (Po, P1, Py, Jo1—J12) Jo1 = 1(1 — 2%)01 + 3105,
Joz = —x101 + O, Jiz = 3(1 4+ 23)01 — 210,
Py=0, P, =0, P,=0,

{Jo1, J12} (Py, Py, Py, Jo2) Jo1 = 01, Jo2 = — cosh 1 tan 290; —sinh 21 0a,
Ji2 = sinh x1 tan x50 + cosh 2105

{Jo1, Jo2 } (Py, P1, Py, J12) Joo = —sinh z; tanh 290; + cosh z10s,
J12 = COShZ‘l tanhxgal — sinha:182
Po - %(1 +$%)61, P1 = —1‘281,

{Py— Py, Jo1 + J12}  (Po+Pa, P, Joi—Ji2, Jo2)  Po = —1(1-23)01, Jo1 = —z12201+3(1—23)0s,
Joo = =101 — 2202, J12 = $1$281+§(1+$§)82

Table 4. Realization of p(1,2) in one variable

Complementary

Subalgebra Realization
vector space

POZO,P1:O,P2:07J01: (1_‘%%)817

1
Jo1 +J Py, Py, Py, Joz, Jor — J 2
{Jo1 + J12} (Po, Pr, P2, Joz, Jo1 12) Joo = —10y, Jio = 3(1 4 22)0;

4. Deformations of p(1,1) and p(1,2)

Deformations of Lie algebras appear in mathematical theories when it is necessary to classify
non-isomorphic structures or to implement an analytical structure on the variety of such objects.
In physics the deformations are used for quantization or for integration of theories with different
symmetries into one model, etc., see also [15] for review.

Here we use the notion of one-parametric deformation proposed by Gerstenhaber [16]. Let
g = (V,[, ]) be a Lie algebra over V, then its deformation is the one-parametric family of
Lie algebras g; = (V,[, 1), t € R, where [z,y]; = [z,y] + toi(z,y) + t>pa(z,y) + ---, and
w;: V xV — V are bilinear, antisymmetric and satisfy the Jacobi identity.

Construction of all possible deformations of a given Lie algebra requires the study of respective
cohomology algebra, in particular, for the existence of infinitesimal deformation it is necessary
that H%(g,g) # 0. However for the Poincaré Lie algebra p(1,1) we can construct one of it’s
infinitesimal deformations directly from the classification of three-dimensional Lie algebras using
the isomorphism p(1,1) ~ ;}1:

[Po, J(]l]t’ =P+ t/(P() — Pl), [Pl, J()l]tl = P() + t/(Pl — P()), t € R.

Another deformation of the Poincaré algebra can be constructed using the fact that there
exists a contraction from the de Sitter algebras to the Poincaré one

[Po, Joi]e = P1,  [P1,Joile = Po, [P, Pils =tJo1, teR.
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The same scheme works for all higher-dimensional Poincaré algebras, in particular for p(1,2);:

[Po, Joi)r = P, [P1, Joi)t = Po,  [Pe, Joz2)t = P,
[Po, Jo2]t = Pa, [P1, Ji2t = —Po, [Pa,J12)e = P,
[P1, Po]y = tJy2, [P1, P]y = tJo1, [Po, Pa)i = tJog,
[ [ [

Using the same method as in previous sections we construct the generic realizations
R(p(1,1)y) and R(p(1,1)¢) of the above deformations, before each realization we present the
complementary vector space that was used for the calculation of this realization:

{Po, P1,Jon}, R, 1)y): Po =01, P1=0s
Jo1 = (tlibl + (1 — t,)iﬂz)al + ((1 — t/)l‘l + tlﬂfg)az + 83;
{Po + P, Py — Py, Jm}, R(p(l, 1)t): Py = %(1 — tm%)&l + (% + t$1$2)82 — tx10s,
P = %(1 + tx%)c’*)l — (% + t.’ElfL‘Q)aQ + tx103,
Jo1 = 2101 — 2202 + 0Os.

To construct the generic realization of the deformed algebra p(1, 2); we use the complementary
space to the empty subalgebra with the basis { Py + P2, Py — Pa, P1, Jo1 + Ji2, Jo1 — Ji2, Jo2} and
obtain the following result:

Py = —%B@l + COy + tx120404 — t2105,
P =-Tx1F0O — (1 + 2L‘l‘11‘2)Tl’2F82 + (1 + 2tl‘1$2)03 +

1
+ E((ZUQC — 2tz1xoxaTD — x1x42)64 + (2txix4 + txeTD)0s + (tz1e” 7)),

Py = %Aal — C0y — tx12404 + tx105,

_ AF (1 + 2txo(xy + 29A))F
Jo1 = ﬁal + 5T Oy + (371 + ng)ag

A(zoT D + x4) Ae™ 75
T 05 + — 06,

Jo2 = 2101 — 2202 — 1404 + 05,

142t B))F
(1+ :c2(9261T+932 ) Do + (21 + 22 B)Ds —

(xoTD+x4)B Be™ %5
E 05 + 5E 5.

A(x4? — ta?) — 20

15)
ok 4+

+ xoxsTAF O, +

B(z4? — tzy?) — 2C
2F

BF
Ji2 = ﬁfh + 04 +

+ 29x4TBF O, +

To improve the presentation of the above realization we used the shortcuts A = ta;% + 1,
B =tr} -1, C=trivs + %, D = sinh((—t)"/223), E = cosh((—t)/2z3), F = tanh((—t)"/?x3),
T = (—t)'/2,

Note, that each of the last three realizations represent not only one Lie algebra, but the
family of non-isomorphic Lie algebras at the same time. As soon as the set of dependent and
independent variables will be fixed all the obtained realizations can be used for the construction
of different types of equations and systems invariant with respect to the underlying symmetry
groups.
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