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On the P- and T-non-invariant
two-component equation for the neutrino

W.I. FUSHCHYCH

The relativistic two-component equation describing the free motion of particles with
zero mass and spin %, which is P- and T-non-invariant but C-invariant, is found. The
representation of the Poincaré group for zero mass and discrete spin is constructed. The
position operator for such a particle is defined.

1. Introduction
As is known, the Dirac equation for a particle with zero mass:

0 (t, x)
ot

is invariant with respect to the space-time reflections. If one chooses for the Dirac
matrices the Weyl representation eq. (1.1) decomposes into a system of two equations

.8@1(25, :IC)
ot

where oy, are the Pauli matrices and W, is a two-component spinor. The Weyl equati-
on (1.2) for ¥ (or ¥_) is not invariant under space reflection P and charge conjugati-
on C but is invariant under the C'P- and T-operations.

Due to the fact that the space parity in the weak interactions is not conserved it
is usually assumed that neutrino is described, not by the four-component eq. (1.1),
but by a two-component one (1.2). Therefore, in papers [1] an hypothesis was put
forward that the weak interactions are invariant with respect to the C'P operation and
consequently to the T operation, if the CPT theorem is valid.

In this paper the two-component equation for a particle with zero mass and spin %,
which is non-invariant under the time reflection of 7' and the C'P operation, is found.

:’YO’Ykpk‘I’(tyx)a k= 17273a (11)

= toppr ¥+ (t, ), (1.2)

2. Equation for a neutrino with “variable mass”
On the solutions of eq. (1.1) the generators of the Poincaré group P(1,3) have the
form

Py =HY = vovpr, P} = py,

1 2.1
Jo = zepr — xipk + Sk, o = Topr — 3 [on, HY]
1. 1.
S,UV = _Z(’Y,LL’YU - ’VV’YH«)’ S,u4 - _Z(’Y;L’Vﬁl - ’74’7#)»
4 4 @.1)

1. 1.
Sus = izfyﬂ, Sis = 5174, nw=0,1,23,

where v, and 4 are the Dirac matrices.
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If one performs a unitary transformation [2] over eq. (1.1)

1 .
Uy = exp {—i7r55363} ; e = L2 p3 # 0, (2.2)
2 |P3
or
U 1 1+ ) (2.2)
= — (& 5 .
1 \/5 Y3€3
eq. (1.1) has the form
Ox(t,x
Z% = (Y0YaPa + 0lp3|) X (t, ), a=1,2, (2.3)

where x4 is a two-component spinor.
The Poincaré group generators P(1,3) on {x} being the solution of eq. (2.3) have
the form

Py =HX =v%aPa +v0lpsl,  PY = px,

J;Cb = TqPy — TpPa + Sabs J;(g = TqP3 — T3Pa — €35a373, (2.5)

1
3. = Topk — B [zr, HX], .

Choosing for the Dirac matrices somewhat unusual representation

_ (o3 O [ io, O
Y = 0 —o3 ) Ya = 0 _,L-O_a )

(2.6)
(0 i (0
73 - 7/ O b ’74 - —Z 0 ’
eq. (2.3) decomposes into a system of two equations
Ox+(t,x .
PED) i pa £ o3lpal} X 1, ),
2.7)

1 . 1
X+ = QxX, Qs+ = 3 +iS43 = 5(1 + y374).

Eq. (2.7) for the functions x4 (¢t,x) (or x—(¢t,x)) has quite the other properties
relative to the discrete transformations than the Weyl equation (1.2).

We note the following:

(i) It is possible to arrive at eq. (2.3) (or (2.7)) in another way. If we “extract the
square root” from the operator equation

(p5 —p2) x = Pix.
we obtain egs. (2.3) (or egs. (2.7)).
(ii) The fact that the Dirac equations for zero and non-zero mass are invariant
under the P-, T- and C-transformations is the consequence of the fact that they,
besides being invariant with respect to the group P(1,3), are invariant under the
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group SU(2)®SU(2) ~ O(4) (this question will be considered in detail in a following
paper).

Eq. (2.3) coincides in form with a usual Dirac equation for zero mass if |ps| is
considered as the mass of a particle. Therefore it is possible to say that eq. (2.3)
describes a “flat neutrino” with variable mass |ps|. Really the operator |ps| is the
Casimir operator of the group P(1,2) but not of the group P(1,3).

Before passing to an investigation of the P-, T'- and C-properties of eqs. (2.7) we
shall construct the operator of the position in the space.

For eq. (2.3) the operator of the Foldy—Wouthuysen type has the form

)
Uy = exp { Sls/a%a arctg |pp|“ } . (2.8)
pu, 3

If the matrix S5, have the form of (2.1’) then

E + |p3| + YaPa 2 2 2
U= GEEL e DoVPitRte (2.9

Eq. (2.3) after the transformation (2.9) transfers into
00(t, x)
ot
The generators of the group P(1,3) on {®} have the form

= Hq)(tv x) =1E®(t, x), O(t,z) = Ua2x(t, ). (2.10)

)

P(;I):H¢.:'-YOE) PI:I):p/W

SabDb
Jcb = Tq — a Sa7 Jq> = Lgq - a 2 )
ab = TaDb — ToPa + Sap a3 = TaP3 = T3Pa = 3570 P3| (2.11)
1 SabPs 1
J(I:' = - = 7Hq> - 2 Y Jq) = 5 ,H(I) :
o = opa — 3 [7a 7] =20 i = roms = g e MO,

It must be noted that the operators (2.11), as it can be immediately verified,
satisfy the algebra P(1,3) commutation relations not depending on the matrices Sgp
explicit form, i.e. the operators (2.11), if =g is substituted for 1 (or —1) and realize
irreducibly the algebra P(1,3) representation which is characterized by zero mass and
discrete spin. The representation (2.11) differs from the corresponding Shirokov [3],
Lomont-Maoses [4] ones but is certainly equivalent to them.

The position operator on a set {x} looks as

SSa S5cpcpa Sacpc

XX: 710, — Lg — 7 )
a = Ve a2 =2 = "5 i pa) T EE + Ipa))

(2.12)
— SScpc 1 .
X;f = U2 1.%'3U2 = x3+ €3 52 Ss. = —57/}/0.
The position operator on a set of solution {¥} of eq. (1.1) looks as follows
_ - S5a 7355cpcpa Sacpc
X;I’:U1X;<U:aca—|—e,y3 —e ,
Lo TE L UPESR) T BESRED) o

B SscPe

X;)I/ = Ul_IX;fUl = I3 2
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(iii) If one performs a transformation on eq. (1.1)

~ 1
U =—(1+ 2.14
1 \/E( 73) ( )
and then a transformation
~ E
U, + D3 + YaPa (2.15)

- {2E(B + [ps)}/?

it will transform into the equation

0d(t, x)
ot
The generators of the group P(1,3) on {®} coincide with (2.11) where the substi-

tution was made e3 — 1, |p3| — ps.

=®(tx), @=UU,V. (2.16)

1

3. P-, T- and C-properties of two-component equation
Here we shall study the properties of one of the two-component egs. (2.7)!

Ox(t, x)
ot
under the discrete transformations.
We shall denote through P®) (k = 1,2,3) the space inversion operator of one axis
which is determined as

i = (iO’gO'apa + 03|p3|)X(t7 CL'), (31)

P(l)X(taxlax27‘T3) = T(l)X(t7 _'r17x27$3)' (32)

Analogously P® and P®) are determined.
As is well known, two non-equivalent definitions of the time-reflection operator
exist. According to Wigner the time-inversion operator is

TOx(t, ) = 7D x*(—t, ). (3.3)
According to Pauli it is:
TAx(t, ) = TP x(~t, ). (3.4)
The operator of the charge conjugation can be defined as the product of the
operators T, T®) or as
Ox(t, @) = 7T¥x*(t, @), (3.5)
where %) 7(¥) are the 2 x 2 matrices.
The operators P, T, C with the group P(1,3) generators satisfy the usual com-
mutation relations.

The generators of the group P(1,3) on the solutions {x} of eq. (3.1) have the form
of eq. (2.5) where

HX — i0304pa + 03|p3| = —02p1 + gap2 + 03|p3],
(3.6)

1. 1
Sap — ZZ(UbUa — 040%), Sazvs — —50%

and the matrix g is substituted for the matrix o3.

In what follows, under x we shall understand the two-component spinor x..



On the P- and T-non-invariant two-component equation for the neutrino 203

Using the definitions (3.2)—(3.5) it is not difficult to verify that eq. (3.1) is P()-,
C-invariant but PM-, p@- 7M. 7@ _pon-invariant.

Thus, eq. (3.1) is P®)IC-, PO PR pEIC- and P CT@-invariant but PG)CT(@)-
and P(®(C-non-invariant.

We note the following:

(i) The result obtained is a consequence of the fact that the projection operators
Q@+, with the operators of the discrete transformations, satisfy the following relations

P@Q, = Q#D(a)7 T@Q. = Q¥T(a),
PAQy =QLP®), CQ+ =Q+C.

(ii) The two-component equations for the functions x, and yx_ are equivalent to
the four-component one (2.3) with the subsidiary relativistic-invariant conditions

(3.7)

1 1

Q-x= (5 - i543> X = 5(1 —7374)x = 0, (3.8)
1 1

Qix = (5 + zS43) X = 5(1 +v374)x = 0, (3.9)

respectively. For eq. (1.1) these conditions look like

(% + i63S45> U = %(1 — 63’}’4)\11 = O, (38/)
1. 1
(2 - 163545) U= 5(1 + 63"}’4)‘1’ =0. (39/)

Eq. (1.1) with the subsidiary conditions (3.8") and (3.9’) can be joined and can
be written in the form of two P(®)- and T®-non-invariant but P®)- and C-invariant
equations

{7up" 4 2(1 4 ezv4) } Wi (t, ) = 0, {7up" + 2(1 — e374)} Ua(t,x) = 0,

where ¢ is some constant value. The four-component equations for the neutrino,
which are the union of eq. (1.1) and the usual subsidiary condition, were recently
considered in ref. [6]. These equations, as well as the Weyl equations (1.2), are P-
and C-non-invariant but 7" -invariant.

The unitary operator of type Us for the two-component eq. (3.1) has the form

\/ P2 1
Vl = exXp {isapa arctg Pa } s Sk = —Eklnsln, (310)

N P3| 2

or
E + \ps\ + 104Pa
V; = . 3.11
' REE + ) N

The position operator on the set of solutions {x} of egs. (3.1) looks as follows

Oq OcPcPa ~(Uaoc - Ucoa)pc

2E | 2E2(E + |pg)) 4E(E + |p3) (3.12)
obDb
2F2°

X =V e Vi =,

X -1
)(3+ :V1 x3V1 = x3 + e3
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To complete our treatment, we find the position operator for the neutrino which is
described by the Weyl equation (1.2), for example for the function W. This equation
under a transformation

_ E+ps| +iow&k
2/ &k ’

where the vector ¢ has the following components

Vv (3.13)

&k = {p1 — p2es, p2 +e3p1,e3(E + |ps])},
takes a canonical form
Z,8<I>+(t,:13)
ot

The position operator for a neutrino which is described by the Weyl equation (1.2)
(for W) looks like

=0, EP, (t,x), ol = o3es, S, (t,x)=VU, (t,x). (3.14)

_ . a . €3030¢PcPa ~(Ua0c - Ucaa)pc
XZV:VImaV:xaque 739 —1 —1 ,
Y2E  2B(E+Ips)  4E(E+|ps))
XW =Vl = gy — i 2000
3 T3 I3 (3 2E2

The other definitions of the operators Xj and V for the neutrino are given in
ref. [5].

(iii) From Dirac eq. (1.1) one can, generally speaking, obtain three types of non-
equivalent two-component equations. On the set of solutions of eq. (1.1) a direct sum
of four irreducible representations D¢°(s) of the group P(1,3)

e=1 _ 1 e=—1 _ _l e=1 _ _1 e=—1 _ l
D (3—2)69D (5— 2)@D (3— 2>@D (5—2)(3.15)

is realized, where ¢ is an energy sign, s is a helicity. Hence it follows that there exist
three types of two-component equations on the set of which the following representa-
tion of the group P(1,3)

e=1 _ 1 e=—1 _ 7}
D (S = 9 S>) D s = 2 ’
=1 (s = —%) @ D=1 (s = %) , Dt (3 = %) ® D=1 (s = %) , (3.16)
D€1<s = ;) @Dsl(s = ;) , Dsl(s = ;) @D51<5 = ;) ,(3.17)
- (S:

%) o D=1 (s _ _é) (3.18)

are realized. If on the solutions of two-component equation there realizes the represen-
tation (3.16) then this equation will be T(M-invariant but C-, P-, T?)-non-invariant,

or
D¢

or

or

Dal
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if the representation (3.17) does then it will be (M- T®)- C-invariant but P-
non-invariant, and if the representation (3.18) it will be 7(})- P-invariant but C-,
T®)-non-invariant. This problem will be considered in more detail in another paper.

4. Equation for a flat neutrino
The motion group in the Minkovski three-space is the P(1,2) group of rotations
and translations conserving the form

2 _ .2 2 2
x°=x5 —x] — 23

In this case the simplest spinor equation is

Z.GXi(t,JJLM)

815 = (iUgUapa + U3m)X:E (ta X, 1'2)7 (41)

X+ is the two-component spinor and m is the eigenvalue of the operator ,/P2.

Eq. (4.1) for x4 (or x_) like eq. (3.1) is invariant under the P P®3)- and C-
operations but non-invariant under the P(® and T -operations.

Thus, eq. (4.1) for the wave function x, (or x_) is PO PRIC- T p®). and
P@CT®-invariant but P(@C- and CT(*-non-invariant.

[t should be noted that the equation being the “direct sum” of the equation for
X+ (t, z1,22) and x_ (¢, 1, x2) is invariant under the P-, T- and C-transformations [7].

Finally, we quote one more example of the P- and C-non-invariant equation which
is invariant with respect to the inhomogeneous De Sitter group. Such is the Dirac
equation:

ialll(t,a:,u)
ot

This equation as is shown in refs. [2, 7] is T(W-, T C-invariant but P*)-, T(?)- and
C-non-invariant.

All the results obtained in this paper can be generalized for the arbitrary spin s
case, if one uses for this the purpose the equation (ref. [2]):

= (Vo’ykpk + ’70%)\:[/({;» €T, 5U4), k= ]-7 27 37 4. (42)

W (¢t
P2 s Supt ), =123, (4.3)
where ) is some fixed parameter (for the Dirac equation A = —2i), and S, Sy, Sus5

are the matrices (not 4 x 4 ones) realizing the algebra O(1,5) representation.

(i) If we transform the usual Dirac equation describing the motion of the non-zero

mass particle m with a spin % as

_ Y3p3t+gzt+m — /.2 2
‘/2 - {QQ3(Q3 T m)}1/27 q3 = P3 +m 5 (44)
it has the form
‘1//
SAAULIS ) (4.5)

H' = vYaPa + Y043, U =150, a=1,2 (4.6)
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Choosing the representation (2.6) for the Dirac matrices eq. (4.5) is decomposed into
the set of two independent equations

ov', (t,x
Z% = (—o9p1 + o1p2 + 03(]3)‘I’/+(ta x), (4.7)
ov’_(t,x
Z% = (—o2p1 + 01p2 — 03¢3)V"_(t, ), (4.8)

where ¥/, and W’ are two-component wave functions.

Eq. (4.7) or (4.8) describes a free motion of spinless particle and antiparticle
with the mass m. Thus besides of the Klein—-Gordon equation there exist the other
equations of the type (4.7) and (4.8) which are also relativistically invariant and
describe the spinless particle motion with non-zero mass. The two-component eq. (4.7)
is equivalent to the four-component Dirac equation

OV (t,x
Z% = (’YO’Ykpk + ’VOm)\Ij(t7w)7 k= 1u 27 3 (49)
with such subsidiary condition
(1 - Mmﬂp) W(t,z) = 0. (4.10)
q3
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