\]
N
%

Progress of Theoretical Physics, Vol. 62, No. 3, September 1979

Indefinite-Metric Quantum Field Theory
of General Relativity. V

Vierbein Formalism

Noboru NAKANISHI

Research Institute for Mathematical Sciences
Kyoto University, Kyoto 606

(Received March 10, 1979)

The indefinite-metric quantum field theory of general relativity is extended to the coupled
system of the gravitational field and a Dirac field on the basis of the vierbein formalism.
The six extra degrees of freedom involved in vierbein are made unobservable by introducing
an extra subsidiary condition Qslphys)=0, where Qs denotes a new BRS charge correspond-
ing to the local Lorentz invariance. It is shown that a manifestly covariant, unitary, canoni-
cal theory can be constructed consistently on the basis of the vierbein formalism.

§ 1. Introduction

U~ e have successfully developed the indefinite-metric

n

In a series of papers,
quantum field theory of gravity. In the first paper,
of the following four fundamental principles: Lagrangian and canonical formalism,

we emphasized the importance

manifest covariance, indefinite-metric Hilbert space with subsidiary conditions (so
as to make the physical S-matrix unitary), and asymptotic completeness. The pre-
sent author believes that the true fundamental theory describing Nature should
satisfy the above four principles, unless space-time itself needs to be quantized.

The existence of Dirac fields in Nature is undoubtedly true. In order to
conform to our standpoint, therefore, we must extend our indefinite-metric quantum
field theory of general relativity to the coupled system of the gravitational field
and a Dirac field. This problem is highly non-trivial, because the generally-co-
variant formulation of a Dirac field cannot be made in terms of the metric tensor
0. alone. As is well known, the Dirac theory is most conveniently formulated
in terms of vierbein.” The vierbein h,, (¢=0,1,2,3) involves six extra degrees
of freedom, which are nothing but the freedom of choosing the directions of the
four axes labeled as a=0,1, 2, 3 at each space-time point. Since the transformation
between two choices of four axes is a Lorentz transformation, it is usually called
the local Lorentz (LL) transformation, though this name is somewhat misleading,
because it is not a coordinate transformation.

It is known that the generally-covariant Dirac Lagrangian density is invariant
under the LL transformation. Accordingly, the new situation encountered here is
quite similar to the Yang-Mills theory; we have a local internal symmetry, which
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780 N. Nakanishi

is a Lorentz group. It is natural, therefore, to introduce the BRS transformation
corresponding to it and set up a Kugo-Ojima subsidiary condition.”

In the present paper, we show that the extension of our canonical formal-
ism”~® to the vierbein case is carried out consistently. In §2, we review the
generally-covariant formulation of a Dirac field in terms of vierbein. In § 3, after
defining the LL-BRS transformation, we introduce the LL-gauge-fixing Lagrangian
density and the LL-FP-ghost one. Then a new system of field equations is obtained.
In §4, we discuss the LL-FP-ghost current J\*, the LL-BRS current J.*, the FP-
ghost current J., the BRS current J,” and the Poincaré generators P, and M,,.
It is shown that the expressions for Q., Q, and P, remain unchanged. In §5, we
introduce the asymptotic fields and show the unitarity of the physical S-matrix in
the Heisenberg picture. Discussion is made on our choice of the LL-gauge-fixing
term in the final section.

The analysis of commutation relations will be presented in a succeeding paper.

§ 2. Vierbein and a Dirac field

We denote the vierbein by /£, which satisfy

nabh/zahvb = g,w 5 (2 : 1)
g#vh'/ta,hub = ﬁab > (2 : 2)
where ¢,, and 7,, are the gravitational field and the Minkowski metric (+ — — —),
respectively.  Greek indices and Latin ones are raised by ¢g* and by 7, respectively.
Let h=—det h,,, then h= \/—7(], where g=detg¢,. For any derivation 0, from
(2-2) we have
Oh = — h"h*h,, (2-3)
Oh=hh"0h,, . (2-4)

Expressing the affine connection 77,/ in terms of vierbein, we see*
I M =000, M (2-5)

for any M* = M""

The generally-covariant Dirac y-matrices are defined by

r=h"z,, (2-6)

so that {y*, v’} =2¢”, where 7,’s denote the usual 7-matrices in the flat space-time.

The spin affine connection is defined by

P/zz"lz &nbr/znh> (2 7)

A middle dot indicates that the preceding differential operator does not act beyond it.
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Indefinite-Metric Quantum Field Theory of General Relativity. V' 781

where Gu=(¥a»—7»7a) /4 and
= (0, — TP h®) B
= {0 N — 0,1, — I h, 0k, — (a<>b) }
e 2-8)

T'hen the covariant derivative of §” vanishes:

V,LTVEO;va ‘+ ]1,;;.”77' - ['r'ﬂ’ 7.v] = O - (2 ° 9)

The Dirac field ¢ satisfies”

(7"F,+im) =0, (2-10)

where m stands for a mass and F,=(0,—1",) . The conjugate field ¢ is defined
by ¢=¢'7,. Since A" is hermitian, (2-6) implies 7,(7*)'7o=7“ Hence (2:10)

implies

(b( WT—im) =0 (2-11)
with th@‘(éﬂ-\— I"). The Dirac equations (2-10) and (2-11) follow from the
following Dirac lLagrangian density [ as is seen by using (2-9):

L= ih (710, = 0, = %, T )= mhify. (2:12)%

It can be shown that [ is invariant under both the general coordinate transforma-
tion and the LL one.
In the Dirac theory, the canonical energy-momentum tensor density,**’

can _[alD/ﬁ(aﬂ(ﬁ)]@;gﬁ a“[) [0 D/@(ONJ)]——&‘;‘J:D
— é—m@(w& ~ 0, =0, L, (2-13)

is different from the gravitational-source energy-momentum tensor density 7Tp*, de-
fined by

,[1[)/“,; - ]I <0.,CD a ) 6=—£D )
By 00,00

pa

= —g* Ly —i—éih&(r"ﬁ”~ﬁ”r”)¢)

_1]1¢({7 L7 ,/}J}’V)‘H’)\f L7, 7 1) ¢ (2-14)

® The differential operator 9, acts on ¢ but not on A.
*# In the present paper, we always consider energy-momentum tensor densities instead of
tensors.
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782 N. Nakanishi

This expression for 7TpH*” looks non-symmetric in its appearance under u<>y, but
with the aid of the Dirac equations, it can be rewritten into a symmetric form:

TD"”=%ih$(r”f7’+r”ﬁ"—V”r"—?”r")sb. (2-15)

This fact is a consequence of the LL invariance of _[p.

Finally, we review some important consequences of the invariant variation
theory (the second Noether theorem)” for later convenience.

Let A be any scalar density depending on some fields @,. Then the invariance
of [od'xA under the general coordinate transformation implies that the following
three identities hold: i

; 10,000, (D) [04]"1] +06,(A)0,04 =0, (2-16)

S04/0(0,0010,0,~ 0,45 0., (4) [0,]7,—9.K", =0, (2-17)

K® = — K (2-18)
with

KIWIE — ; [0/1/0 ((7,,(])4) ] [(Dl] yl N (2 . 19)

where 0,, denotes the Euler derivative with respect to @4 and [@,]% is the trans-
formation matrix of @, under the infinitesimal general coordinate transformation
(i.e., the infinitesimal change of @, is written as [@,]%0,&").

Since

o= — 0" (2-20)
[P1=141%=0, (2-21)
for A=_Lp (2-16) becomes
0,004, (L) (—0%h20) ] +0n,, (L) 031,
+0,(Lp)0:p—0;4-05(Lp) =0. (2-22)

The last two terms vanish because of the field equations for ¢ and ¢, namely,

(2-10) and (2-11). Therefore (2-22) reduces to

2. 1Tp", =00 Tp =0, (2-23)
that is,

FJIn' = (2-24)

because of Tp”=Tp™” and (2-5).
The remaining identities (2-17) and (2-18) become
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Indefinite-Metric Quantum Field Theory of General Relativity. V' 783

. 0Ly o [ 0Ly ] )
T s 10,k —1T =0, hja—-"—]|, 2-2
b a0, 5(8,h) = 2 8(0,h.) ( 5)

OID — aID - (226)

0 (0,h0) 00k

respectively. They are important in § 4.

§ 3. Lagrangian and field equations

We first introduce the LL-BRS transformation, which is denoted by 8r1, while
we denote by 8 the BRS transformation corresponding to the general coordinate
transformation as before.””*  Since the LL transformations form a Lorentz group,

we have®

8LL (h/la) = ta,bhﬂb s (3 . 1)
S () =—1% Gy, () =+4% GG » (3-2)
S (tw) = — L'ty s 3-3)

where 7., is one of the LL-FP ghosts. We also introduce another LL-FP ghost

7, and an auxiliary boson field s,. As usual,”” we assume that

8LL (fal)) = 7.Sab > (3 . 4)
O (sw) =0. (3-95)

The three fields s, t. and 7, are all hermitian and antisymmetric under a<>b.
Furthermore, they are assumed to be BRS-invariant (8 (s,,) =0, etc.). The LL-FP
ghosts #,, and 7,, are fermion fields. They may be commutative or anticommutative
with the FP ghost ¢’ and ¢, and with the Dirac fields ¢ and ¢. But, for defini-
teness, we assume that all fermion fields are mutually anticommutative (at the
classical level). Hence {§,8:..} =0. In contrast with the BRS transformation §,
the LL-BRS transformation 8r; commutes with 0, because the LL invariance is
an internal symmetry.

All the “old” fields ¢,, b, ¢” and ¢, which have been considered previous-
1y,°~? are LL-BRS-invariant. Indeed, we can immediately confirm that

3L (gw) =0 (3-6)

from (3-1) and (2-1). Hence 81 () =0. We can also easily show that
S (I = ="+, =0, (3-7)
S (Lp) =0. (3-8)

(M) =£0,6" hie, 8(P) =8(P) =0.
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784 N. Nakanishi

Thus both the old Lagrangian density,® I°, considered previously” and the Dirac
one _Lp are LL-BRS-invariant.

Now, we introduce the gauge-fixing term for the LL transformation. It must
meet the following requirements:

1. It should be non-invariant under the LI-BRS transformation.

2. It should depend only on s, and A,.

3. When multiplied by %7, it should be BRS-invariant.

4. The number of 0, involved in any term of it should not exceed two.
5. It should involve the six degrees of freedom of %,, independent of J e

Then the following choice of the Ll-gauge-fixing Lagrangian density is the
simplest possible and most natural one:

Lrrar=hg"I',"0,5., . (3-9)
The corresponding LL-FP-ghost term Liipp is determined by
L= Lrier+ Lirp= — 1811 (h9" 1,0, 1), (3-10)
that is,
Lippp=—1hg”0,F0 (% " — . %+ 0,67). (3-11)
The total Lagrangian density,
Lio=L+ Lo+ L1, (3-12)

is invariant under the LL-BRS transformation, and the total action is BRS-invariant.
The field equations which follow from (3:12) are as follows. The Einstein

equation” becomes
W(R”—1L g*R—~B") = —i (Tp”+Tu™), (3-13)

where R" is the Ricci tensor (R=R*,) and

Be= (g"g" — § ¢"¢") [ (0sb. — kD5, 0.6) + (09 ], (3-14)
Tyt I, (%LL ana?éf/iaQ (3-15)
The following field equations” remain unchanged:
9,(hg”) =0, (3-16)
J70,0,'=0, (3-17)
90,0,6,=0. (3-18)

* We consider the Landau-gauge case alone and, for simplicity, omit any matter field other
than the Dirac field.
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Indefinite-Metric Quantum Field Theory of General Relativity., Vo 785

New field equations are

g0, =0, (3-19)
g~ (0,t% I —0,8" 1" +0,0,t") =0, (3-20)
0”0, T =0, I +0,0,") =0 (3-21)

together with the Dirac equations (2-10) and (2-11).
From (3-7), we see that (3:20) coincides with the 8 of (3-19). Likewise,
the 81 of (321) is
ig” (0,5% - I, —0,5" I, +0,0,5"")
+[g70,2% - (&5, — ", +0,0") — (a>D) | =0. 3-22)
It is quite instructive to see that (3-22) coincides with the antisymmetric part of

the field equation (3-13).
Since Tp* is symmetric, the antisymmetric part of (3-13) is

T —"T1"=0. (3:23)
Here
T =T 1er” + 1 LLre’™ (3-24)
with
0.L 0L )
RORT e =—h b< LLGF _j LLGF
LLGF 13 @h”u Pa (aphpa>>
— _nabILLGF_*_h(ho'ahvb_i_ho‘bhua)]"pcd0630d
a]" cd a]" cd
—hgTh = 0ysea+ R0, hYT L7 B 325
A A T T L B
and

0L irp > Q;LLFP >
0% 0 ’0(0,% 0)

= — 9 Liipp— ih (BTN W) 0,0 g0 (L — 171 4 4+ 0,47)
+ 20708 g+ th, 0L, /0N
—2ih,20,[ g7 0,7 ae- %01, /0 (Dph,a) ] (3-26)

h/‘bhuaTLLFPI“E - hnb<

The explicit expressions
200, /0N, = [ — h**1**0,h, + h*" 1™ 0,1,
A+ PR W R0 e + R R R 0 e
— 04 R R0R] — (ced), (3:27)
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786 N. Nakanishi

201 /0 (Oyhua) = [0 " — 0% I

— W R, — (c<>d) (3-28)
vield the following useful identities:
6]" cd
h o Vb b :O\pv, acpbd b , 3.2
"0, k) (aeb) 777" — (a<>b) (3-29)
a]_' cd a]_' cd
] ,,< g, TN e
“\oh,. "a(aph,m)> (et
— (./]adrvcb_.”acrvdb) _ ((l(-—>b> . (3 30)

With the aid of them together with (3:16), we can show that
hSRS T — (aeb)
=209 (055" I'," = 0,8"- TS+ 0,0,5™) , (3-31)
7S e — (ab)
= —=2ih[g70,8" - (£l — 1"y +0,7) — (a D) ]. (3-32)
Thus (3-22) is equivalent to (3-23).

Finally, we show that the covariant derivative of T'11*, vanishes. Applying

the same reasoning as the one at the end of §2 to A= _L11, we see that (2-16)
vields

0Ty — W0l T3 =0 (3-33)

Because of (3-23), the antisymmetric part of 7.;* vanishes. Hence (3:-33) im-
plies

VI =0. (3-34)
Therefore, the covariant derivative of (3-13) yields®
9”0,0,0,=0. (3-35)
We note that (3:35) is a direct consequence of the BRS invariance, because it is
essentially the § of (3-18).
§ 4. Comserved quantities

In our theory, there are many conserved currents in addition to the Poincaré
generators. First, the Dirac current Jp” is given by

Jo'=hp "), 4-1)

which plays no essential role in our formalism.

Next, the LL-FP-ghost current J* is defined by
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Indefinite-Metric Quantum Field Theory of General Relativity. V. 787

JtuE [0£LLFP/0 (aﬂtab) ] tal} + Zab [aeELLFP/a (0/tzab) ]
=ihg” (Egy0,t" — 0y ™) + 20hg™ T E pt”e. (4-2)

It is easy to confirm 0,J;*=0 by means of (3-20) and (3-21).
The LL-BRS current J* is defined by

J=218(0.)[000,04) N0 Lol (4-3)

where the summation goes over all fields. If A is a quantity whose dependence

on h,, is only through ¢, then we see

Bulha) gy = b (G0 )T A
owing to the antisymmetry of Z, Hence JJ" receives no contribution from .
After some calculation, we find
J = hg™ (sa0t™ — 0,50 1"+ 21, suyt"e)
+1hg*0,E a1
= =8 (J). (4:5)

Of course, one can directly confirm 9,J;“=0 by using (3-20) ~(3-22).
Since Lp+ Lir is independent of the FP ghosts ¢” and ¢, the FP-ghost

current J.* remains unchanged.
One naturally expects also that the BRS current Jy* remains unchanged be-

cause we still have (3-17) and (3-35). But the validity of this statement is non-
trivial, because the BRS Noether current receives non-vanishing contributions from

Ly and Ly Indeed, the additional contribution [see (4-1) of Ref. 2)] is
— £ (0,6 I+ 0iha) 0 (Lo + L) /0 (0uhe) —rc (T + T ), (4-6)
where T'g"% is defined by (2-13) and
14 =1[0L11/0 (0uSar) 10150+ [0 Lrr/0 (0,utw) 10atar
+ [0 L1/ (0uFa) 10 ar— 0" L - (4-7)

In order to simplify the expression for the BRS Noether current, we made use of
the Einstein equation.? The Einstein equation is now (3-13), which contains ad-
ditional terms £(Tp*”+Tr”). Therefore the total change of the expression for
the BRS Noether current is the sum of (4:6) and

kct (To"+ T - (4-8)

Because of its dependence on ¢, it can be written as a total divergence of an

antisymmetric tensor density if and only if

220z ¥snbny (g uo isenb Aq 112888 1/6../c/c9/o101He/d)d/Wwod dno ojwapede//:sdly Wwoly papeojumoq



788 ‘ N. Nakanishi

To*s 4 Tty =TE" "+ T50%, + 03k, 00t L1) g gm0y
0(0,1,4)

and

K" = — K", (4-10)
where
0(Lo+ L1r)
K", =h,, ~==DT ==LL) 4.11
T (4-11)
As explained at the end of § 2, they are indeed identities. More precisely, (4-9)
and (4-10) hold, without using any field equation, for each contribution from

Lo, Lirer and Lirrp separately. Their validity can also be directly confirmed
by means of the formulae

oI c° or e
oS aan 412
0O~ 9@k (4-12)
or oI cd
Pro—2 0,h,,—0 hyy) — O =0* I, . 4.13
2 oh,. (0,h, 2 )@(a.ﬁ”a) 2 ( )

Thus the expression for the BRS current” Jp* remains unchanged.
p

Quite a similar mechanism takes place also for the (total) canonical energy-
momentum tensor density®

gﬂlfg [0L /0 (0.0 ]0:04—0" Lo . (4-14)

Its effective additional contribution is

’ (55(103’_}]- L;LL)@;/LM + (T +TE ) — (T + T, (4-15)
® lia

which is precisely equal to #,K*,, as is shown above. Thus the expression for the
translation generator,®

P,—r jd"’x hg" 0.0, | (4-16)

remains unchanged.

Finally, the canonical angular-momentum tensor density is defined by?*
A P
M=z, T~ 2, T+ S, (4-17)

where .7‘“ stands for the spin angular momentum. Under the #7ue Lorentz trans-
formation, ¢ should transform like a spinor. Correspondingly, the vierbein "

should transform not like a vector but like a tensor. In general, any Latin index
should 7ot be distinguished from a Greek one under the Lorentz transformation.
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Indefinite-Metric Quantum Field Theory of General Relativity. V. 789

Hence we must be very careful about raising and lowering indices.
Since

Daoltsa =Tt + Tyatos = Thalrn) 0. /0 (Bihe)
= Cluth o) [0T/9 Do) 0.7 /9 Big) (4:18)
owing to the cancellation of the last two terms, the additional contribution fo
P s
uoltva = Wopltua + Nualto = Naltp) 0 (Lt Lr1) /0 (02/10)
+[0Lo/0(0:) 16 +¢G,[0.LD/0(0:4) ]+ S 11t (4-19)

with
it = S ToaSu + WSaw— TnSa) 0L Lrcr/ 0 (0152)
= Dl = Thal o+ Ul ay = Dol ) 0L 1iwe/0 (Oitas)
= (Ml o= Toal o+ W as— T ar) 0 L 1Lre/ 0 (0il as) - (4-20)

Oll the other hand, the orbital angular momentum x,C!ﬁy—.r,,(;_[l! 'quUiI'eS an ad-
/ 7
ditional contribution

2,0,K%,— 2,0,K",. (4-21)

That is, apart {rom a total divergence of a quantity antisymmetric under ¢,

M*,, receives the contribution

O(Lp+ L)
a (alhpa)

which exactly cancels the first two terms of (4-19). Furthermore, by direct

g KA, KA = (= e Dy P (4-22)
calculation, we find
(‘Y]ﬂa]lﬁu - ‘Omhmz) 0 oED/a (alhpa)
= — S, B
= [0Lp/00:) ] Gwth =6, [0.L/0 (0:) ] (4-23)

This identity is a consequence of the LLL invariance of Lp. Thus no contribution
y | D
from _[p remains.*

After all, the Lorentz generator® A, acquires an extra contribution
M= [ @l by~ k) 0 L 10/ Ot S22,

=2 f d*z hgL,,, . (4-24)

* In the flat space-time, this corresponds to the well-known fact that the angular momentum
tensor contains no extra spin term when expressed in terms of the symmetric energy-momentum
tensor.
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790 N. Nakanishi

where
L,"=0,s"—T,"s"+1T,"s%
—i[2% (0,8 + "ty — T, 1) — (aeb)]. (4-25)
Since
0, (hg* L,,,) =0 (4-26)

owing to (3-16), (3:19), (3:20) and (3-22), we see that Mi;,, is a conserved
quantity.

§ 5. Asympiotic fields

Since it is inadequate to eliminate $,, from our Lagrangian by integrating by
parts, the six components of su must be regarded as canonical variables, that
is, sq is not a Lagrange multiplier field. For _Lp, we should eliminate 0,0 by
integrating by parts. Thus the canonical variables are ., ¢’, T, Sap fass Fa» and
¢.  Canonical quantization can be carried out consistently. Detailed analysis will
be presented in a succeeding paper. We shall show there that all commutation
relations concerning the old fields (¢,,=h.h", b,, c’, €,)? are precisely reproduced.

The physical states are defined by the subsidiary conditions

Qulphys>=0, Qslphys>=0, (5-1)

where, of course, both Qu=fd’zJ" and Q.= d’zxJ are conserved.

In order to show the positive semi-definiteness of the norm of the physical-
state subspace, we investigate the asymptotic fields under the postulate of asymptotic
completeness.

We introduce the asymptotic fields by*

(M=) /20 & = 4.+ Killén term,
bo/N/ E—B,, "Y' EoT,
VESu— 0w,  twTan  La—Ta,
> (5-2)
as x'>—oo (or x>+ o0). It is convenient to set
Pav=Yav+ Xva = Psa » (5-3) "
€ab=Yav— Yta= — €ba » (5-4)

so that ¢, coincides with the asymptotic field of g,,.
As before,”? we assume that the properties of the asymptotic fields are gov-

® Here we omit Z-factors and neglect the problem of ultraviolet divergence.
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Indefinite-Metric Quantum Field Theory of General Relativity., V791

erned by the linearized Lagrangian density of [, except for the renormalization
of the parameters involved. The asymptotic Lagrangian density, L™, correspond-
ing to L remains unchanged. The total asymptotic-field Lagrangian density is
given by

J?gtymz QC asym __ aceﬂ«b . acgab e Zab(ﬂ(w . acgab

— 10T 0T+ P2 [ L7 (0,—0) — m] e, (5-5)

from which we have
e + 0°0.0% — 0"0.0" =0, (5-6)
[104=0, [tw=0, [IT,=0. 57

By using the linearized De Donder condition”

00" =4 0", (5-8)
(5-6) is simplified into

Tew=0. (5-9)
Owing to the third term of (5:5), the field equation for ¢, is modified into

(I ¢@ar = 0ai3s + 0v30 + 0,0°C e+ 0,0°Cie - (5-10)

It is straightforward to analyze the canonical commutation relations for the
asymptotic fields. We find that the four-dimensional commutation relations between
the old fields” remain unchanged. Those which involve the new fields are found
to be

[¢ar (1), €ca )] = [ (2), Oea (1) ] =0, (5-11)
[€as (), Oea W) ] = =4 T Gachoa— Naahhe) D (x =), (5-12)
[ew (@), €ca) ] = [0w(2), T ()] =0, (5-13)
{rw (@), Tea ()} = =4 Gacloa = Taa’le) D (x =), (5-14)
{2 (2) 5 Tea (0) ;= {Tws (), Tea () } =0, (5-15)

ete.
The expressions for Qg and Q, in terms of the asymptotic fields are, up to a
multiplicative constant,

Q.= fdsx Gar Bo—B) 2, (5-16)

O.=i jdu 20 (Bo—B) 2, (5-17)

Hence
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[Ea,bv Qs] = ifaln [(Tabv Qs] = O > (5 ’ 18)
{Tabs Qs} = 0’ {?ab, Qs}' =Ugp - (5 . 19)

Then applying the Kugo-Ojima theorem,” we see that the physical-state subspace
is positive semidefinite.
Thus the physical S-matrix is unitary.

§ 6. Discussion

In the present paper, we have established that the quantum field theory of
the coupled Einstein-Dirac system can be consistently formulated in the framework
of the manifestly-covariant canonical formalism.

We make some remarks on the choice of the LL-gauge-fixing term. In the
path-integral formalism, one can introduce almost any kind of the gauge-fixing term,
though then gauge theories always suffer from the difficulty caused by the Gribov
ambiguity.” On the contrary, in the covariant canonical formalism, to which the
Gribov ambiguity is totally irrelevant, the choice of the gauge-fixing term is quite
restrictive. In our theory, our choice (3-9) is practically unique under the condi-
tions stated in § 3. Simpler-looking choices,

If,LGF———:/Lhm@JL”b@ﬂS,,,, (6 . 1)
and
7;:LGFEO/1 (]l]lla) h”bﬁﬂsab 5 (6 . 2)

which are mutually equivalent, satisfy the first four conditions but not the last
one. With (6-1) or (6-2), all canonical conjugates of h,, are not independent.
Of course, (3-9) is not unique in the mathematical sense, for instance, we may
add Lirer and/or hsg,s™ to Lyigr. But such modifications are not interesting.
We shall see in a succeeding paper that the LL-gauge-fixing term (3-9) yields
quite natural equal-time commutation relations between Heisenberg fields.
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