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Abstract

Pronko G.P. On Scalar Product in Relativistic Quantum Mechanics: IHEP Preprint 96-73. —
Protvino, 1996. — p. 9, refs.: 10.

It is shown that the scalar product in the physical subspace of a relativistic quantum me-
chanical system could be constructed making use of the Faddeev-Popov procedure with respect
to gauge group of time reparametrization.

AnxHOTaIMA
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The quantization procedure of mechanical system with the first class constraints ac-
cording to Dirac theory [1] could be performed in two ways. The former which is more
close to the conventional one consists in adding to the set of the first class constraints
their gauge fixing conditions and introducing independent coordinates on the reduced
phase space. After that the quantization postulate is introduced in terms of the reduced
symplectic structure or in other words for Dirac brackets. This way works fairly well for
e.g. gauge field theories where its shortcomings are unessential. The latter originates
from the fact that the independent variables on the reduced phase space often have very
complicated transformation law with respect to the Lorentz group and one has to pay
special attention to the ordering problem and definition of quantum Poincare generators.

Another way of quantization of gauge invariant system, as was also pointed out by
Dirac, consists in quantization of coordinates of extended phase space and constructing the
representation of fundamental commutation relations in extended space of states. The
physical subspace of this extended space is formed by the vectors, invariant under the
action of gauge group whose generators are quantum constraints. In this case we do not
face the necessity to introduce gauge fixing conditions for operators. But the quantization
procedure is not completed at this stage. The matter is that the scalar product that exists
in the extended space of states couldn’t be reduced to physical subspace because the
latter contains only vectors invariant with respect to gauge group and integration in this
scalar product automatically will also include integration over infinite volume of this gauge
group, making each scalar product of physical vectors infinite. This situation is familiar to
us from the theory of gauge fields and the correct answer consists in eliminating integration
over gauge group with the help of Faddeev-Popov procedure [2]. The definition of scalar
product in the physical subspace along this way was suggested in [3| for the case when the
gauge group generators are linear functions of momenta. For more complicated situations,
e.g. when the gauge group generators are quadratic in momenta, the corresponding
Faddeev-Popov determinant does not commute with gauge fixing é-function and we need
specify some ordering of operators which define the correct scalar product for physical
vectors.

The situation when the gauge group generators are a quadratic function of the mo-
menta is common for every relativistic particle and extended relativistic object if we



formulate the theory in manifestly covariant way. This quadratic constraint — the mass
shell condition is the generator of time reparametrization. We consider first the example
of point relativistic particle, the simplest object that is described by the minimal set of
variables : particle’s coordinate z(7) and its velocity @(7). Here the 7 is an arbitrary
parameter that numerates the points on the world line. The action of the point particle
should be invariant with respect to Lorentz transformation:

ot = wha”,
w“,, - _wy“ (1)

and also it should depend only on the world line of the particle but not on its parameter-
ization. These requirements fix the action up to a numerical factor m - the mass of the

particle:
A= m/dﬂ/:i’Q(T). (2)

The canonical momentum p,,, conjugated to the coordinate x, is given by:

_0A_ilr)
P Senn) " )

(3)

Due to degeneracy of the Lagrangian we can’t express all components of velocity , via
Dy, in terms of canonical variables i.e. the components of momentum are not independent,
but are subject to constraint:

¢(1) =p* —m* =0. (4)

The function ¢(7) is called the primary constraint. The canonical hamiltonian H, vanishes
because the lagrangian is the homogeneous function of velocities of the first degree, which,
in turn, is the consequence of reparametrization invariance of the action:

H,=p,z"—L=0. (5)

According to general theory [1], the role of the generator of evolution is played by con-
straint (4)
H = a(7)¢(7), (6)

where the Lagrange multiplier a(7) is a smooth, positive function.
Quantization of this system is straightforward. The canonical Poisson brackets

{2 Pr} = Guw (7)
become commutation relations for operators x, and p,
[xu’pu] = _Z'guln (8)

which act in the extended space of states H. The physical subspace H,, C H consists of
the vectors, satisfying the quantum constraint condition:



$Upn = (p* —m*) Ty = 0, (9)
which is apparently the Klein-Gordon equation.

It is a general property of the manifestly covariant formulation of quantum theory of
any relativistic mechanical system that the set of the first class constraints included the
mass shell condition in quantum theory defines a physical subspace in an extended space
of state, where we construct the representation of fundamental commutation relations.
This extended space of states is yet a linear vector space. Now we have to endow it with
some scalar product, with respect to which the operators, that represent the fundamental
variables will be formally hermitian. Apparently, for our case this scalar product in z—
representation is given by

<ULy S / AU () Ws (). (10)

With respect to this scalar product the operators z, and p, are self-adjoint in the ex-
tended Hilbert space H. Further we must consider the reduction of this scalar product
for the vectors belonging to the physical subspace. This procedure sheds light on the
origin of the so called 7 Klein-Gordon scalar product” and that will be discussed now is
very important for each quantum relativistic system. The matter is that scalar product
(10) in the extended Hilbert space does not exist for the vectors which belong to the
physical subspace #H,,. The reason for that is the invariance of physical vectors under the
gauge transformation, generated by ¢. In other words, in integral (10) the integration is
performed over the whole x— space, including automatically the orbits of the gauge group,
that has an infinite volume. Indeed, the general solution of (9) has the following form:

V(o) = [ d'pe u(p) = [ dpe? 55 — m)u(p) (1)

Note that the factor §(p* —m?) in the p-representation of state W, (p) arises due to the
invariance of the physical states under transformations, generated by ¢. Taking two states
from the physical subspace and substituting it into the scalar product (10) we shall get

< Wiy o >= (21)* [ @V () T () (12)

so in the r.h.s. the integrand contains two factors §(p* — m?, which make the scalar
product infinite. It is exactly the same situation which arises in the functional integral
approach in the gauge fields theory and the cure for this decease is the Faddeev-Popov
procedure [2]| , which reduces the integration over the whole region to the integration over
the equivalence classes with respect to the action of the gauge group. Intuitively it is
clear that this process should cancel one of the factor §(p? — m?) out of the integrand.
That is very simple in the p— representation, but we must derive the general formula
for scalar product, independent of the representation of the wave functions. To do that
according to Faddeev-Popov we must insert into the integral noninvariant operator which
will remove the integration over the infinite gauge group orbit, the operator

A= Ad(nz—1t), (13)



where n,, is c-number vector (though we can consider also the case when n,, depends on
the dynamical variable e.g. p,), n> > 0. The reader, familiar with the gauge field theory
recognized in (13) the § function of the gauge fixing condition and the Faddeev-Popov
determinant A. Usually the latter is determined by the equation

A 7 dad(nz® —t) =1, (14)

where the z7; is the gauge transformation of operator z,:

T, = e 102y 912 — 1, + ap,. (15)

This definition as well as formula (14) does work in the case when the constraint, that
generates the gauge transformation is a linear function of the momenta. In our case ¢
is the quadratic function of the momenta and this naive prescription is not valid. The
reason for that is noncommutativity of z, and zj;. The naive answer for the Faddeev-
Popov determinant which one can obtain omitting noncommutativity gives A = np, but
this determinant does not commute with é(nx — t), the situation was not encountered in
the gauge fields theory and we have to solve the ordering problem. The correct answer
we obtain only with symmetric ordering:

%[A 7 dad(nz®™ —t) + 7 dad(nz® — t)A} =1, (16)

with A = np. So the correct form of noninvariant operator (13) is the following:
1
A= 5 [npé(nm —t)+(nx — t)np]. (17)

One can get convinced in that through the following simple consideration. The d—
function of an operator O is defined by the Fourier representation:

17,
5(0) = — / dye™©, 18
0) =5, [ due (18)
so the gauge transformed A-operator is given by
1
A = 5 [npé(nm —t+anp) + d(nx—t+ anp)np} =

1 7 1r A
:% / dyi[npezy(nx—t—kanp) + ezy(nx—t—l—anp)np}. (19)

Using commutation relations (11) one can prove that

eiy(nx—t—l—anp) _ eiy(nx—t)eia(ynp—%y2n2)’ (20)



and A A
npezy(nx_t+anp) _ ezy(nx—t—l—anp) (np o ynQ) (21)

Substitution of (20) and (21) into (19) gives

17, 1 : 122
a 1y(nz—t) _ o2 pla(ynp—5y°n?)
A = 27_/ dye (np Sy )e . (22)
Now we can fulfill the integration of A% over a:
r e r 1y(nz—t) 1 2 1 2
/ daA® = / dye™ ™™D (np — ~yn?)d (y(np — Syn?)) =
K K 2 2
= / dye¥ ™ 5(y) = 1 (23)

The role of the symmetric ordering of operators in (17) now becomes evident — it leads
to cancellation of the second zero of argument of 6— function in (26).

Inserting (17) into scalar product (10) we finally get the scalar product in the physical
subspace, valid in any representation:

(\Iflph\lfgph) =< \IflphA\Ifgph > . (24)
In particular, choosing n,, = (1, 6) we obtain the known ” Klein-Gordon scalar product”

<>
(1 Vo) = —i / BrW () Do Wopn(2)]sos. (25)

Note, that the operator 5()) in this scalar product is the heir of the Faddeev-Popov de-
terminant. Now we can check that in p-representation this A operator does cancel one
§(p* —m?) in integral (11).

By explicit calculations one can prove that scalar product (24) does not depend on
the gauge fixing parameter ¢:

%( 1pnWopn) =< mlph%A%ph >=0. (26)

Apparently not every operator may be defined on the H,,. In addition to common
concepts of the operator theory on the Hilbert space (or rigged Hilbert space) we must
differentiate the operators which act in the extended space H and which leave H,;, invari-
ant. In the case of the point particle, the operator p, commutes with quantum constraint
¢ and therefore transforms the physical vector into another physical vector:

¢(puq]ph) = pu¢\pph = 0. (27)



We shall call the operators, that leave the physical subspaces invariant the physical opera-
tors. Another example of the physical operators provides the Lorentz angular momentum
M

Nz

M,, = z,p, — TP, (28)
The important and nontrivial property of the physical operators is that in spite of the
fact that they do not commute with operator A, that defines the scalar product in the

physical subspace, the following property is valid:
(‘I’1phF‘Ifzph) = (F+‘I’1ph‘l’2ph), (29)

where F' and F'* denote a physical operator and its hermitean conjugation. The reason for
this property is that the commutator of any physical operator with A proportional to %A
and due to (26) this operator has a vanishing matrix element on the physical subspace.

A more complicated situation arises with the operator z,. Apparently the physical
vectors belong to the domain of this operator, but acting on it, =, transforms it into
nonphysical ones:

¢($“\prh) = $“¢\prh + [¢> xu]q]ph = Qipu\pph 7£ 07 (30)

therefore the operator x,, is not physical itself. Here originate the difficulties with the no-
tion of localizability of quantum relativistic particle. Indeed, if we have not the hermitian
operator on the physical subspace, whose eigenvalues are z, or x;, we can’t speak about
pure states of this operator. The extensive and very profound discussion of this subject
was presented by Pryce [4] and Wigner and Newton [5].

The same procedure holds true also for the Dirac particle, whose classical theory
was suggested in the paper of Berezin and Marinov [6]. We will not present here the
whole discussion and details of this paper. For our purposes we need only the canonical
formalism of the theory. The phase space of the Dirac particle contains, apart from usual
canonical coordinate and momentum z,, ,p, also the Grassmannian variables ¢, , {5 with
Poisson brackets:

{{u,fy}D = iguy-{fs,fs} = —i. (31)

The set of first class constraints on canonical variables are the following:
L=p*—m? \=pé —mé&. (32)

These constraints form the simplest nontrivial graded algebra with respect to Poisson
brackets (7), (31) and are the generators of gauge transformation with usual bosonic pa-
rameter and with the Grassmannian one. Quantization of the Dirac particle consists in
postulating commutation relations for bosonic and anticommutation relations for Grass-
mannian variables:

[xmpl/] = _iguu7
[5#) él/]+ = Yuv,
[557 55]4- = _17 (33)



and again the constraints convert into conditions on the physical states

(p2 - m2) \I]ph =0,
(P§ - mfs) Wpn =0. (34)

To satisfy algebra (33) we set

1
§u = ﬁ%’m
1

= —s, 35
& \/5’75 (35)

then the last equation takes the form of Dirac equation
(P = m) Ty =0 (36)

As in the case of the point scalar particle, we shall define first the Lorentz invariant
scalar product in the extended Hilbert space H:

<ULy > / A2, () s (), (37)
where ¥, (z) is the usual Dirac-conjugated spinor:
Ui (z) = T (2)7". (38)

With respect to this scalar product all our variables, z,,p, and v’s are hermitean or
anti-hermitean. As in the case of the scalar point particle, this scalar product does not
exist for the states belonging to the physical subspace H,,, and again the divergence of
the scalar product of physical states arises due to their invariance under gauge group
transformations. The gauge group of spin particle corresponds to the algebra:

M=L [\ML]=0 (39)

where A and L were defined in (32). Apart from the usual reparametrization it contains
transformations with the Grassmannian parameter generated by an odd constraint A and
we can expect that the divergence of scalar product in the case of spin particle will be
"stronger” than in the case of spinless one. But the matter is that the integration over
Grassmannian variable never diverges [7], therefore the divergence of the scalar product of
physical vectors will be produced only by integration over the subgroup, generated by L,
i.e. is the same as in spinless case and may be eliminated with the same Faddeev-Popov
operator A:

(\Ijlph’ \I]2ph) = < qjlph) A\IIQph >=

— /d%\fflph(x)% [npé(nm —t)+ d(nx — t)np} Woph.- (40)



This formula seems to be different from the usual scalar product for Dirac particle [8], but
making use of Dirac equation (36) we can express the action of operator np on physical
vectors by the 1.h.s. of the following equation:

¥y, = myn¥,, — ynp YW, P = p" — nfpn/n’. (41)

Substituting (41) into (40) we arrive at
(\Iflph, \Ifgph) = 2m/d4x5(xn—t)qflph(x)n'yllfgph(x) -
— /d%z’%[\Iflph(x)'yn’y“\lfgph(x)é(xn — t)} (42)
The last term in (42) vanishes as the integral of the total derivative and we finally obtain:
(10, Wapr) = 2m / & Uy ()Y Yo (), (43)
which for n,, = (1,0) coincides with thee familiar scalar product for the Dirac particle:

(Vapn, Wapn) = 2m / BV () Uy (2), (44)

A more complicated relativistic mechanical system e.g. a relativistic oscillator contains
apart from the mass shell constraint also a constraint linear in canonical momenta which
involves no difficulties [3]. The same situation occurs in any system of Komar-Todorov
type [9].The present approach is not applicable to the case of covariant quantization of
the relativistic string because in this case the quantum constraints do not form the first
class algebra due to anomaly [10]. It will be interesting to apply the formalism in the case
of canonical gravity where one of constrains is also quadratic in canonical momenta and,
besides, is a nonlinear function of coordinates.
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