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Abstract

In this work we construct spinors describing planar electrons ("spin” 1/2 particles with well defined parity) in
d = 1+ 2 from first principles and show that they satisfy Dirac equation, which turns out to be the covariant
form of the eigenvalue equation for intrinsic parity just like in d = 1 4+ 3. We stick to the conventional definition
of parity as space inversion. In this picture, the fermion mass term is invariant under parity and time reversal. An
explicit construction of charge conjugation operator, and a non-relativistic expansion of the gauged Dirac equation
shows that "spin” 1/2 planar fermions have fixed "spin” projection.

1. Introduction

The quantum description of physical systems
necessarily entails a Hilbert space with a positive
defined inner product. Invariance of probability
amplitudes requires the symmetry operations on the
system to be represented by unitary or anti-unitary
operators acting on the Hilbert space [1]. Thus, the
states themselves must carry a unitary representation
of the symmetry group. If in addition we are dealing
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with an elementary system, the states must belong
to the unitary irreducible representations of the
symmetry group. This is what we will mean in the
following by first principles.

Over the past few years the interest on theories
in extra dimensions exponentially growth due to the
possibility of the existence of large extra dimensions
left open by the experimentally poorly tested quantum
effects of gravity [2]. The large amount of existing
work on the subject, heavily rests on the properties
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of the gamma matrices v*, p = 0,1, ...,d — 1 spanning
the Clifford algebra (CA) in higher dimensions [3,4].
In this construction, the odd-dimensional case is
distinguished from the even-dimensional one by the
fact that v = 7°~'...74"is an element of the CA in the
former case. Indeed, it can be shown [4] that v anti-
commute with v* in the even d case, but commute for
odd d . This can be used to show that -y is proportional
to v?~! with the proportionality constant depending
on the dimension of space -time as y¥~! = +~ for
d = 1 mod 4 and 74! = 4iy for d = 3 mod
4. Thus, Clifford algebra in odd dimensions has two
inequivalent representations depending on the chosen
sign. In contrast, in even dimensions there is only one
representation.

The transformation properties of Dirac fields under
C, P and T in this formalism where discussed in [3,4].
In particular, the definition of parity changes in odd-
dimensions where it is defined as the reversing of all
but one of the spatial components. This is due to
the fact that the generalization of the conventional
parity, i.e. the reversing of all space coordinate turns
out to be a proper (det=1) transformation in odd
d, in contrast to the even d case where parity
is an improper transformation. The study of the
transformation properties of bi-linears under discrete
symmetries yields a fermion mass term which violates
the so-defined parity and charge conjugation for d = 5
mod 4 and parity and time reversal for d = 3 mod 4.

In this work we study in detail ”spin” 1/2 particles
ind =1+ 2 from first principles. We recalculate the
irreps of the proper orthochronous Lorentz subgroup
(Ll) of HLG and explicitly construct spinors for
the lowest dimensional irrep. We implement discrete
transformations according to the group properties. We
show that if we follow the current trend of considering
parity as an improper transformation, then spinors
describing "spin” 1/2 particles in d = 1 + 2 are not
parity eigenstates. In contrast, if we deviate from the
usual convention and define parity in the same way
as in d = 1 4 3, i.e., as the reversing of all the
spatial coordinates (spatial inversion in the following),
then Dirac equation is just the covariant form of
the eigenvalue equation for intrinsic spatial inversion
just like in d = 1 4 3, in spite of the fact that
under this definition spatial inversion is a proper
transformation. In this picture, the fermion mass term
is invariant under spatial inversion and time reversal
in sharp contrast with results obtained under the
definition of parity in the current literature [3, 4].
Finally we construct the charge conjugation operator
and show that the eigenstates of spatial inversion
(Dirac fields) are connected by charge conjugation just
like in d = 1 4 3. Thus the particle has fixed "spin”
up while antiparticle carries a fixed “spin” down. This
conclusion is reinforced by a non-relativistic expansion
of the gauged equation which explicitly shows that, in
the non-relativistic limit, only the up component of

Dirac field survives, i.e. a non-relativistic particle has
a singled valued spin projection.

2. Poincaré group and discrete
symmetries in d =1+ 3

In this section we briefly review the structure of the
Poincaré group in 143 dimensions emphasizing the
formal structure of discrete symmetries.

2.1. Poincaré transformations in
d =1+ 3: brief review

The most general transformation leaving the space-
time interval invariant is

¥ = Az +a=L(a,N)z, (1)

where a is a constant four-vector and A a real 4 x 4
matrix satisfying

ATnA = 1. (2)

These transformations constitute a group, the
Poincaré group, which we will denote P(1,3), with
the composition law

£(@ A)L(a,A) = L(Aa + @, AA). (3)

The Poincaré group is a semi-direct product of
the translation group, T(}%) and the Homogeneous
Lorentz Group (HLG)

P(1,3) =T®) 2 HLG, (4)

spanned by the transformations A. The global
structure of the HLG is composed of four disjoint
sets characterized by detA = 41 and A% >
+1 or A% < —1 according to
1. Proper orthochronous, set denoted LT,_ (det A =
1, A% > +1);

2. Improper orthochronous, Lt (detA =—1, A% >
+1);

3. Proper non-orthochronous, Li (detA =1, A% <
—1);

4. Improper mnon-orthochronous, Lt (detA =
-1, A% < —1).

In this decomposition, only LL constitute a
subgroup.

2.1.1. Cosets and discrete symmetries

The sets LT_,Li,Ll_ are not subgroups of the
HLG but rather cosets built in terms of the discrete
elements of HLG. Indeed, in Minkowski space there
are only two such independent elements: space
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inversion (parity transformation) and time inversion
(time reversal). Space inversion is the improper
transformation changing the sign of space coordinates
and has the representation

P =diag(1,—1,-1,-1), (5)
This operator satisfies
detP=-1, Ph=1. P?>=1y, (6)

thus parity belongs to Lh. Furthermore, every
transformation A' in LT can be written as AT = PA]_
for some AE_ in L]_, hence L! is a coset constructed
from parity: Ll = PLI_.

In a similar way time reversal is the improper
transformation changing the sign of the time
coordinate and has the following representation in
Minkowski space

T = diag(—1,1,1,1). (7)
It satisfies
detT =—-1, 7% =-1, 7T?=1, (8)

This transformation belongs to L' and the whole
latter set is actually a coset constructed from time
reversal: L' = TLEF.

Finally Li is the coset constructed from total
reflection (Rr), a proper discrete symmetry which can
be written in terms of Pand 7 as Ry =P7 =TP =
~14. Thus L, = RrL].

We remark that in 1+8 dimensional Minkowski
space the discrete transformations P, T and Ry are
the operations connecting the four disjoint sets into
which the HLG can be decomposed.

2.2. Quantum Poincaré
transformations in d = 1 + 3: brief
review

In the previous section we analyzed Poincaré
transformations at the classical level, ie. on
Minkowski space. In this section we turn to the
quantum case. According to the quantum principles
the characterization of Hilbert space must be done in
terms of the symmetries of the corresponding system.
In other words, a system lives in one of the irreducible
representations (irreps) of its symmetry group. For
a free particle this amounts to the decomposition
of Hilbert space into irreps of the Poincaré group.
In the conventional approach, Poincaré irreps are
labeled by the eigenvalues m? and —s(s + 1)p?
of its two casimir operators, P? and the squared
Pauli-Lubanski operator W?2 respectively. Thus a free
elementary system is characterized by its mass and
spin and belongs to the 2s 4+ 1-dimensional spin space
which will denote {m,s}. However, the formulation
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of manifestly covariant field theories require the basic
fields to transform as a linear representation of the
Homogenous Lorentz group. The field equations and
subsidiary conditions (if necessary) must then be
chosen so as to recover the one-particle Poincaré group
representation. The discrete symmetries are imposed
a posteriori on the fields and the corresponding
operators explicitly constructed. A more modern
viewpoint [5] starts from the implementation of
discrete symmetries in Hilbert space and later exploit
the consequences for the irreps of the Poincaré group.
Here we follow this path and later we generalize it to
d # 4 emphasizing the role of global properties of the
group.

Firstly we briefly review the implementation of
Poincaré transformations in Hilbert space. We follow
closely Ref. [5] except for the metric of space-time. We
start with transformations L(a,A) € P(1,3), where
A € LL This is the part of the Pioncaré group
connected to the identity. These transformations
induce linear unitary operations in Hilbert space,
implemented by the operators U(a, A)

) — Ula, A)[¢), 9)
satisfying the composition law
U(a,N)U(a,A) = U(Aa + @, AN) (10)
and the factorization
U(a,A) =U(a,1)U(0,A). (11)

These operators can be written in exponential form
A) = 1 wy I
U(a,A) =exp —§zw,“,J +ia,P" |, (12)

and in particular
U(a, 1) = exp(ia,, P"),

1. y (13)
U(0,A) = exp *iwwﬂb ,

where J"” is the anti-symmetric tensor containing the
angular momentum J and boost K operators, and P*
is the 4-momentum operator.

Considering infinitesimal transformations in Hilbert
and Minkowski space it is easy to show that the
following relations hold

[PM, Pp] =0,
77, PH] = i (fF PP — P
[J“”, Jpa] _ i(nupjua + e Jve
—phP JVT — T JHP).

(14)

Taking H = P° we see that P = (P!, P2, P3) and J =
(J%3,J31, J'2) are conserved quatities. In contrast the
boost generator K = (JO, J92.793) is not conserved.

139



M. Napsuciale, M.G. Carrillo-Ruiz

In terms of these operators the commutation relations
read

[H,H| =[P, H]=[J;,H]=0,

[K;,H] =—iP;,

[Ji, Pj] = ie€;juDr,

[Ki,P-] = —iH 5, (15)
[Ji, J; ] = i€k Sk,

[Ji, K] = i€ijn Ky,

(K, K] = —i€ijiJk.

Strictly speaking these are the commutation relations
of the part of the Poincaré group connected to the
identity, namely T3 X)Ll.

Following the semi-direct structure of the Poincaré
group the characterization of Hilbert space is done in
terms of irreps of the proper orthochronous Lorentz
group, the piece of HLG connected to the unity. This
can be easily done due to the isomorphism between
the proper orthochronous Lorentz Group and the
SU(2)4 ® SU(2)p group spanned by the generators

1 . 1 .

A:§(J+ZK), B:§(J—2K), (16)
which allows us to label the irreps of this group by
two SU(2) labels (a,b) associated with the Casimir
operators A% B2, of SU(2) 4 and SU(2) g respectively.
States in these irreps are |a,mq;b,mp) = |a,my) @
|b,mp) where |a,mg), |b,mp) are the SU(2)4 and
SU(2) g eigenstates respectively

A%a,my) = ala +1)|a,my),
Asla,mg) = mgla,myg),
B2|b,myp) = b(b+ 1)|b,my),
Bs|b, mp) = myp|a, b).

This structure allow us to explicitly construct
operators for rotations and boosts, in an arbitrary
representation (a,b), in terms of the representations
of the operators A, B. We remark that these irreps
in general are not irreps of the Poincaré group.
Indeed, whereas the irreps of the Poincaré group
(more precisely the piece of the PG connected to
the identity) are 2s + 1-dimensional subspaces, the
irreps of the proper orthochronous Lorentz group are
(2a + 1) x (2b + 1)-dimensional subspaces which we
will denote as {m, (a,b)}. The Poincaré content in the
irreps of the proper orthcochronous Lorentz group is

{m,(a,b)} — {m,s = la —b[}&
{m,s=la—bl+1}®..®{m,s=a+b)}.

The only case when the irreps of PG and the
proper orthochronous Lorentz group coincide is when
one of the quantum numbers a or b vanishes. The
representation (a,0) is such that A =J =i K and
we can set ¢ = s since in this case the SU(2)a
coincides with the rotation subgroup. Similarly, for

the representation (0,b) we have B=J = —i K and
we can also set b = s since SU(2)p coincides with
the rotation subgroup in this case. For historical
reasons these representations are called "right” and
"left” representations respectively. The boost and
rotation operators are particularly simple for these
representations due to the relations A = J =i K and
B =J = —i K. The corresponding boost operators
read

Br(p) = exp(J -nyp), Br(p) =exp(—=J-nyp).

Now, turning to the general case, quantum states
are completely characterized and a representation
can be explicitly given in terms of the basis
|a,me;b,my). For a given representation (a,b) we
have the representations for A, B and we construct
the generators J, K from Egs. (16). A general
transformation in Ll can be written as

Un(0,¢) = exp(—i(J -0 + K- ¢)).

In particular taking § = 0 we get the operator for
boosts which can be used to give a representation of
an arbitrary state just acting upon the corresponding
state in the rest frame. This way we construct
states in Hilbert space from first principles without
referring to a given equation of motion. Of course,
concerning physics, all we know from these states is
that they have spin according to Eq.(??). However,
in general we could be interested in states with some
other well defined properties such as parity. Next we
study discrete symmetries and later we will explicitly
construct states with well defined spin and parity
according to the procedure just outlined.

2.2.1. Quantum discrete symmetries for
d=1+3

Since discrete symmetries belong to HLG we require
the composition law in Eq.(10) also hold for them.
Thus there must exist operators [5]

I=U(0,P), ©=U(0,7) Rr=U(0,R7) (17)
satisfying

U (a, )IT™! = U(Pa, PAP™),

OU(a, )0~ =U(Ta, TAT), (18)

RrU(a, AR, = U(Rra, RrART ")
for every a and A € L]_.

Considering infinitesimal transformations in Hilbert
space we obtain the transformation properties
of the Poincaré group generators under discrete
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transformations as
MG =iP,FP," TP,
(P IT =iP, PP,
e @GEJ") e =T T,V I,
e (iP")e~t =iT, pr,
Ry (iJ" )Ry = iR, Ro” T,
Ry (iP*) R, = iRy, PP.

(19)

We did not cancelled the i factors in these equations
since we must first answer the question whether the
corresponding transformations are linear and unitary
or not. Taking p = 0 in Egs. (19) we obtain

NGEH)I™'  =4iH,
O H)e™ " =—iH, (20)
Ry (iH)Ry ™' = —iH
It can be easily shown that in order to avoid the
existence of negative energy states we must choose
space inversion operator I as wunitary and time
reversal © and total inversion R operators as anti-
unitary. Under this realization
OHO ' =4,
OHO ! =H (21)
RrHRy ' =H

Using these results, from Egs. (19) we get the following
transformation properties for P, J, K under discrete
transformations

OPII! =-P, NIJIO ' =47,
NKII'! =-K, ©ePoe ! =-P,
eJe! =-J, B6Koe!'=+4K. (22)
RrPR;' = +P, RpJR;'=-J,

RrKR;!' = K.

3. Dirac equation and spatial
inversion in d =1+ 3

Let us now consider spatial inversion for an
arbitrary Poincaré irrep. We can track the action of
spatial inversion in an arbitrary Poincaré irrep from
its action on the irreps of the proper orthochronous
Lorentz group. Indeed, from Eqs. (22,16) we see
that the generators of SU(2)4 ® SU(2)p transform
under spatial inversion as A —IIAII"! = B,
B —IIBII"! = A, ie. under this transformation,
(a,b) < (b,a). Thus, the irreps of Ll, (a,b), are not
irreps of the full ortochronous group L', except for
a = b. The subspaces of Hilbert space invariant under
boosts, rotations and spatial inversion, i.e. the irreps
of LT are actually (a,b) ® (b, a).

Electromagnetic Phenomena, V.6, Ne2 (17), 2006

An important property of these irreps of LT
concerns the role of spatial inversion in the
construction of the scalar product. This is essentially
due to our choice of finite dimensional representation
which requires non-unitary boost operators. Indeed,
from Egs. (16) we get K = —K, which yields
a self-conjugate boost operator. A general LL
transformation

Un(0,¢) = exp(—i(J -0 + K- ©)),
satisfy
H[UA(ea W)}TH = [UA(ev 90)]_1' (23)

In particular for boosts (6 = 0) we obtain
[B(p)] T = [B(p)] ", (24)

where B(yp) = Ua(0,¢). Using Eq.(23) it is easy to
show that the product

(¥, ¢) = (Y[M|¢).

is indeed invariant under transformations of the
orthochronous Lorentz group L.

Let us now consider the specific case of the spinorial
representation, (1/2,0) @& (0,1/2), usually called
Dirac representation. In the basis {|1/2,£1/2)r &
|1/2,£1/2)1}, the boost operator for this irrep of LT
reads

B(s@)=< BRO(W) BLO(@) ) -

(cosh(cp/?) + o-nsinh(p/2) 0 >
0 cosh(p/2) — o-nsinh(p/2) )

Now, for rest frame states, the rapidity ¢ can be
written in terms of the energy and momentum of the
particle as seen in the boosted frame as

sinh ¢ = H,
m

E
cosh% =4/ 2—:71m’ (25)

sinhf = P

2 \/2m(E+m)

and the boost operator reads

E
coshy = —,
m

_ E+m+op 0
B(p) _N( 0 Etm—op ) (26)

where N = 1/4/2m(E + m). On the other hand, from
the transformation properties of A, B under spatial
inversion we find the most general representation of

this operator as
0 a
(2 1) -

where a is a phase.
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Let us now consider the eigenvalue equation for
spatial inversion in the rest frame and in momentum
space

114 (0) =m1)(0), (28)

where 7 is the corresponding eigenvalue which is
restricted to m = +1 if we require II? to leave strictly
invariant the (1/2,0) @ (0,1/2) space. Solving this
eigenvalue equation and setting the phase to a = 1
we obtain a specific representation for the states in
the rest frame as

1 0
V2 €
T(p) = ‘f T (p) = \? :
V7 L
| V2O
V2 €
o= Y [eme=| P
Oﬁ L

where the superindex denotes the spatial inversion
eigenvalue m = £1 and the subindex denotes the J;3
eigenvalue m = £1/2. Acting upon these states with
the boost operator we obtain the states describing
spin 1/2 particles of momentum p with well defined
properties under spatial inversion (electrons for 7 = 1,
positrons for 7 = —1) and spin projection, from
first principles and without invoking any equation of
motion

E+m+p,
N
t(p) = 1o D+
+(p) - \/5 E + m—p, )
—P+
.
_ N E+m-—p
1/)+ (P) = ﬁ —p_ ? ;
EF+m+p,
! (30)
E+m+p,
N
+ _ v P+
P+
o
_ N E+m-—p,
Y- (p) = NG o
—(E+m+p,)
where py = p, * ip,. Now, these states are

traditionally constructed as solutions of the Dirac
equation. The link to this equation can be
easily established by boosting the parity eigenvalue
equation (28) and using Eq. (24). We obtain

[B?(p)I1—7] ¥ (p) = 0. (31)

The squared boost operator reads

E+o-p 0
B2(p): 73 E—-o-p
m

Using this operator in Eq.(31) we get

[B?(p)II-7] ¢(p)

E—o-p
™
m ™

which when multiplied by m and upon identifying the
matrices

0 __ 0 1 i 0 —O'i
’7_(1 0 ) V= O_i 0 )

can be cast in conventional Dirac form

(V'pu — mm]p(p) = 0. (32)

This shows that Dirac equation is just the parity
(actually ”intrinsic” parity, see below ) eigenvalue
equation as seen in a frame where the particle has
a momentum p. It can be shown that the whole
structure of the Dirac theory arise naturally from here.
In particular the projectors over "positive (negative)
energy”’ subspaces are just projectors over well
defined positive (negative) parity. States satisfying
this condition for m = 1 describes particles while anti-
particles correspond to the subspace with 7 = —1
this assignment being of course arbitrary. Finally, the
~ matrices turn out to be conventional Dirac matrices
in Weyl representation and satisfy the Clifford algebra
which arise as a byproduct of the structure of the
Poincaré group and the specific representation chosen.

We would like to emphasize that Dirac spinors in
Eq.(30) are eigenstates of the full parity operation
which we will denote as P, composed of the "intrinsic”
part, I, and the operation changing p — —p . Indeed

Py(p) = Iy (—p) = 1B~ (p)1(0)
= B(p)Ily(0)=mB(p)y(0) = 7 (p)-

The observation that Dirac equation is just the
invariant form of the "intrinsic parity” (II) eigenvalue
equation in (1/2,0) @ (0,1/2) space is by no means
a trivial one since electromagnetic interactions of
charged leptons are dictated by the U(1) gauge
principle in Dirac equation (modulo corrections
due to the exchange of W¥ bosons). Hence, the
electromagnetic properties of interacting fermions are
directly related to the discrete symmetry upon which
the free particle description is based, in this case
parity. This observation becomes highly non trivial for
theories in extra dimensions since the classification of
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discrete symmetries depends on the dimension of the
space time as will be shown in the next section section.

4. Poincaré group and discrete
symmetries in arbitrary
dimensions

It is straightforward to show that the structure
of this group does not depend on the number of
space dimensions , i.e. T"™ is an Abelian invariant
subgroup of P(1,n) and this group is a semidirect
product of T and the corresponding HLG which
we denote as HLG,,.

P(1,n) = TO™ 2 HLG,,.

Furthermore, HLG,, can also be decomposed at the
classical level in terms of four disjoint sets connected
by discrete symmetries. One of these sets contains
the identity and forms a subgroup, the group of
proper and ortochronous Lorentz transformations in
d = 14 n which we will denote as Ll(n) However,
in general, the discrete symmetry connecting this
piece to Lz(n) is not the naive generalization of
the wusual space inversion in d = 1 + 3. Indeed,
notice that in space-time with an even number
of space dimensions, conventional parity conceived
as the inversion of space components, is a proper
transformation, it has determinant +1, and as such
it belongs to Ll(n) In an odd dimension space-
time (even number of space components) there exists
several improper discrete transformations connecting
Ll(n) with L' (n). These transformations change the
sign of an odd number of space coordinates and are
all equivalent. For definitiveness we will choose the
transformation changing the sign of the last space
coordinate and will denote it as M

M =Diag(1,1,...,1,-1). (33)

Notice that in d = 1 + 3 this transformation
amounts to a “mirror reflection” on the x — y plane.
In general, this is a mirror reflection on a given
plane and for an even-dimensional space-time (odd
number of space components), this transformation is
equivalent to space inversion. We remark that this
“mirror reflection” has been adopted in the literature
as “parity”. In order to avoid possible confusion
in the nomenclature we name it "mirror reflection”
here and the transformation reversing all the spatial
coordinates is denoted as “spatial inversion”.

Now we turn to the quantum case. We assume that
quantum principles are independent of the dimension
of space-time, i.e. systems are still described by states
in the irreducible representations of their symmetry

Electromagnetic Phenomena, V.6, Ne2 (17), 2006

group. The Lie algebra of LL (n) is given by
[P*, PP] =0,
[JPU, P“] — '(nwpp _ npupa) ,
N B O e
—HP IV — T JHPY |

(34)

where now the indices run as p = 0,1,...,n, for the
corresponding n. We implement discrete symmetries
along with Eqgs. (17) but now we must also consider
“mirror reflection” defined as

M=U(0,M).

Again, considering infinitesimal transformations in
Hilbert space we get

MGEJ™) I =P, P, I,
OGP =P, PP,

e (iJ")e ! =iT, T,"J",

O (iP")O~t =iT, PP,

M iJ,ul/) M—l — ,L'MPHMUVJPJ,
M (iP*)M~" =iM,"P?,

where P,", 7,/ and M,* are the representations for
spatial inversion, time reversal and “"mirror reflection”
in the d = 1 + n-dimensional Minkowski space. It
is straightforward to show that also in d = 1 +
n spatial inversion must be realized as a linear
and unitary operation and time reversal as an anti-
linear and anti-unitary one. As for "mirror reflection”
it must be implemented as a linear and unitary
transformation. Under this realization Eqs.(22) still
hold and the transformation of the generators under
“mirror reflection” reads

MPM'=P,, MKM'=K,
P Jii ifi,j#n (36)
1] 1 _ ) ’

MM _{—J”, ifi:norj:n}

where the tilded vector is defined as V =
Vs ey Vie1, = V).

At this point we wonder about the nature
of electrons in arbitrary dimensions from this
perspective. We consider electrons as states with well
defined parity transforming in the lowest dimensional
wrreps of the proper orthochronous Lorentz subgroup
(extended by parity if necessary). In the next section
we present the complete construction, from first
principles, of these states in the simplest case d = 142,
i.e. states describing planar electrons, using a similar
procedure to the one leading to the states in Eq.(30)
which describe electrons (and positrons) in d = 1+ 3.

5. Fermions in d =1+ 2 from
first principles

The group LL(Q) is locally isomorphic to SO(1, 2).
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The calculation of the corresponding irreps can be
found e.g. in [6] and we reproduce it in the appendix in
order to fix our conventions. There is only one "angular
momentum”, J = J'? and two boost operators, K* =
JY% i = 1,2, in this case. Also we have only one
Casimir operator, C = J? — K? — K2. The finite
dimensional irreps of the LL(Z) are labeled by the
eigenvalues of the Casimir operator, ¢(c + 1) , where
¢ = n/2 with n a nonnegative integer. These are
subspaces of dimension d = 2c¢ + 1 spanned by the
states |c,m), where m are the eigenvalues of J ("spin
projection”) taking the values m = —¢, —c+1...,¢—1,c.

The lowest dimensional irrep (beyond the trivial
one) is obtained setting ¢ = 1/2 in whose case we
obtain C' = 3/41. This irrep has dimension 2 and the
states {|1/2,1/2),]1/2,—1/2)} constitute a basis for
this subspace. In this basis the operators J, J,J_
defined in the appendix have the following matrix
representations

1/1 0
J‘i(o —1>’

0 1 00
J+<0 0>’ J—(l 0)’

whereas the states themselves have the following
representation

11 1
-z + —
i) 0=)
1 1 _ 0
where the superindex denote the eigenvalue of J

("spin” projection). From Eq. (A.3) we obtain the
following representations for the generators of LL (2)

(37)

(38)

1 .
J = =03, Kl = 30'17

)
= = .
D) 2 ](2 20’2 (39)

The boost and rotation operators for this
representation read

B(n, ) = cosh g + o-nsinh %,
(10)

D(#) =cos 3~ iog sin 2
where n =(n1,nsy) is the vector in the plane along the
direction of the boost and o = (01,02). In the case
of a boost acting on rest frame states the rapidity
@ is related to p* through the analogous relations to
Eq. (25), where now p = (p1,p2). In this case, the
boost operator and its square to be used below can be
written as

E4+m+o-p
B(n,¢) = ———w—,

V2m(E + m) (41)

E+o-p
Bz(n790):T-

Acting with the boost operator and the rest frame
states in the {|1/2,+£1/2)} basis we obtain the
following spinors

=t (P

1 Pz — ip

() om(E+m) \ E+m
These are the explicit form of the spinors, representing
states in the lowest dimensional representation for
a planar Minkowski world, constructed from first
principles. In the next section we show that these are

also eigenstates of space inversion thus they describe
planar electrons.

(42)

6. Spatial inversion in d =1+ 2

As discussed above, in sharp contrast with the
physics in 1 4+ 3 dimensions, spatial inversion
transformation is not an improper transformation
in d = 1+ 2. At the Minkowski space level this
transformation is

t/ 1 t
| = -1 x|, (43)
Yy -1/ \y

and the corresponding matrix P = Diag{l,—1 —
1} satisfy Det(P) = 1. It is easy to see this
transformation is just a rotation in an angle 7.

The transformation properties for the generators of
rotations and boosts in Hilbert space under spatial
inversion can be inferred from Eq. (43) according to
Eq. (35) as

MJ=J TK]I=—K, (44)

whereas for the Casimir and ladder operators we get

ICH =C,  ILJiIl=—Jo, (45)

hence the irreps {|c,m)} are also invariant subspace of
spatial inversion. This comes as not surprise since as
we noticed above spatial inversion belongs to LL(2).
From Eqgs. (44),(45) it is straightforward to show that
for a general irrep

II|c, m) = n(c,m)|c,m), (46)

where n(c,m) is a phase whose dependence on m
can be fixed using the transformation properties
of the ladder operators in Eq. (45) to n(c,m) =
(=1)"n(9 where 7(® is a global phase for a
given irrep characterized by the quantum number
c. For the specific case ¢ = 1/2, we get the
following representation for parity in the basis

{11/2,1/2),]1/2,-1/2)}
/2 — m(l/z)gg, (47)
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Notice that modulo a phase this is the very same
operator for a rotation in an angle 7 as expected. We
adopt the convention 7(*/?) = —j in the following.

6.1. Spatial inversion and Dirac
Equation for d =1+ 2

A general transformation in Ll(?)
Un(0, ) = €089, (48)

satisfy
[UA (8, )] T = [UA(6, )] 7", (49)

which can be used to show that the product
(1, ¢) = (¥[H]¢). (50)

is invariant under these transformations.
Now we consider the parity eigenvalue equation for
spinors in the {|1/2, £1/2)} basis and in the rest frame

Iy (0) = 74(0), (51)
where m = =41. Boosting this equation and using
Eq. (49) for the case § = 0 (boosts) we get

[B?(p)I — 7 ¢(p) = 0. (52)

which upon using Egs.(41) can be rewritten to

[(E+0-p)o® —mm]¢(p) = 0. (53)

If now we define 40 = o3, 4! = o3¢ = i0o?, 72 =

30?2 = —io! this equation can be written in standard
Dirac form

[V'pu — mm] P (p) = 0. (54)

Clearly, the solutions to this equation are the states
in Eq.(42). This derivation shows that also in d =
1 4+ 2 Dirac equation is just the covariant form of
“intrinsic” spatial inversion eigenvalue equation. The
formal structure is similar to the case d = 1 + 3,
the solutions to this equation are the spatial inversion
eigenstates as seen in a frame where the particle has
momentum p* = (E, p). Interestingly enough, under
this perspective the mass term in the corresponding
Lagrangian has the same transformation properties
under parity and time reversal as in conventional
Dirac theory in d =1+ 3.

At this point it is necessary to remark that in spite
of this formal analogy between the d = 1+ 3 and
d = 1+ 2 cases, there are substantial differences in
the physical content of Dirac equation. To start with,
the non-relativistic limit of the states in the lowest
dimensional irrep, ¥*(p) in Eq. (42)is

(55)
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a result which could lead us to identify these states
as the conventional non-relativistic spin states of an
electron. However, it is easy to show that states in
Eq. (42) are eigenstates of spatial inversion

PyE(p) = IIp®(—p)= +4*(p), (56)

which require to identify 1" (p) as the state describing
a particle and ¢~ (p) as the anti-particle. Notice that
this requires that a planar electron has fixed “spin”
projection m = +1/2 and the planar positron has
also a fixed "spin” projection m = —1/2. In order
to further clarify this point next we construct charge
conjugation operator in d = 1+ 2 and perform a non-
relativistic expansion of Dirac equation. Before this,
we remark that spinors describing planar electrons
are not eigenstates of “mirror reflection” operation
(adopted as parity in the current literature). Indeed,
from Egs. (35) it is possible to show that the matrix
representation for a general irrep labeled by c is

(M) i = (e, m!|M|em) = €96, _p, (57)

where [€()] = 1. In particular for the spinor
representation ¢ = 1/2 we get

M =¢1/2gt (58)

Spinors in Eq. (42) are not eigenstates of this operator
nor of its generalized form which include the change

P — b
7. Charge conjugation

Coupling to an external electromagnetic field via
the gauge principle in configuration space we get

(10, + eA )V —m](z) =0, (59)

where e denotes the charge of the particle. We define
charge conjugation as the operation transforming

N —e

c:{y T b (60

in such a way that the conjugate spinor 1. describes
a particle with a charge —e and thus satisfy

(10 — eAp)y"* —m] e(x) = 0. (61)

Complex conjugating Eq. (59) and applying U.y°
on the left, with U, a unitary matrix we obtain

[(iaﬂ - eAu)(UC'YO)'YH*(UCVO)71 + m]
X wc($) =0, (62)

where we defined the charge conjugate spinor as

Ye(w) = UA"P*(2) = U™, (63)
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with ¢ = 4%, Eq. (61) requires
UV (Uen®) ™t = =+ (64)

Since

Yy =420, =)0 = (00, =),
Eq. (64) amounts to
UANUT =7, UAU =% (k=0,2). (65)

These relations are satisfied by

Ue = —11c0” = 1e7°7°, (66)
where |n.|> = 1. This operator has the following
properties

Ul ==U.,  U.=—-"U"", (67)
U<22 = (776)2127 det (Uc) = _773'

Finally the charge conjugate spinor is
Ye(x) = UT = neyy*(x) = in*¢*(x).  (68)

Here we have choosen the phase convention 7, = i
in such a way that

(¢+)c = ¢_7 (¢_)c = ¢+, (69)

hence T describes a particle of positive spatial
inversion and ¥~ is indeed its anti-particle with
the opposite spatial inversion. This requires particles
and antiparticles to have fixed "spin” projection as
mentioned above. That this is the case can also be
shown by taking the non-relativistic limit of Dirac
equation. Considering the weak external field limit
and writing the Dirac field as

_ {51,‘ __—i(mc2/n)t [ Pu
w_<<5d)_e ( ) <90d)

where we re-introduced the A and c¢ factors, a
straightforward calculation yields

e—i(mcz/ﬁ)t¢7 (70)

Dz tipy
g==r"y
2me

Pus (71)

and the "large” component satisfy

. Opy w2 efi
h =(—+-—B—-¢ed |y, 2
ot (2m+2mc N >SD (72)

where B=V x A = €ij @AJ = 81A2 — 82A1. This is
the analogous in d = 1 4 2 of the Pauli equation and
shows that in a planar world the Dirac particle has a
fixed ”spin” projection m = 1/2. This is in agreement
with a calculation of irreps of the Poincaré group in
d =1+ 2 using the little group techniques in Ref. [7]

8. Summary

In this work we calculate spinors describing particles
transforming in the lowest dimensional irrep of
the Poincaré group in d = 1 + 2 from first
principles (without any reference to equations of
motion or Lagrangians). We show that these spinors
are eigenstates of conventional parity (space inversion)
and satisfy Dirac equation which in this perspective
turns out to be just the covariant form of the
eigenvalue equation for intrinsic parity, just like in
d = 14 3 . The construction of charge conjugation
operator and the non-relativistic expansion of the
Dirac equation shows that, in a planar world, electrons
have fixed ”spin” projection m = +1/2 while planar
positrons have always the opposite "spin” projection
m=—1/2.

Appendix A. Irreducible

representations
of L! (2)

The commutation relations for the generators of
rotations, J = J'2 and two boost operators, K =
JO% i = 1,2 are extracted from Eqs. (34) taking
n =2 as

[Ja Kl] = iKQa
[, Ks] = —iK), (A1)
K1, Ko] = —ilJ.

The Casimir operator is C' = J3 — K? — K3 . This can
be directly verified or inferred from the mapping J; —
1Ky,Jos — iK5 which transforms the above algebra
into the SU(2) one. Now we choose J as a second
operator to label the states and denote the {C, J3}
eigenstates as

Cla,b) = ala,b), Jla,b) = bla,b). (A.2)

Next, we define the "ladder” operators as'
Jiy=—iK; £ Ky (A.3)
which satisfy the commutation relations
[y, J-]=2J, [J,Je]==xJyr, [C,Ji]=0, (A4)
also
J Jy=C—-J*—J, JyJ_=C—-J>+J (A5
Using relations (A.4) we obtain
JJgla,by = (b£1)(Jx]|a,b)), (A.6)

and
CJ:t‘avb> = aJ:I:|a’7b>7 (A7)

IThis convention differ from the one used in [6]. Our
convention give a simpler form for the generators of boosts in
Eq. (39).
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hence Jy |a,b) ~ |a,b &+ 1) . Using this repeatedly
we obtain (J1)"|a,b) &~ |a,b + n) where n is a non-
negative integer. Now, from Egs. (A.5) we obtain

1
C—J*= 5(J+J_ +J_Jy). (A.8)

Here, we have two possibilities: the first one is
to consider K K, hermitian (hence boost will be
unitary). In this case we obtain infinite dimensional
representations [6] we are not interested in here. The
second possibility is to choose K K not hermitian
(hence boost will be non-unitary). We consider the
possibility realizing

J- = (J+)T’ (A.9)

in whose case

Kl =K. (A.10)

3

The calculation now goes along the line of the
conventional calculation of the irreps of SU(2). As a
result we obtain

a=clc+1), b=m, (A.11)

where ¢ = n/2 , with n a non-negative integer and
m=—c¢,—c+1,...,c — 1, c. In this notation

Clem) = c(c+ 1)|em),
Jlem) =mlem), (A.12)
Jalem) = v Je,m 4 1),

where we choose the usual phase conventions making

+ ; ;
r>,, real and given as

rE =V(cFTm)(ctm+1). (A.13)

Summarizing, the finite dimensional irreps of the
LL(Q) are labeled by ¢ = n/2 with n a nonnegative
integer and are subspaces of dimension d = 2¢ + 1.

The explicit matrix representation of J and the
ladder operators is

(|J]em) = MOpim ,
(eml Ty lem) = 18, 0mmet1, (A.14)

(emlJ_|em) =7, 0mim—1-
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