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Preface

Since the pioneering work of Bergmann in 1949, it has been understood that
there exists a direct connection between local symmetries of a Lagrangian and
the existence of constraints contained in the Euler-Lagrange equations of mo-
tion. It was Dirac who subsequently discussed the Hamiltonian dynamics of
constrained systems in a systematic way. Since then numerous papers, with
applications to a wide range of problems, have been written on this subject. It
is remarkable that even after more than half a century, this subject still raises
questions to be answered.

This book is the result of lectures delivered by the authors at the University
of Heidelberg. It is intended as an introduction to this interesting field of
research, starting from the early work of Dirac up to more recent work, such as
the Field-Antifield formalism of Batalin and Vilkovisky. Also included is a brief
discussion of gauge anomalies within this formalism. Here we have restricted
ourselves to the essentials, and have illustrated the ideas in terms of a simple
example, the chiral Schwinger model.

Great emphasis is placed on discussing the subject of constrained Hamilto-
nian systems in a transparent way without becoming too technical. Proofs, as
well as examples, are discussed in great detail, at the risc of being sometimes
pedantic. Each example has been chosen to illustrate some important point.
The book should thus hopefully provide a good basis for master degree and
Ph.D students.

The book is divided into two parts: part one, involving chapters 1 through
8, deals with the classical dynamics of constrained Hamiltonian systems, while
the second part is devoted to their quantization. Here it is assumed that the
reader is familiar with the Feynman path integral approach to quantization.



Notation

The Einstein summation convention is used for repeated upper and lower in-
dices. Except for Lorentz space-time indices, we have placed indices, labeling
the degrees of freedom, at our convenience, so as to keep the expressions most
transparent. We have followed to a large extent the notation given below, al-
though in particular cases - such as in examples - we have found it convenient
to follow a simpler notation.

Notation

¢o: primary constraints

qujl): first class primary constraints

&22): second class primary constraints

pq: secondary constraints

pa, - first class secondary constraints

Ya, - second class secondary constraints

(25411): complete set of first class constraints

(25422): complete set of second class constraints

I'p: subspace defined by primary constraints

I": subspace defined by all constraints

I'*: subspace defined by the constraints and gauge conditions

Hy: canonical Hamiltonian on the primary constrained surface I'p
H: Hamiltonian weakly equivalent to Hy

H: BFT embedded Hamiltonian

Hpg: extended Hamiltonian

Hg fully extended Hamiltonian, including the gauge conditions
H*: Hamiltonian on the reduced phase-space

Qp: generator of BRST transformations: 6gF = e{Qp, F} = {F,Qn}e

s: operator inducing “left” BRST transformations: sF = {Qg, F}
§: operator inducing “right” BRST transformations $F = {F,Qp}
5 operator inducing “right” BRST transformations on Lagrangian level
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Chapter 1

Introduction

Elementary particle physicists are well familiar with Quantum Electrodynam-
ics (QED) and Quantum Chromodynamics (QCD), the theories describing
the electromagnetic and strong interactions. These theories are based on La-
grangians possessing local (gauge) symmetries. The weak interactions are also
based on a gauge theory, but whose gauge invariance is spontaneously bro-
ken. In fact, all theories of the fundamental interactions are gauge theories.
This makes the study of systems possessing local symmetries so important.
As is well known, the quantization of such systems is endowed with special
problems, since their classical action is invariant along gauge orbits. On the
level of the equations of motion this implies the existence of an infinite number
of solutions connected by local (gauge) transformations, which are physically
completely equivalent. Several methods of quantization, such as the canoni-
cal Gupta-Bleuler formalism, or the functional path integral approach, which
makes use of the so-called Faddeev-Popov trick, are well known to theoretical
elementary particle physicists. These methods are described in any textbook
on Quantum Field Theory.

The question then arises whether there exists a fundamental feature which
is common to all gauge theories, and which inhibits their straightforward quan-
tization. The answer is “yes”; they all belong to the so-called class of singular
systems, characterized by the property, that the Euler-Lagrange equations of
motion include equations which represent constraints among the coordinates
and the velocities, and which on Hamiltonian level manifest themselves as so-
called “first class” constraints among canonical variables. These constraints
differ from those familiar from mechanics in that they are part of the equations
of motion, and are not imposed from the outside. Although gauge theories are
certainly the most important examples of singular Lagrangian systems, they



2 Introduction

are not the only ones belonging to this class. Even the dynamics of the free
Dirac field is that of a constrained system.

A deeper understanding of the quantization of gauge theories requires one
to go back to the roots of the quantization problems associated with singular
Lagrangians. The basis for understanding such systems was laid down by
Bergmann [Bergmann 1949, Anderson 1951], and by Dirac [Dirac 1950/1964].
Since then an enormous amount of papers have been written about constrained
Hamiltonian systems.

This book is mainly devoted to the study of the classical and quantum dy-
namics of theories where the Lagrangian exhibits local symmetries. Its purpose
is to introduce the reader to this interesting field of constrained dynamical sys-
tems, and to provide him with the tools for quantizing such systems. This will
require first of all an extensive discussion of the classical Hamiltonian formu-
lation of singular systems. Our language will be kept as simple as possible,
and the concepts we shall introduce will always be illustrated by examples in a
transparent way as possible. The classical discussion is contained in chapters 2
through 8. The remaining chapters are devoted to the quantization of singular
systems.

The book is organized as follows. In chapter 2 we first discuss what is meant
by a singular Lagrangian system, and show that systems with a local (gauge)
symmetry fall into this class. Local symmetries of the action are not always
easily detected. It is however crucial to unravel them, since their knowledge is
required for the quantization of such systems. Although their quantization is
carried out on Hamiltonian level, it is instructive to first present a systematic
method for detecting local symmetries on Lagrangian level. This is the main
objective of chapter 2, where we shall show that singular systems lead to so-
called “gauge identities”, from which the coordinate transformations, leaving
the action invariant, can be extracted.

In chapter 3 we then proceed to the classical Hamiltonian formulation based
on the pioneering work of Dirac. It is within this framework that Dirac has
provided a systematic classification of the constraints into primary, secondary,
first and second class, where the first class constraints play a central role as
generators of the gauge symmetries.

Chapter 4 is devoted to an alternative method for handling singular sys-
tems: the symplectic approach. This is a first order Lagrangian approach to
singular systems, and we shall study in detail the equations of motion and their
solution. The symplectic approach has been used by Faddeev and Jackiw [Fad-
deev 1988] to present a new method for handling constrained systems, which,
in principle, avoids the concepts of primary constraints (which have no analog
on the Lagrangian level), and in fact dispenses of the entire classification of
the constraints into primary, secondary, first and second class. This method is
however of limited applicability.
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The Hamiltonian approach for detecting local symmetries is the phase-space
counterpart to our discussion in chapter 2, and is the subject of chapter 5. We
shall elucidate the problem from several points of view and are thereby led
to the so-called “Dirac conjecture”, which has been the subject of numerous
papers.

The Dirac conjecture will be discussed in detail in chapter 6, where we
make use of the Lagrangian methods discussed chapter 2 to study the local
symmetries of the so-called total action, whose variation yields the Hamilton
equations of motion proposed by Dirac. This chapter clarifies in which sense
the Dirac conjecture can be shown to hold. Interpreted appropriately, this con-
jecture is shown to hold for various examples cited in the literature, including
those which have been claimed to be counterexamples to Dirac’s conjecture.

Chapter 7 deals with second class systems whose classical dynamics is beau-
tifully described in terms of Dirac brackets, but whose quantization may pose
special problems. For this reason it is useful to embed such systems into a
gauge theory, by introducing extra degrees of freedom. The embedded theo-
ries can then be quantized using the formalism described in chapter 11. This
embedding program, whose systematic implementation was given by Batalin,
Fradkin and Tyutin, [Batalin 1987/1991] is the central subject of this chap-
ter. We shall present several examples, and in particular use this formalism
to demonstrate the equivalence of the “self dual model” in three space-time
dimensions, with the Maxwell-Chern-Simons theory within its gauge invariant
sector.

Chapter 8 deals with the Hamilton-Jacobi formulation of the classical dy-
namics of constrained systems. While this formulation turns out to be straight-
forward for so-called first class systems, this is not the case for systems involving
second class constraints. We shall discuss the reason for this, and present meth-
ods for circumventing the barriers imposed by the second class constraints. In
particular, the embedding procedure described in chapter 7 will allow one to ar-
rive at a Hamilton-Jacobi like formulation, as we shall demonstrate for several
examples.

In the following chapters we then turn to the problem of quantizing systems
with first and second class constraints. Chapter 9 will deal with purely second
class systems which allow an operator quantization, based on equations of
motion formulated using the notion of an extended Hamiltonian. Second class
systems also include the case of gauge theories in a non-dynamical gauge.

In chapter 10 we then discuss in detail the quantization of second class
systems using functional methods, and point out the difficulties one may be
confronted with. These difficulties may be circumvented by first embedding
the system into a gauge theory, as was described in chapter 7.

The functional quantization of first class systems in dynamical gauges is
the subject of chapter 11 and leads to the Hamiltonian formulation of Batalin,
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Fradkin and Vilkovisky [Fradkin 1975/77, Batalin 1977], based on the so-called
BRST (Becchi, Rouet, Stora, Tyutin) invariance of the Lagrangian action. We
shall not follow the axiomatic approach of these authors, but shall motivate the
BFV formalism by studying systems whose functional configuration space for-
mulation, obtained using the Faddeev-Popov trick, is well established. We then
obtain the corresponding phase-space representation of the partition function
and cast it into the form given in [Batalin 1977]. The so-called BRST charge
will play a central role as generator of a BRST symmetry. The freedom in the
choice of gauge will be concentrated in a BRST exact term, and the BRST
invariance of the partition function is guaranteed by the Fradkin-Vilkovisky
principal theorem [Fradkin 1977, Batalin 1977]. Important ingredients in this
formulation is the closure of the algebra of the first class constraints, as well as
of these constraints with the Hamiltonian.

In the Hamiltonian formulation it is not obvious how a particular covariant
gauge is to be implemented via a BRST exact contribution to the action. A
corresponding configuration space formulation is therefore desirable. This is the
subject of the last chapter and leads to the so-called “field-antifield” formulation
of Batalin and Vilkovisky [Batalin 1981]. This quantization scheme has been
presented by these authors in an axiomatic way. We shall actually derive their
formulation for a restricted class of systems, starting from the well established
phase-space formulation of Batalin, Fradkin and Vilkovisky. Within the field-
antifield formulation the number of degrees of freedom is doubled, and the field-
antifield action is the solution of the so-called “quantum master equation”. We
will discuss only the simplest non-trivial case of irreducible first rank theories.
These include the case of SU(N) Yang-Mills theories.

We conclude chapter 12 with a brief discussion of how anomalous gauge
theories - i.e., theories whose classical gauge invariance is broken by quantum
effects due to the non-invariance of the functional integration measure - may be
included in the field-antifield formalism. This subtle subject is outside the scope
of this book. We shall therefore limit ourselves to illustrate the role played by
the quantum master equation for the case of the chiral Schwinger model, which
is anomalous and has been studied in great detail in the literature.

The book includes several appendices. In Appendix A we review some
well known facts regarding the Ward and Bianchi identities following from the
existence of a local symmetry of the action. This appendix is based on the
pioneering work of P. G. Bergmann [Bergmann 1949], who has pointed out the
connection between the existence of a local symmetry and a so-called “singular
Lagrangian”. The work of Bergmann has been reviewed in [Costa 1988]. We
shall follow closely the presentation given in this reference.

Appendices B and C deal with technical details concerning the construction
of the BRST charge and Hamiltonian for first rank theories.

Appendix D contains a proof of the Fradkin-Vilkovisky Principal Theorem,
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which provides the basis for the Batalin-Vilkovisky configuration space parti-
tion function in chapter 12.

Finally, Appendix E discusses the Fradkin-Vilkovisky path integral repre-
sentation of the SU(3) Yang-Mills partition function in the a-gauges.



Chapter 2

Singular Lagrangians and
Local Symmetries

2.1 Introduction

Symmetries observed in nature play a central role in the construction of any
theory describing physical phenomena. If the dynamics is described by a La-
grangian, then this Lagrangian must reflect such symmetries. Not all symme-
tries of an action can however be observed in nature. This is for example the
case for the gauge symmetries of QED or QCD, where observables must be
invariant under gauge transformations. Gauge theories fall under the class of
constrained systems whose dynamics is derived from a so-called singular La-
grangian. Such theories are of particular interest, since all interactions in nature
are believed to be gauge theories, or spontaneously broken versions thereof. As
is well known, their quantization poses special problems.

Whether a Lagrangian is singular or not can in general be easily checked
by looking for possible zero modes of the Hessian (to be defined below). The
connection between a singular Hessian and local symmetries of a Lagrangian has
been observed already a long time ago [Bergmann 1949]. Such symmetries lead
to so-called Bianchi identities from which this connection can be deduced. The
interested reader may consult Appendix A, where we have summarized some
well known concepts about local symmetries, as well as consequences following
from them. In this chapter we take the opposite point of view and deduce the
local symmetries of a Lagrangian whose Hessian matrix is not invertible. In
fact, unravelling these symmetries may not be an easy matter. But their explicit
knowledge is important for formulating the corresponding quantum theory. It
is therefore of great interest to have a systematic way for revealing them. In
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the following we will present a purely Lagrangian approach to this important
problem [Sudarshan 1974]. This will allow the reader to appreciate better the
elegant Hamiltonian approach to be discussed in chapter 3, where we show that
such symmetries are intimately related to the existence of so-called “first class
constraints”. Both approaches have their merits. But the connection between
the existence of local symmetries, and the existence of first class constraints as
generators of these symmetries, is only manifest on Hamiltonian level.

On the Lagrangian level there exist several algorithms [Sudarshan 1974,
Chaichian 1994, Shirzad 1998] for detecting the gauge symmetries of a La-
grangian. Unlike the Hamiltonian approach, they have the merit of generating
directly the transformation laws in configuration space in terms of an indepen-
dent set of functions parametrizing the symmetry transformations. Every one
of these parameters is directly related to a so-called “gauge identity”, and their
number equals the number of independent gauge identities.

2.2 Singular Lagrangians

Consider a system with a finite number of degrees of freedom, whose dynamics
is governed by a Lagrangian L(q, ), where ¢ and ¢ stand collectively for the
coordinates ¢; and velocities ¢; (i = 1,---, N). The associated Euler-Lagrange

equations read,
d oL OL

aoL ok _ 2.1
dt 9q;  Oqg; 21)
From here it follows that

Ly L a0l
0q;0¢; dt 0q;0q; dt 0q; ’

or
oL

(0, 4)4; = 57— — —qj,

% Wi;(q, d)d; 94 Ej 8%8%%

i
where the matrix W is the “Hessian” defined by

2
=2l (2.2)
0¢;0q;

If det W # 0, we can solve the above equation for the accelerations in terms of
¢; and g;. On the other hand, if det W = 0, then W is not invertible. In this
case the Hamiltonian equations of motion will not take the standard form, and
one speaks of a singular Lagrangian system.

The following two examples illustrate some features which we shall subse-
quently encounter in our more general discussion of local symmetries.
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i) Example 1

Consider the Lagrangian

) 1. . 1
L(g,q) = zi* +dy + = (z — y)°

; ; (2.3)

and the associated action
ta
Slal = [ dt Liale). dc0) (2.0
ty

where ¢ = (z,y). This Lagrangian is singular in the above sense, since it
does not involve . Hence, we claim, it will possess a local symmetry. In this
example this symmetry can be found by inspection.

Consider a variation éx = €;1(t), dy = €a(t). Under this variation the change
induced in the Lagrangian can be written in the form

d
SL=(i+y—x)(é1—€1+€2)+ E(xel) .

Hence the corresponding action (2.4) is left invariant under this transformation
if

€Q = €1 — él y (25)
with € (¢) vanishing for ¢ = t; and ¢ = to. Thus for an arbitrary choice of €;(t),
subject to this condition, €5 is given in terms of €; and its first derivative.

it) Example 2

Consider next the Lagrangian [Henneaux 1990a]

L4,) = 56 — ) + s — 02)" (2.6

Again this Lagrangian is singular and therefore - we claim - will exhibit a local
symmetry. Thus consider a variation dg; = ¢;(t). The corresponding change
induced in the Lagrangian is given by

0L = (g2 — e )(é2 — e e1) + (43 — q2)(é3 — €2) .

Hence the Lagrangian (2.6) is invariant if
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d2
er(t)= e*qﬂf)@a(t) , (2.7)
where «(t) is an arbitrary function of ¢. Notice that, as in our previous exam-
ple, the symmetry transformation only involves one arbitrary function. Fur-
thermore, in this example, the variation dq; not only involves the arbitrary
function a(t), but also depends implicitly on ¢ via the coordinate ¢;.
In the following section we present a general algorithm which allows one to
determine the variations dq; which leave an action invariant.

2.3 Algorithm for detecting local symmetries
on Lagrangian level

On the Lagrangian level there exists a well-known algorithm [Sudarshan 1974]
for detecting all gauge symmetries of a Lagrangian.
Consider an infinitesimal variation of the coordinates and velocities

4i(t) = ¢i(t) +64i(1) ,

a
dt

where ¢ = 1,---, N, and use has been made of the property that dg; = %5%.
This transformation is a local symmetry of the Euler-Lagrange equations of
motion if the action (2.4) is invariant under this transformation. This is the
case if the variation of the Lagrangian is a total derivative, i.e., 6L = %5F,
with 0F vanishing at the upper and lower limit of integration. In computing
the variation no use is made of the equations of motion.

Consider now a Lagrangian L(q, ¢). Under the above infinitesimal transfor-
mation the change in the action (2.4) is given by

Gi(t) = ¢i(t) + —dq:(¢) ,

to
55 = - [ > B g duias (2)
t1 i

where Ei(o) is the Euler derivative

©, ... dOoL 0L
E! el 2.9
(@40 = gae - 5 (2.9)
and d¢;(t1) = 0g;(t2) = 0. On shell we have that

Ei(o) =0, i=1,---,N (on shell) . (2.10)
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Our aim is to determine the variations dg; for which §S vanishes identically,
ie.,

ta
/ dt Y B (q,4.4)00: =0 . (2.11)

ty

9 is of the form

ED =" w9 di; + K (a,d) . (2.12)
J

In general, Ef

where VVi(jO) is the Hessian (2.2). For reasons which will become clear below, we
have supplied the terms in (2.12) with a superscript “0” standing for “zeroth
level”.

Now, as we have just seen, for singular Lagrangians the Lagrange equations
of motion cannot be solved for all of the accelerations. If Ry  is the rank
of the Hessian, then there exist N — Ry constraints in the theory, which on
Lagrangian level present themselves as relations between coordinates ¢; and
velocities ¢;. Thus for an N x N Hessian Wi(jo) of rank Ry, there exist N — Ry

independent left (or right), zero-mode eigenvectors w(**) satisfying
It then follows from (2.12) that the functions defined by

N
00 =" (¢, ) B (4.4, )
i=1
only depend on the coordinates and velocities, and vanish on the subspace of
physical trajectories, i.e.,
®OF) (q,¢)=0; k=1,---.N—Ry (on shell) .

We refer to them as the zero-generation constraints. * Not all of the ®(%*) may,
however, be linearly independent. In this case one can find linear combinations

of the zero mode eigenvectors, v(o o) — = >, C,S"O)wEO;k), such that we have
identically
GOm0 .— §Omo)  FO =0 pg=1,---, Ny . (2.13)

We call them “gauge identities” for reasons which will become clear soon. These
gauge identities also hold off shell. As an immediate consequence we have that

LFor simplicity we shall suppress in the following the explicit dependence of the constraints
and zero modes on g and q.
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any variation of the form dg; = 37 €n, (t)vl(omo) will leave the action invariant

(cf. (2.11)). The remaining “zero-generation” zero modes, which we denote
by @(%7)  then lead to genuine constraints, depending only on the coordinates
and velocities, and vanishing on shell,

¢(0;ﬁo) =0 (on shell),

where
Ppl0sm0) = Osmo) L O - g =1 ... Ny . (2.14)

The algorithm now proceeds as follows. We separate the gauge identities (2.13)
from the non-trivial constraints (2.14), and list them separately in a table, since
they will be of direct relevance for determining the local symmetry transforma-
tions. Next we look for possible additional constraints by searching for further
functions of the coordinates and velocities which vanish on the subspace of
physical trajectories. To this effect consider the following N + Ny component
vector constructed from E© and the time derivative of the constraints (2.14):

E©
%(Q(O;l) - E(©)

. E0)
EW) = = 7=, (2.15)
( 1) . <%¢(0)>
%(Q‘(O;No) L E©)

where 5<0> is an Ny component column vector with components ¢(%7%0) (np =
,Np). Since the constraints #®m0) = ( hold for all times, it follows that
EM =0 on shell.
Because the constraints are only functions of ¢ and ¢, the components El(ll)
can again be written in a form paralleling (2.12),

B = ZWS} (D)5 + K (a,4) - (2.16)

Here W is now the “level 17 (N + Np) x N matrix

w ()
V(@O . E©)

(W) = | 7

V4 (@0:No) . E(0))
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where 64 is a row vector with components labeled by i (i = 1,---, N). The
(N + Np) component vector KM is given by

K©
% (@) . E0)g;

a;

%(a’(o;ﬁo) . E(O))qj
where a summation over j is understood.

We next look again for (left) zero-modes of W), These zero modes include
of course those of the previous level, augmented by an appropriate number of
zeroes. They just reproduce the previous constraints and are therefore not
considered. The remaining zero modes (if they exist), when contracted with
E(l), lead to expressions at “level 1” which can either be written as a linear
combination of the previous constraints (we label them by n4), in which case
we are led to new gauge identities at level 1,

No

GLm) — (lna) | g1 Z M’f(i:%)o( 70m0)  FO)y=0; ny=1,---,Ny,
no=1
(2.17)
or else, represent genuine new constraints at level 1:
o) .= qm) L) — 0 @y =1,-- Ny (on shell). (2.18)

We now adjoin the new gauge identities (2.17) to the previous identities in
our table. With the remaining new constraints (2.18) we proceed as before,
adjoining their time derivative to (2.15), and construct Wz(fz) as well as Kff)
The iterative process will terminate at some level M if either %) there are no
further zero modes, or i) the constraints generated are linear combinations of
the previous ones, and hence lead to gauge identities only. At this point our
algorithm has unravelled all the constraints of the Euler-Lagrange equations of
motion.

We now look for the maximal set of linearly independent gauge identities
generated by the algorithm. At each level £, the elements of this set are of the
form

GOm0) .= (0mo) . FO0) = | (2.19)
/—1 ]\7@/
Gne) . 5l | FO) Z Z Mx}i; i) = 0, (2.20)

=07n,=1
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where £ =1,---, Ny, and where the Mée’nz, are only functions of ¢ and ¢, and
B = G L B (7 =1, N (2.21)

are the genuine constraints (depending only on ¢ and ¢§) generated by the
algorithm at level £. On the other hand, E® s given by the N+Ng+---+Ny_4
component vector

E©

%¢(0)
E® .= ' , (2.22)

d (-1

Egﬁ( )
where (E“) is a column vector with Ny components ¢(4™¢), Because of (2.21)
and (2.22), we can proceed iteratively to express each of the constraints \6me)

in terms of p(070) = (0570) -E® and time derivatives thereof. One then readily
verifies that these constraints are of the form

¢(€ ) Z Z Szn/ T 10) —0.

From here, and the expression (2.22), we conclude that the identities (2.19) are
of the following general form

(tme) _ () 4™ p0) _
G ‘ ZZP Zdtm i =0,

i m=0

;n . . . . . .
where pfmm) are in general functions of the coordinates and time derivatives

thereof. It therefore also follows that

M Ny
Z Z e(e;ne)(t)G(emz) =0,

(=0 n,=1

where the €(6™¢)(t) are arbitrary functions of time. This identity can be written
in the form

d
S 6B ~ ZF=0, (2.23)

where
M N,

si=> Z dt,,; (pliretmae)) (2.24)

{=0ny=1m=0
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and F' is a function of the coordinates and their time derivatives, as well as
a linear function of the parameters and their derivatives up to order M — 1,
where ¢ = M is the highest level. Note that the arbitrary functions e(“)(t)
are labeled by ¢, and n,. Hence the number of independent functions equals
the number of gauge identities generated by the algorithm. Let us collect the
indices ¢ and ny into a single index a. Then (2.24) reads

S0 = Y™ (W) (225)

Now, integrating (2.23) in time from #; to t2, and using the fact that the total
derivative will not contribute if the %™ (¢) and their derivatives vanish for
t =t; and t = ty (implying the vanishing of d¢; at the endpoints in (2.11)), we
conclude that the variation (2.25) is a symmetry of the action, and hence of
the Lagrange equations of motion. It should be noted, however, that a term of

the form .
Ag; = ZaijEj(' !,
J

with an arbitrary antisymmetric tensor a,;, can always be added to (2.25), and

it will remain a symmetry transformation, since Ei(O)Aqi = 0. These variations,
which vanish on shell, are called “trivial gauge transformations”. They have
no physical significance.

In the following we consider some examples which illustrate the above itera-
tive methods for generating the gauge identities. Since in the first two examples
there exists only one zero mode of the type u or v at each level, we will omit
the indexes ny and 7, labeling such zero modes at level £.

2.4 Examples

Example 1

Consider once more the Lagrangian (2.3). Let 1 = « and 2 = y. Then

B0 = Y Wi, 4 KO
J

(0) _ 1 0
W= (0 o)

KO — (3'32 + z2 —331)

where

and

T1 — To — X1
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There exists only a single left zero mode, @(®) = (0,1). Its contraction with
E©) does not vanish identically, but generates a constraint:

0 =70 EO =g — gy — i1 =0 (on shell) . (2.26)

Hence at level zero we have one constraint and no gauge identity. We next

construct E):
. E© J5l0)
Fo— 0 _ ol (2.27)
4 (uw) . E<o>) 4 (0

or, written out explicitly
. T+ oy — 21 + 22
E(l) = I —{EQ—{tl
T — dg — I

EM can again be written in the form

ZW” 4K

1]

where the 3 x 2 matrix W is given by

1 0
wh=1 0 0],
-1 0
and
To + X9 — X1
K(l) = X1 — T9 — j?l
T1 — T2

The left zero modes of W) are given by (0,1,0) and (1,0,1). The first zero
mode is just the previous zero mode augmented by one zero, and reproduces
the previous constraint. We need not consider it again. The second zero mode
reproduces the (negative) of the constraint (2.26), and is thus of the type v:

V. B0 = g0 GO
where 7(1) = (1,0, 1). This leads to the gauge identity

G — 5. BO) L 50 5O =
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at level 1. Noting from (2.27) that
# . G0 = g0 4 4 po
e

the above identity takes the form

d

9B+ B =0

EQ + —
Multiplying this expression by an arbitrary function of time, €(t), we are led to

B — (¢ — By = _%( EY) .

This is of the form

_dF
E 5z,
> b0, = 2
with
dr1 =€, Oro=¢€—¢€,

which agrees with (2.5). This variation leaves the action invariant if €(¢;) = 0
(i=1,2).
Example 2

Consider the Lagrangian (2.6). The corresponding Euler derivative has the
form (2.12), with

000
wO=(o010],
0 01
and
(beql_e?ql
KO = | g5 —q— Gren
—G2

W) possesses one left null-eigenvector u(®) = (1,0,0), implying a level zero
constraint:

¢ =a@® . EO =t (G, —eT) =0 (on shell) . (2.28)

Next we search for further functions of the coordinates and velocities which
vanish on shell, i.e. for E(®) = 0. To this effect we construct E(1) as given by

(2.15):
. £
EW = (%(b“”) . (2.29)
t
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One then finds that W®) and K1) in (2.16) are given by

0
1 _ 1
w 0
q

OO OO
o= O O

fry

e

and
Goe?t — 20

7O _ 43 — q2 - Gre?
—q2
e q1gs — 2¢1€°"

A new left-null eigenvector of W) at level one is clearly

@Y = (0, —e™,0,1) ,
and leads to a new constraint

i EW =16 + % (g2 — ¢5) = 0 . (2.30)
Since ¢(9) = 0, we may choose instead for the new constraint function
o) =9 (ga — g3) = aM - BN — @@ . E©

d
=—enEY £E§°) — 4B, (2.31)

which also vanishes on the space of solutions. Taking its time derivative, and
constructing E?), W) and K one obtains

i B
E® = <%¢(1)) , (2.32)
00 0
01 0
w® =10 0 1 ,
0 e 0
0 0 —en

and

7o ( K® ) .
et (q1q2 — 4193 + G2)
The matrix W) possesses a new left-zero mode of type v given by #®?) =
(0,0,e9,0,1). A simple calculation shows that this vector generates a gauge
identity:
7 E® — g (@™ ED) 4 @® . EOy=0. (2.33)
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The final step now consists in reducing this expression to a form involving only
the Euler derivative E(°) and time derivatives thereof. Recalling (2.30) and
(2.28), the gauge identity (2.33) can be rewritten as follows

d d d
B -2 (e B + B0 — ZEO ) 44 (2B - ZEO ) +2E =0
dt dt dt
Multiplying this identity with ¢(¢) one finds that it can be written in the form
(2.23), with

d
F= [—em EY — 24, B + EE?)} e,

and

Sgs =eTe
dga = e (é+eqr)
8q1 =€+ 241¢ + ey + €di -

By setting € = e~ 7 «(t) we retrieve the transformation (2.7). The same would
have been obtained, if we had replaced the constraint (2.28) by AWV = gy —enr,
and allowed € to be an explicit function of time only. This shows that we must
allow the parameters to depend on time explicitly, as well as implicitly through
the coordinates and their higher derivatives in time. As we have seen in our
example, this is tied to the way we choose to define the constraints. Such
redefinitions evidently presume some regularity conditions, ensuring that such
reparametrizations will not imply the introduction of new constraints. We will
come back to this point in chapter 6.

Example 3

We now consider an example of a system leading to two gauge identities.
The associated symmetry transformations will hence involve two arbitrary
functions. 2
Consider the Lagrangian
1

. . 1
L= §x% + &1(xe — x3) + E(xl — X9 —|—x3)2 .

For the Euler derivative (2.12) one finds that
100

wO=1(0o0o0],
000

2As we will see in chapter 3 this corresponds to the number of “primary” constraints in
the Hamiltonian formalism.
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and
Tg — T3 — X1+ Tg — T3
K(O): T, — X9+ x3 — I
To —T1 — T3 + X1

The matrix W) possesses two obvious (zero level) zero modes, which we now
label as described in section 2:

@V =(0,1,0)
@2 =(0,0,1) .
Scalar product multiplication of the zero modes with the Euler derivative yields

70D . FO) = y01)
702) . F0) = _p01)

where
¢(0,1) =T — T2+ T3 — 3.3‘1 .

Hence only one new constraint is generated, and we have one gauge identity,

O . FO) 4 702 FO) =

or
EQ+EY =0. (2.34)
Proceeding with the Lagrangian algorithm we now construct E), W) and
K®:
- EW©
EM = ( 4 ,
E(;5(071)
100
wm_] 000
W 000"’
-100
and

o RO
T, — To + T3 '

WO leads to a new zero mode (in addition to those of W), augmented by a
zero),

@Y = (1,0,0,1)
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and to the constraint

— o 1 1
oD = gD F) = E§ ) 4 Ei )

=T — 21 +x92—23=0.
We now notice that this is actually no new constraint. In fact
¢(1 ,1) T ¢ (0,1) =0
This leads to a new gauge identity,
gD . BO 4 g0V GO — g 4 gV L g0 — ¢ (2.35)
Multiplying (2.34) and (2.35) by arbitrary functions a(t) and 5(t), respectively,
and noting that Eil) = Eio) and Eil) = %E;O) one is then led to the identity

BEY” + (8- B+ a)E 0)+aE(0>+%(ﬁE§O>)Eo.

Comparing this expression with (2.23), we conclude that the following trans-
formations leave the action invariant:

5w1 :57
bra=0—B+a, (2.36)
drs=a .

2.5 Generator of gauge transformations and
Noether identities

In the previous section we have related local symmetries of a Lagrangian to
gauge (or Noether) identities. Our method allowed us to unravel systematically
the local symmetries of a given action. In particular this method showed that in
general time derivatives of gauge parameters are involved. The corresponding
infinitesimal transformations (2.25) can also be written in the form

Sqi(t / dt’" R (t, ) (t") (2.37)

where R!(t,t') is a local kernel (generating function) whose explicit form can
be read off from (2.25).
We now show that the operators

t) = —i/dt R (t,t")

5%‘ (t

~—
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can be regarded as the generators of the infinitesimal gauge transformation
(2.25). 3 For this it is convenient to compactify the notation by absorbing the
time-dependences into the respective discrete indices ((¢,¢) — 4; (a,t) — a),
and omitting the integral-sign, which now becomes part of the summations. In
this notation the variation of the action (2.8) becomes

38 = —EVRie" .

With “essential” parameters € it follows that for a symmetry transformation
(i.e., for 65 = 0) we have the Noether identities 4

EOR =0. (2.38)

Similarly, following this notation, the infinitesimal transformations (2.37) can
be written in the form
5(]@‘ = ie“l“aqi s

where 5
g =—iR—
(qu'
A finite gauge transformation is then given by
7= G (@ =7
The commutator of two generators can now be easily computed, °
) )
I, Ty =—[R:,—, R]—
o, Do) = IRl Ri5)
(6 2\ O (6 o\ O
=—R | —R | —+R|—R | —
¢ (5%’ b) dq; T <5(Jj a) 0q;
6
S ogqi
where
i, = (RjiR’? —RjiR;;) . (2.39)
a b 5(]] a a5Qj

3We follow here [Gitman 1990].

1By “essential parameters” we mean, that the matrix R possesses no right zero modes.
In this case the theory is called “irreducible”. This is the case for our systematic construction,
where all gauge identities are linearly independent. If the above matrix possesses right zero
modes, then the number of Noether identities is reduced. One then distinguishes between
“first stage”, “second stage”, etc. reducible theories (see [Gomis 1995]). Here we will consider
only the irreducible case.

5We made use of the functional-derivative notation in order to remind the reader that the
labels i,a etc. also include a continuous time variable. Thus summations will also include
time-integrals.
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By differentiating the Noether identities (2.38) with respect to ¢; we obtain
further useful identities:

328 . 6SIOR!
L ——2=0. (2.40)
0q;0q; 8qi 9q;
From here we see that on the space of physical trajectories ((‘;—5 =0), &;L&qu is

degenerate, with RJ the right zero modes.
From the identities (2.40) and the definition (2.39), it follows that
0S
5_qirab =0,

or o
0) i
Ei T(Lb = 0 .
Hence (2.39) is also a generating function and will be of the form
rav = fayRe + Tay (2.41)
where , -
Toy = GZJbEJ(‘O) g

with agj an antisymmetric tensor in the upper indices. We thus arrive at the

algebra
1

b(s_qi'

The second term on the rhs of (2.41) has the form of a trivial gauge transfor-

Lo, To] = if5 e + T4

mation since Ei(O)T;b = 0 by construction. If this term is absent, then
[T, o] = ifgle (2.42)

and one speaks of a “closed algebra”. If the structure functions f, depend on
the “fields” g;, one speaks of a “quasi group”. In the case where f< = const.,
then one has a Lie algebra, and the finite transformations form a Lie group.

Under finite gauge transformations ¢ — C_?'(A) (), an arbitrary function of ¢
transforms as

F(@) = FGoy(@) = X F ().
In particular, for F' = [g_(i]é‘%ém(q") and A infinitesimal, we have that

ﬁ
dq;

~ (l—i—e“Rgi) ﬁ .
q—Gc(q) 5(]] 5ql
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Making use of the gauge identity (2.40),

6S < y a5Rg> oS
- ~ |0 —e€ — .
0g; 7—=G () 0g; &Ij
Hence it follows that
) )
0q; 04 |56, (@

i.e., the gauge identity (2.40) implies that if ¢’ is a possible trajectory, then
this will also be the case for ¢ — G(,)(q), for any A.



Chapter 3

Hamiltonian Approach.
The Dirac Formalism

3.1 Introduction

The quantization of non-singular systems is in principle straightforward. The
classical Hamilton equations of motion are first written in Poisson bracket form.
The corresponding quantum version is then obtained by replacing the Poisson
brackets, multiplied by %, by commutators of the corresponding operators.
On the other hand, the quantization of singular systems is non-trivial. This
chapter is devoted to the introduction of the classical Hamiltonian framework
within which such systems can be dealt with. This - as we have already pointed
out - is not just an academic exercise, since all gauge field theories fall into the
class of singular systems. The following discussion is based on the work of
Dirac [Dirac 1950, 1964]. For further literature we refer the reader to [Hansen
1976, Sundermeyer 1982, Gitman 1990, Henneaux/Teitelboim 1992].

3.2 Primary constraints

Consider a system with a finite number of degrees of freedom {g;}, whose
dynamics is governed by a Lagrangian L(q,q¢) = L({¢:},{d:}). To arrive at
a phase space formulation of the equations of motion one must construct the
corresponding Hamiltonian. To this effect one first introduces the momenta
canonically conjugate to the “coordinates” g;,

_ 9L(g, ;1)
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For non-singular systems these equations allow one to express the velocities ¢;
in terms of the canonical variables:

4 = fi(q,p) -

The canonical Hamiltonian is then obtained by performing a Legendre trans-
formation !

Hc(Qap) = szfz(fbp) - L(qu(Qap)) )

where the velocities have been expressed in terms of the canonical momenta
and coordinates. The Hamilton equations of motion are then first order in the
time derivative and take the standard form.

For the velocities to be expressible in terms of the coordinates and momenta
one must have that det W # 0, where the matrix W is the “Hessian” (2.2).
In this case, as we have seen in chapter 2, the accelerations §; are uniquely
determined by {¢;} and {¢;}. On the other hand, if det W = 0, then W is
not invertible. In this case the Hamilton equations of motion do not take the
standard form and one speaks of a singular Lagrangian.

For the time being we shall assume that we are dealing with a finite num-
ber of degrees of freedom. The results can then, at least formally, be easily
generalized to systems with a non-denumerable number of degrees of freedom.

Consider the Lagrangian

2

ij=1

1 .. .
L=— Z Wi (q)qiqj + Zm(Q)Qi - V(Q) . (3-2)
Since W;; is a symmetric matrix, the canonical momenta are given by

pi = ZVVva(Q)% +7i(q). (3.3)

If W is an n X n singular matrix (i.e. det W = 0) of rank Ry, then it possesses
n — Ry eigenvectors with vanishing eigenvalue. Label these eigenvectors by
7). Then

ZWU(Q)U](‘&)((]) =0, a=1,--n—Rw.
J
It then follows from (3.3) that there exist n — Ry constraints

> ol @~ mila)) =0

n this chapter we use throughout lower indices for convenience, at the expense of intro-
ducing explicitly summation signs.
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which follow solely from the definition of the canonical momenta (3.1). Let
{pa} denote a set of Ry linearly independent momenta. The remaining set of
n— Ry momenta we denote with a Greek subscript: {p,}. Then the constraint
equations will be of the form

Y Mag(@)ps — Fala, {pa}) =0 (3-4)
E

with
Map(q) =v5"(q) .

Fal(g, {p}) = Zva) 9)nilq vaa)

M is necessarily an invertible matrix since, if the determinant of M would
vanish, then M would possess eigenvectors with vanishing eigenvalues, implying
the existence of further constraints. Hence the number of constraints would be
larger than n — Ry .

Since det M # 0, the constraints (3.4) can also be written in the standard
form

and

¢oz(q,p) = Pa — ga(Q7 {pa}) =0, (35)

go =Y M, Fs .
B

Written in this form, the label a on the constraint ¢,, is that of the momentum
Do, conjugate to the velocity ¢,. The constraints (3.5) are referred to in Dirac’s
terminology as primary constraints. They follow solely from the definition of
the canonical momenta, without making use of the equations of motion. The
primary constraints have no analog on the Lagrangian level. On the Hamilto-
nian level they define a 2n — (n — Ry) = n + Ry-dimensional subspace T'p of
the 2n-dimensional phase space.

Although the above considerations have been based on a Lagrangian quadratic
in the velocities, (3.5) is generally valid for Lagrangians which depend only on
g and ¢, and no higher derivatives of ¢ (the Hessian (2.2) can thus in principle
also depend on the velocities). This can be seen as follows:

Let Wap, (a,b = 1,- - -, Rw) be the largest invertible submatrix of Wj;,
where a suitable rearrangement of the components has been carried out. We
can then solve egs. (3.1) for Ry velocities ¢, in terms of the coordinates ¢;,
the momenta {p,} and the remaining velocites {qq }:

where

Q(L:f(L(Qa {pb}a{Qﬁ})a a‘ab:177RW 5 ﬁ:RW—"laan (36)
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Inserting this expression into (3.1), one arrives at a relation of the form,

pj = hj(q,{pa}, {da}) -

For j=a (a =1, -, Ry ) this relation must necessarily reduce to an identity.
The remaining equations read

= ha(q,{pa}, {ds}) -

But the rhs cannot depend on the velocities ¢g, since otherwise we could express
still more velocities from the set {g,} in terms of the coordinates, the momenta
and the remaining velocities, which is not possible.

We now embarque on the construction of the Hamilton equations of mo-
tion for such a constraint system, following first a conventional approach, and
thereafter another line of reasoning, which emphasizes the role played by the
zero modes of W.

3.3 The Hamilton equations of motion

We first prove the following propositions [Sudarshan 1974]:
Proposition 1

On the subspace I'p defined by (3.5), the canonical Hamiltonian is only a
function of the coordinates {¢;} and the momenta {p,}; i.e., it does not depend
on the velocities {Gq}

Proof

Consider the canonical Hamiltonian on the subspace I'p:

Hy = Hc|rp Zpafa =+ ZgaQa — L(q, {fb} {QB}) (3.7)

where we have used (3.5) and (3.6). The rhs of (3.7) defines a function which
in principle depends on {¢;}, {ps} and the velocities {¢,}. We wish to show
that Hy does not depend on the velocities {¢,}. Indeed

Oy s~ Of _(8_L) %_<8_L>
93 =045 """ \0da) 4_y, 045 \0ds ), _;.

_ Ofa _ (9L -
_Z <pa (8qa)q-a—fa> 8is " (gﬁ <aqﬂ)q'a—fa> "
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Hence it follows that
Ho = Ho(q,{pa}) - (3.8)

Note that we have not used the Lagrange equations of motion in the proof.
Proposition 2

In the presence of primary constraints (3.5), the Hamilton equations of motion
read:

_OHy |, 90
qi = B} + ~ qp 3}%’ )
e ~ OHy 0ds
b= 9q; Z 9 dq; (3.9)
¢oz( q,p ) =0 s

where the ¢g are (a priori) undetermined velocities. Note that we are only
allowed to set ¢, = 0 after having performed the partial differentiations.

Proof
From (3.7) we obtain, using the fact that Hy does not depend on ¢y,

Ofo _ 5fb % _ (9L 0fs
Ipa ¢ v ) 4 s Opa’
N Oty _ . 599, (3.10)
Opa Lo Opa '
Furthermore
8H0 afb 8gﬁ (8L> <8L) 8fb
"+ > (= ==
0g; zb: " Dq; Z 0q; Ga=fa zb: Oy av=rfo 0¢;
8L> dgs .
(8Qi {Ga=1fa} Eﬁ: 8%’
d 8L) 895
==\ =7 + qs »
(dt 3ql {Ga=Ffa} 3 8ql
o oy . 095

i ——q3 - 3.11
94 p+i 8%% (3.11)
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Note that this time we have made use of the Euler-Lagrange equations of
motion.

Equations (3.10) and (3.11) are asymmetric in the number of coordinates
and momenta, and their time derivatives. A more symmetric form is obtained
by noting that Hy does not depend on {p,}. Making use of the definition of
¢o (cf. eq. (3.5)) we first rewrite the above equations as follows:

8H° 8¢ﬁ (3.12)
- _% N %
=5 Eﬂjqﬁ Fa. (3.13)

Because % =0, and % = 0gq, We can supplement these equations by the

identities 8H 06
viio ves
Z 7 Opa

Adjoining these equations to (3.12), we arrive at (3.9).
It is not obvious that the equations for ¢; and p; are consistent with the
primary constraints (3.5). Thus, for consistency we must also have

. d
Pa = %ga(% {pa}) )

where p,, is given by the rhs of (3.13), together with the primary constraints.
This may lead to so-called “secondary constraints”. These constraints must in
turn be consistent with the equations of motion and primary constraints (and
so forth). We shall soon look at this problem in more detail. In fact, as we
will see, the full set of Lagrange equations of motion will only become manifest
on Hamiltonian level once secondary constraints are taken into account. This
does not mean, however, that they must be added explicitly to the Hamilton
equations of motion (3.9), since they are hidden in the primary constraints,
which are required to hold for all times.

3.3.1 Streamlining the Hamilton equations of motion

For the following discussion it is useful to introduce the concept of a weak
equality as defined by Dirac:

Definition: f is weakly equal to g (f = g) if f and g are equal on the subspace
defined by the primary constraints ¢ = 0: flr, = g|rp-
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In the following f(q,p) = g(q, p) will thus be a short hand for the following
set of equations,

fla,p) =9(q;p) , balg,p)=0.

With this definition we can write the Hamilton equations (3.9) in the form

_9Hr . OHp

i~ ) i~ ) 3.14
G~ D 9 (3.14)
where the “total Hamiltonian” Hr is defined by

Hp=Ho+» Vado - (3.15)

Note that the derivatives in (3.14) do not act on the v, since the expressions
are to be evaluated on the primary constrained surface, as is implied by the
“weak equality” sign. In fact, since the “velocities” v, are a priori not given
functions of the canonical variables, the action of the derivatives would not
even be defined.

Making use of the definition of “weak equality”, we can further relax the
definition of Hp. To this end we first prove the following proposition: [Sudar-
shan 1974]:

Proposition 3

If f and h are two functions defined over the entire phase space I', spanned by
{¢;} and {p;}, and if f(g,p)|r, = h(q,p)Ir, then

0 0 oh
~— | h-— —
il Gl Z b5 8% B Eﬂj b5

0 of
3o (f—ipjm%) Do Z¢ﬁ (3.16)

Proof:
Consider two functions f(q, {pas}, {Pa}) and h(q, {pa}, {Pa}). By assumption,

f(@:{pa}, {9a}) = R, {Pa}; {9a})

where we made use of (3.5). From here it follows that

Z of 995\  _ Z Oh 9gs
8% Opp 0q; 8qf Opg 0q;

I'p T'p
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and

of 0gg oh Oh Ogg
—ZJIP = | =+ - .
(8pa Z 9ps Opa Ipa Eﬁ: 9pp Opa
I'p I'p
Making use of (3.5), and of the definition of the weak equality, these equations
can also be written in the form

B} of
4 (f—zﬁ:@%a—pﬁ) 3 ( Z¢ﬁ ) ,
B} of d oh

- L lre—|h- .
Opa (f zﬁ:% 819/3) Ipa ( zﬁ:% 8pﬁ)

Finally, since % = 0go we also trivially have that

P of
£(-5e2)- (502

Hence we are led to (3.16).

Corollary:
From (3.16) it follows in particular that

- 8 8@;
“e 81% Z

5 8¢B
pi ~ , 3.17
6ql % V850 (3.17)

where H ~ Hy, and v” are undetermined parameters.
Proof:
Consider two functions H({¢;}, {p:}) and Ho({¢:}, {pa.}), satisfying

H({a:},{p:}) = Ho({ai}, {pa})-
Setting f = Hyp and h = H in (3.16), it follows from (3.8) that

0Hy 0 oH
~— | H- — |,
9q;  Oq; < Ep: e Ipp )
0Hy 0 oH
—~— | H- — .
dpi  Op; < %: v 9ps )
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Inserting these expressions in (3.9), we obtain

0 OH 90
i =S 2 |+ ,
% o\ 2y | 2,

) 0 OH . O¢g
P [ H=3 g | =Y ds 2L
0q; zﬁ: ? ops zﬂ: g
These expressions can also be written in the form 2

0 oOH
q o Zﬂ: (% 8p[3) bp

. 0 . OH
pi%—aq‘ H+Z<q ——)¢B

i g Ipp
Defining
0H
vg =4 — 7— , 3.18
5§ g (3.18)
equations (3.17) follow. These equations can also be written in the form
. 8HT . 8HT
i~ s Di R — ) 3.19
G~ D 9 (3.19)
where Hr is the total Hamiltonian (3.15) with Hy replaced by H:
Hp=H+Y vpps , H~ Hy . (3.20)

B

Hence the Hamilton equations of motion take a form analogous to those for an
unconstrained system. The canonical Hamiltonian is merely replaced by the
total Hamiltonian (3.20), where H(q,p) is now any function of the canonical
variables which on the primary constrained surface I' p reduces to the canonical
Hamiltonian evaluated on this surface. Note that in the case where H = H
we have from (3.18) and (3.8) that vg = ¢g.

Equations (3.19) can also be written in Poisson bracket form. Defining the
Poisson bracket of A(q,p) and B(q,p) in the usual way, 3

0A0B 0AOB
A B} = _—— 21
4, B Z (5%‘ Opi  Opi 5%) (3.21)

%

2Note again that the action of the partial derivatives on the g4 ’s is not defined. Such terms
are however proportional to the constraints and therefore vanish on the primary surface.
31n this chapter we restrict ourselves to commuting c-number variables.
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we have that

For later purposes we recall some fundamental properties of Poisson brackets:

1) Antisymmetry
{f.9y =9, 1}
il) Linearity
{fi+f29) ={f1.9} +{f2, 9}

iii) Associative product law

{fifa,9} = filfe, 9y +{f1, 9} f2

iv) Jacobi-identity (bosonic)

{f’{g’h}}+{g’{h7f}}+{h7{f7g}}:0' (323)

From these properties it follows that for any function of the phase space vari-
ables F(q,p), .
F~{F Hr} .

3.3.2 Alternative derivation of the Hamilton equations

Before proceeding with our Hamiltonian analysis of singular systems, it is in-
structive to rederive the above equations of motion by starting from a non-
singular Lagrangian depending on one or more parameters, for which the
Hamilton equations of motion are the standard ones, and which reduces to the
singular Lagrangian of interest by taking an appropriate limit [Rothe 2003a).
This, as we shall see, will also shed light on the role played by the primary
constraints.

Consider the following Lagrangian,
1 .. .
L= XJ: Wij(4; a)dids — Z 1:(a)di — V(a) . (3.24)

where ¢ stands for the set of coordinates {¢;}, and « stands collectively for
a set of parameters. For a # a, we assume that det W # 0, so that we are
dealing with a non-singular system. We assume that the singular system of
interest is realized for & = a. (the subscript ¢ stands for “critical”), where
det W(g;a.) = 0. * Our aim is to derive the Hamilton equations of motion

4Clearly the form of (3.24) is not unique.
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for the singular system, by taking the limit a« — o, of the Hamilton equations
following from (3.24).
For o« # «a, one has for the Legendre transform of (3.24) the canonical

Hamiltonian,
1

He =5 3" (o +m) W5 (b + 1)) + V(a) (3.25)

.3

where the canonical momenta are related to the velocities by

Di = Z Wij(q; a)g; —nilq) - (3.26)

The symmetric matrix W can be diagonalized by an orthogonal transforma-
tion W — Wp = CTWC. In terms of the eigenvalues and orthonormalized
eigenvectors, W can be written in the form

W” Z}\ U(Z) (é) ’

where
and where by assumption, A\¢(q; ) # 0 for @ # «.. Correspondingly Wi

obtained by making the replacement Ay — )\% The Hamiltonian (3.25) is thU.b
given by 4

1 1 5
== E — 2
2 - )\Z ¢€ + V(Q) ’ (3 8)
where
¢e(g,p; ) == (F+1i(q)) - T (g; ) - (3.29)
For a # «, the Hamilton equations of motion then take the form
3¢e
G = E 3.30
) 8]% )\Z ¢ ( )
~ OH. Z oV
'7; — = — — . . ]-
P 8Qz 8% (/\Z ¢Z> 8Qz (3 5 )

Consider now the limit & — o, where det W — 0. Let {\,} denote the set of
eigenvalues which vanish in this limit. In order to implement the limit we first
write (3.30) and (3.31) in the form

. 8¢€ 8¢€0
6i = Z Z o (3.32)
ol e “op; Ao Op;
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:—‘Z ( )_lza‘l( @0)_2;. (3.33)

erginy ?
From (3.29), (3.26) and (3.27) we have that
b = va%)Wiﬂj = Ao (7). @) (3.34)
i,J
Hence 1
O}ch /\_eoqsfo = peo (4, Gs ) (3.35)
where .
peo (a4, 4 ) = 7+ 7 (g ) (3.36)
Note that the finiteness of the velocities in (3.34) implies that
¢fo (q7pa ac) =0 ) (337)

where ¢y, is given by (3.29) with £ = ¢y. These are just the primary constraints.
Hence for a — ., equation (3.32) reduces to

. 8¢€ (9([5@0
- Y (5ogr) +%jpeo( ap,)a_au (338)

£{to} !

with pg, given by (3.36). Consider next egs. (3.33). Again making use of (3.35)

and the fact that 85‘;? |a=a. = 0, these reduce for a — a. to
. 1
=5 3 |

9 ( L 5 oLy, ov
, —m)] > pro ( f‘) 2=, (339
e#{to} 94 \ ¢ a=ac g, i ) g=a. 04

where use has been made of (3.36).

We now notice that the first sum on the rhs of eqs. (3.38) and (3.39) are
just given by 81;[0 and — aHO , where Hy is the Hamiltonian obtained from (3.28)
by taking the limit o — 04,;

1
ge: m@ (¢, p; ) +V(q) (3.40)

Here use has again been made of the fact that lim,—,q, % is finite, as well as
0

of (3.37). Hy is just the canonical Hamiltonian derived from the (3.24) with
a = ag, evaluated on the surface (3.37). Hence, together with the constraint
equations (3.37), the equations of motion (3.38) and (3.39) take the form

. _OHr . OHr
qi =~ 8p1 ’ bi = 8q1

(3.41)
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where
Hp=Ho+ Y pryde, -
Lo

is the total Hamiltonian, and py, are the projections of the velocities on the zero
modes (3.36). Hence we have obtained the Hamilton equations of motion for a
constrained system in the form given by Dirac, by taking the limit @ — « of
the equations of motion for an unconstrained system. The primary constraints
are just the statement that the projected velocities (3.36) are finite in this limit.

The primary constraints themselves have no analog on the Lagrangian level
but allow us to recover the connection between momenta and velocities (3.26)

for @ = a,, needed to express the Hamilton equations of motion in terms of
Lagrangian variables. Thus from (3.38), (3.36) and (3.29) it follows that

Gi= Y —¢ﬂﬂ)+§: L)yl (3.42)

£#{to}

where the rhsis evaluated at o« = .. Define the matrix W, Ze;&{e } )\[U( )v(e)

From (3.42), and making use of (3.29) and (3.37) we have

Z q,ac Z ¢Z q,D, ac) (@)

i£0,
) (¢
—E:p+n 0 = ()i

where in the last step we made use of the primary constraints, in order to
extend the sum on the rhs over all ¢, and have then used the completeness
relation for the eigenvectors. Since W' = W(q,a.) we have thus recovered
(3.26).

Equations (3.41), together with the primary constraints, do not directly
yield the complete set of Lagrange equations of motion. These follow by also
requiring the persistance in time of the primary constraints, which may lead to
secondary constraints that must in turn be satisfied for all times. The persis-
tence of the primary constraints yields on Lagrange level equations involving
only coordinates and velocities. These are part of the Euler-Lagrange equations
of motion. From the point of view taken in this section, that the equations of
motion are obtained by a limiting procedure from those of an unconstrained
system, the persistence of the primary constraints follow from the requirement
that also the accelerations remain finite in the limit o — .. Thus for a # a.
we have from (3.34) that ¢g, = A, ¢ 7). Taking the time derivative of this
expression, and noting that Ay, (q, @), and 0; A\, (g, @) both vanish in the limit
o — a,, we conclude that (ﬁgo (¢,p, a.) = 0. This requirement must be imposed
to yield the missing Fuler-Lagrange equation.
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3.3.3 Examples

Let us consider some simple, but instructive examples.
Example 1

Consider the Lagrangian

1 1
L= i’ +iy— =(x—y)*. (3.43)
2 2
This Lagrangian is singular since W has rank Ry = 1. The Lagrange equations
of motion read
I=y—z—y9, (3.44)

T=y—ux. (3.45)

The last equation relates the velocity & to the coordinates at any time. It there-
fore has the form of a constraint. In fact, as we shall see below it corresponds
to a so-called secondary constraint on Hamiltonian level.

So far only # is determined in terms of the coordinates. But the consistency
of the above two equations leads to

y=y—=x. (3.46)

Note that this equation is not part of the Euler-Lagrange equations of motion,
but is implied by their consistency. We will see soon what is the analogous
statement on the Hamiltonian level. Although both equations, (3.45) and (3.46)
relate velocities to the coordinates at arbitrary time, and therefore appear to
be constraints, only the first one is actually a constraint on Hamiltonian level,
as we shall see below.

To arrive at a Hamiltonian formulation we first compute the canonical mo-
menta,

Pe=T+y, py=0.

The equation p, = 0 is a primary constraint, since it follows directly from the
definition of the canonical momenta. The canonical Hamiltonian evaluated on
the constrained surface p, = 0 reads

2

1
Hy = (pw—y)2+§(:r—y) ,

N | =

and the total Hamiltonian Hr is given by

Hr = Hy + vpy .
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From (3.14) we are thus led to the following equations of motion

y=v (3.47)
T=ps—Y, Pa=Yy—7 (3.48)
Py =Pz +2—2y (3.49)

Py = 0. (3.50)

Equations (3.48) are equivalent to the Lagrange equation of motion (3.44). The
other Euler Lagrange equation (3.45) does not appear at this stage. But by
requiring that the primary constraint (which has no analog in the Lagrangian
formulation) must hold for all times, i.e. p, ~ {py, Hr} ~ 0, and making use
of (3.49), we generate a new constraint

Petz—2y=0. (3.51)

According to Dirac’s terminology this is a secondary constraint. Equation
(3.48) now allows us to rewrite the above equation in terms of Lagrangian vari-
ables. This leads to (3.45), so that we retrieved the complete set of Lagrangian
equations of motion. On the other hand, eq. (3.46) is not one of the Lagrange
equations of motion, but is merely implied by their consistency. On the Hamil-
tonian level this equation follows by requiring the persistence in time of the
secondary constraint, i.e., p, + & — 2y = 0. Together with (3.48) and (3.45),
this leads to (3.46), which in turn fixes that Lagrange multiplier v in (3.47).
Thus in this example the persistence in time of the secondary constraint did
not produce a new constraint, but rather fixed the Lagrange multiplier, which
now becomes a function of the canonical variables. ®

Example 2

Let us now see what happens if we merely change the sign of the last term on
the rhs of the Lagrangian (3.43):

1, . 1
L= §x2+xy+ §(x—y)2. (3.52)
This is again a singular Lagrangian involving one primary constraint p, = 0.
The total Hamiltonian is given by
L

1
Hr = 3p —§w2—ypm+xy+vpy-

5 As we shall see soon, this is due to the fact that the constraints generated form a so-called
“second class” system.
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The equations of motion, together with the primary constraint, read
j: =Pz VY, y =v,
Pe=T—Y, Py:Pm—SU
py=0.
Persistence of the primary constraint leads to the secondary constraint
pz—x=0.

Requiring persistence of this secondary constraint just reproduces the same
constraint, so that there are no further constraints. Note that in contrast to
the previous example, the velocity ¢ is left undetermined. The origin of this
was a simple reversal in the sign of the last term in (3.43). The fact that
the velocity g is left undetermined signalizes, as we shall see later, that the
Lagrange equations of motion possess a local symmetry.

Example 3

Consider the Lagrangian (2.6), i.e.,

) 1, .
L=2(d2—e™)?+ 5((13 —q)?.

N =

The Lagrange equations of motion read

G2=e€e", 3—G=0,
%(QQ_e{h):CIQ_QB-

They are equivalent to the set

QQ —e® =0 )
q.3 — Q2 = 0. (353)

The canonical momenta are given by

1= 0 5
p2=q2 —e”, (3.54)
P3=q3— gz .

The first equation represents a primary constraint. The total Hamiltonian is
thus given by

1 1
Hr = 510% + §P§ +e?'py + gop3 + vpy .
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The Hamilton equations of motion read

Gi=v ; G2=p2+e” ; @3=p3+q,
pr=—epy ; p2=-p3 ; p3=0, (3.55)

together with the primary constraint p; = 0. From the persistence of the
primary constraint, i.e. p; = 0, we conclude from (3.55) that po = 0. This
is a secondary constraint. Note that this new constraint generates via (3.54)
the first Lagrange equation of motion in (3.53), as expected. Persistence of
the secondary constraint leads, according to (3.55) to the tertiary constraint
p3 = 0. Again making use of (3.54) this yields the second Lagrange equation of
motion in (3.53). Hence in this example, the primary, secondary and tertiary
constraints yield the full set of Lagrange equations of motion, and the Lagrange
multiplier v in the Hamilton equations of motion remains undetermined. ¢ We
emphasize that, although the secondary constraints are hidden in the Hamilton
equations of motion, which include in principle only the primary constraints,
it will be important to make all the constraints manifest before embarking on
the quantization of the theory.

So far we have considered systems with only a few degrees of freedom.
The following example illustrates the case of a system with a non-denumerable
number of degrees of freedom. At the same time it demonstrates how the
Hamilton equations of motion can be derived by a limiting procedure from a
non-singular Lagrangian, as discussed in the previous section.

Example 4

Consider the singular Lagrangian of the pure U(1) Maxwell theory in the ab-
sence of sources:

. 1
L[A*, AM] = -1 / d3xF,, F" (3.56)
where F,, = 0,4, — 0,A,. The discrete index 4 in ¢; is now replaced by a

continuous index & and a discrete Lorentz index, i.e. ¢;(t) = AL (Z,1).
Consider further the non-singular Lagrangian

. 1 1 .
L[A* AM] = —Z/d%F,wFW + §a/d3x (A%

which for o« — 0 reduces to (3.56). This (non-covariant) choice is of course only
a question of simplicity. Any other non-singular Lagrangian reducing to (3.56)

6 All constraints which are not primary, will be referred to from here on simply as secondary
constraints.
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in the appropriate limit would be just as acceptable. The canonical momenta
conjugate to A* are given by

Ty = FOr 4 Oé(sl,,oaoAO

The Lagrangian written in the analogous form to (3.24) is

L:/d% &y [ A ()W (2, ) AV } /d 2 n(A(2) A" (z) — V]A]
where 20 = y°,
pi= (0,-94%)
and the matrix elements of the symmetric matrix W read
Woi(Z,9)=0,
Woo(#, ) = a6 (7 - §)
Wi; (. §) = 6150 (& —

Hl
||

y) -
The potential V[A4] is given by

/d3 ( Fy FiI — (6A0)2>,

and the canonical momenta, analogous to (3.26) are
mula) = [y Wi lo,) 4 (0) = nu(Aw)

The matrix W possesses the following eigenvectors, 72, labeled by a discrete
and continuous index,

vOEA(E) = 6,,60)(Z - 2) , (3.57)
and the corresponding eigenvalues of W are given by
A0 =y A =1 (1=1,2,3).

The canonical Hamiltonian takes the form

/dB [ #o @) o) o )T

+%/d32é {/d:‘w(wu( ) +1u()) (0’5)(5)}2+V[A] :
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where n,(x) = nu(A(z)). This is the analog of (3.28). Upon making use of
(3.57), H. reduces to

_1 3 2 1 3 1 2
Hc—gzi:/dx(m-km) +§/dwa(ﬂo+ﬂo) VAl

and the Hamilton equations of motion read

10 5HC )

)

Cdm(z) «

. §H ,
Al = ¢ _ : zAO
) oA
_ 5Hc _ = o
TS T T
SH, .
SLLLIENSY
L 5T

For finite A® the first equation tells us that my vanishes in the limit o — 0
(mo = 0 is a primary constraint), whereas A° remains completely arbitrary.
Since mg must vanish for arbitrary times, the third equation tells us that also
V -7 = 0. This is just the secondary constraint (Gauss’s law).

Alternatively we could have departed from a covariant form for an uncon-
strained system by adding to (3.56) a term ja [d3z (9,A4*)2. In this case
N, (A(z)) would also depend on «. Following our general procedure one is then
led to the equations of motion

0 OH. 1 >

A= —_WO—V'A’,
omo «

i =0 i
67@

. 8I{c = -

WOZ—@:—V'W,

T = —@Fﬁ + 9w .

From the first equation it follows again that in the limit o — 0, m9 = 0. This is
the primary constraint. The remaining equations then reduce to the standard
equations of the Maxwell theory. In particular, since 7p = 0, we have that
V. # = 0. This is Gauss’s law in the absence of sources, and is a secondary
constraint following from the time persistence of the primary constraint.
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3.4 Iterative procedure for generating the
constraints

As we have emphasized above, the complete dynamics of a system is described
by the Hamilton equations of motion (3.19). The above examples have shown
that further (secondary) constraints may be hidden in these equations, and that
they are part of the Lagrange equations of motion, or follow from their consis-
tency. As we have also mentioned, it is important to unravel all the constraints
in order to formulate the corresponding quantum theory. In this section we
discuss in more detail the Dirac algorithm for generating the secondary con-
straints in a systematic way [Dirac 1964]. The starting point is always given
by the primary constraints

¢g=0, 5:1,...,7L—RW

which are required to hold for all times, i.e.

¢p = 0.

Recall that n is the number of coordinate degrees of freedom, and that Ry,
is the rank of the matrix W defined in (2.2). The persistence in time of the
constraints can only be required in the weak sense, i.e., one should implement
any constraint only after having carried out the partial differentiations in (3.19),
or the Poisson brackets in (3.22):

¢ﬁ ~ {(bﬂaHT} ~0 )
or
{¢B7H} + Z{(ﬁg,ﬂ%}?ﬂ ~0,
¥
where H ~ H,. Define the matrix

Qﬁ7:{¢ﬂa¢’y}7 57’y:1a"'an_RW~

i) If the rank Rg of this matrix is equal to n — Ry, then Q™! exists, and
the Lagrange-multipliers v” are completely determined on I'p. It is convenient
however to define v® strongly as follows:

v*(¢q,p) = — ZQ;é{¢B’H} :
B

Correspondingly we define the total Hamiltonian (3.20) by
Hr=H =Y ¢aQ {05, H} .
B
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ii) If Rg < n— Rw, then we can find Rg linear combinations of the con-

straints,
(b% = Zcﬂv(b'v
¥
such that
det{¢),, @3} #0; a,8=1,..,Rq
and

where we have suitably ordered the constraints. Correspondingly only Ry of
the Lagrange multipliers are fixed via the persistence equations

Rq

{63, H} + > {dp. 0,10 ~0, B=1,..Rq.

y=1

For the remaining constraints (b%, B =Rg+1,...,n— Ry, their presistence in
time demands that

{¢IE7HT}%{¢IE,H}QJO R B:RQ+1’7n_RW

This leads in general to secondary constraints which we denote by a small latin
subscript,
va =0 (secondary constraints).

By repeating this procedure for the secondary constraints, one generates in gen-
eral several “generations” of constraints. Note that the presistence equations
for the constraints are always determined from the time derivative computed
with the total Hamiltonian. A new constraint is generated from ¢, if i) the
Poisson bracket of ¢, with all the primary constraints vanish on the subspace
defined by all the constraints generated up to this point, and ii) {¢,, H} does
not vanish on this subspace. In the case where i) does not hold, one is led to
relations between Lagrange multipliers and canonical variables. 7 In the fol-
lowing we denote all constraints gained in this way collectively by Q = {Q4}:

{QA}:(¢a7(Pa); A:].,...,N.

3.4.1 Particular algorithm for generating the constraints

We now present a particular algorithm for generating the secondary constraints,
which will prove very useful in later chapters. In this algorithm, the chain of

"The algorithm makes sure that we are never led to an overdetermined system of equations
for the “velocities” vP.
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constraints generated from a given primary constraint ¢, will be denoted by

ga)’ where ¢ labels the “level” in the chain, and the subscript £ = 0 is reserved

for the parent of the chain, i.e. the primary constraint ¢(()a) = Q.

(@)
0

Consider a given primary constraint ¢y ° = 0. This constraint must hold

for all times, i.e.,

{o6 HY+ 3 {0, o 1o’ ~ 0.
B

Two possibilities arise:

1) The Poisson bracket of ¢(()a) with some of the primary constraints {gb(()ﬁ)}
does not vanish weakly. In that case no new constraint arises from the require-
ment of persistence in time of (béa) = 0; instead a relation is required to hold
among the v7’s.

2) The Poisson bracket of qbéa) with the entire set of primary constraints
vanishes weakly. In this case we are led to the equation

{6\ H}~0.

Now, either this equation is satisfied identically, or a new constraint is gen-
erated. Suppose the latter is the case, then we denote the new constraint by
¢1a), and define it through a strong equality:

01" = {of" H}.

Requiring the persistence in time of this (secondary) constraint, ® we may (or
may not) generate a new constraint, depending on whether the Poisson bracket
of ¢§a) with all the primary constraints vanish on the subspace defined by all
the previous constraints, or not. Proceeding in this way it is evident that
the constraints belonging to a given primary constraint (béa) will satisfy the
recursive relation

o\ = (!, H}. (3.58)

No new constraint is generated once the rhs vanishes identically on the subspace
defined by all the constraints up to the £’th level. Note that we have defined
the constraints (3.58) by a strong equality, rather than evaluating the Poisson
brackets on the surface defined by all constraints up the £’th level. At this
point this is just a matter of simplifying the notation, but it will be convenient
later on, when we discuss the local symmetries of a Lagrangian. In principle,
however, only a weak equality is needed, where from now on “weak equality”
will always be understood as an equality holding on the subspace I'q defined

8Recall that the time derivative is always computed as a Poisson bracket with Hy, subject
to the constraints generated up to this level.
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by all the constraints. This iterative procedure can be carried out “chain by
chain” | or “level by level”.

Constructing in this way the descendents associated with each of the pri-
mary (parent) constraints, we are left at the end of the day with a set of
primary and secondary constraints. Not all of these will however in general be
linearly independent. In the following we will denote the independent set thus
generated (including the primary constraints) by Q4 (A =1,2,---).

3.5 First and second class constraints.
Dirac brackets

Once we have extracted all the constraints of the theory, we are in the position
of classifying them [Dirac 1964].

Definition: A constraint is called “first class” if its Poisson bracket with all
the constraints {4} vanishes weakly.

First class constraints will be denoted by {QSB}, where A7 = 1,..., Ny.
Explicitly,

{95411)793}%()’ Alz]-a"'7N(1); B:17’N (359)

The remaining constraints we label by Qfg and are called second class. We
shall assume that these constraints form an irreducible set; i.e., there exists no
linear combination of the second class constraints which is first class. This is
the case if

det Q(q,p) # 0,

where Q(q,p) is a matrix with elements
2 2
QAz,Bz = {QSAQ)’ Q(Bz} :
Indeed, if the determinant would vanish, then the homogeneous set of equations
A 2 2
(0l 0y~ 0

would possess a non-trivial solution for the €42, implying the existence of fur-
ther first class constraints.
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Conversely we have: a set of constraints {1} is second class, if and only if the
matrix

Cre = {t, V¢ }

is invertible on T" (det C' # 0). For assume that there exists a linear combination
¢%4py such that it is first class. Then

CHabe, i} = 0

has a non-trivial solution ¢¢. But then it follows that det{1,,} must vanish
weakly.

Finally we remark that since Qa,B,(¢,p) is an antisymmetric matrix, it
follows that the number of second class constraints is mecessarily even, since
the determinant of an antisymmetric matrix in odd dimensions vanishes.

In what follows, it will be necessary to extend the concept of “first class
constraints” to “first class functions” defined in phase space:

Definition: A function F(q,p) is first class, if its Poisson bracket with all the
constraints vanishes weakly, i.e.,

{F,Q4} =0, forall A.

This in turn implies that

{F,Qa} =) fanQs
B

where {Q4} is the full set of first and second class constraints, and fap are in
general functions of ¢ and p. We now make the following assertion:
Assertion

The Poisson bracket of any two first-class functions of the canonical
variables is first class.

Indeed, let F' and G be first class, i.e.,

{F,Qa} = ZfABQB ,
B

{G, 2} =) 948905 .
B
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Since F', G and 24 are functions of the canonical variables, this is also the case
for f and g. Making use of the Jacobi identity (3.23) one readily finds that

HE G} Qat ~ ZQAB{QB7F} - ZfAB{QB,G} ~0.

Hence {F, G} is first class.
Dirac brackets

Having classified the constraints, we now re-examine the Hamilton equations
of motion (3.19) and expose explicitly those degrees of freedom, which are
associated with local symmetries of the theory. Thus in the examples discussed
above we have seen that, depending on the model considered, some of the
“Lagrange multipliers” v® multiplying the primary constraints in (3.20) may,
in certain cases, be actually determined as functions of the canonical variables,
and therefore are not arbitrary.

The primary constraints can also be classified as being first and second class.
We denote them by qs&ﬂ) and ¢&22), respectively. Note that, as before, the Greek
subscript is reserved to label the primary constraints. The total Hamiltonian
(3.20) then takes the form

Hp=H+» v{ol) +> v@ol).
a2

a1

Having revealed, following the Dirac algorithm, the complete set of constraints
hidden in the Hamilton equations, we now make use of them in order to fix the
“velocities” vy? associated with the second class primary constraints. Since by
the Dirac algorithm all the constraints are time independent, it follows that

they satisfy the following equations

(O H} + >~ Qupa,v® ~ 0, (3.60)
(e

o) Hy~o0,

where we have defined in a strong sense

QAQBQ = {QfQ)’Q(E?)} : (361)

2

Equations (3.60) determine the “velocities” v((fz). Indeed, it follows from this

equation that
— 2 2
Z QAlez {95’32)’ H} ~ = Z 614252“22) . (362)
B2 B2
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Setting As = ao we have that
-1 2
o) = =3 Qulp, A% HY
B2

which defines the “velocities” v((fZ), associated with the second class primary

constraints, as functions of the canonical variables. Note that we have again
defined the velocities by a strong equation, rather than as a weak equality.
Clearly the classical equations of motion are insensitive to this, but it will turn
out to be relevant for defining the corresponding quantum theory.

Let us summarize our findings so far. The Lagrange multipliers associated
with second class primaries are determined by the persistence conditions as
functions of the canonical variables. This is not the case for the Lagrange
multipliers associated with the first class primaries. In fact, as we will see,
they remain undetermined, and are associated with gauge degrees of freedom
of the system.

In principle we can now write down the total Hamiltonian which will only
involve the velocities associated with the first class primary constraints as un-
determined parameters. A particular symmetric form can however be obtained
by observing that upon setting A — as in (3.62), with the small latin index
labeling the secondary second class constraints, we are led to the equation

3 QL 105 HY ~0. (3.63)
B>

Note that this equation is automatically ensured by our algorithm. Making use

of this equation, as well as of the expression for v((fZ) above, we can also write

the total Hamiltonian in the form

Hp = HY +) ool (3.64)
ay
with @ @
HY = g — Z QW Qu s {05 HY (3.65)

Az2,B2

where the superscript (1) on H () indicates that it is first class. We now prove
that this is indeed the case. To this effect we notice that by the definition of
H® | we have that
2
%, HOY ~ 0. (3.66)

Furthermore, since the time derivative of all constraints vanishes weakly, as
implied by the Dirac algorithm, we have in particular

1 1
0~ {04, Hry = (2, HD}.
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Hence H™) has also a weakly vanishing Poisson bracket with all first class
constraints. From here and (3.66) it follows that H() is first class.

Relations (3.64) and (3.65) suggest the introduction of the following (Dirac)
bracket of two functions f and g of the canonical variables:

2)\ ~— 2
{£.9}p = (.9} = D {1 Q0)Qui5 {95 9} (3.67)
Az,B2
Important properties of the Dirac bracket are:
i) The algebraic properties of Dirac brackets are the same as those of the
Poisson brackets.

ii) The Dirac bracket of any function of the canonical variables with a second
class constraint vanishes strongly, i.e.,

(Fop=0. (3.68)

Because of i) this implies that the second class constraints can be implemented
strongly within the Dirac bracket. Making use of the definition (3.67) and of
(3.64) we see that for an arbitrary function of ¢ and p the equations of motion
(3.19) can be written in the form

FrAf, Hyp+Y o{f, 60} (3.69)

For a purely second class system the last term on the rhs is absent. On the
other hand, for a purely first class system the Dirac bracket coincides with the
Poisson bracket.

Let us reconsider our example 1 in this formulation. The constraints (3.50)
and (3.51) are second class. The matrix Q 4, 5,, defined in (3.61), and its inverse

read 0 o 01
= 71: 2 .
o= (55) . @*=(37)

From the definition of the Dirac bracket (3.67) one readily verifies that

1 1
{yapT}D = 5 ) {xay}D - 5 .
All other Dirac brackets are given by the corresponding Poisson brackets, i.e.,
they have the canonical form. One readily checks that the Dirac bracket of

all the constraints vanish identically, and that the equations of motion (3.47)-
(3.50) are reproduced by (3.69) with qﬁg}l) = py, and f standing generically for
Z,Y, Px, pl[



Chapter 4

Symplectic Approach to
Constrained Systems

4.1 Introduction

With every second order Lagrangian L(q, ¢) one can associate a “symplectic”
Lagrangian L¢(Q, Q) which is first order in @,, and whose Euler-Lagrange
equations of motion coincide with those derived from L(q, ¢) after an appropri-
ate identification of variables. In the case of an unconstrained system, such a
first order formulation can be obtained immediately. Thus the Euler-Lagrange
equations

d OLs  OLg

dt 0Q, 0Qa

associated with the (symplectic) first order Lagrangian

=0

1

Q)= piti ~ He(@.p) . Qai=(ap): a=1--2n (1)

yield the Hamilton equations of motion associated with the corresponding sec-
ond order Lagrangian L(q,q) with canonical Hamiltonian H.(q,p). Further-
more, the dynamics described by the above Lagrangian is fully equivalent to
that described by

1 n
L, = 5 Z pz(h pz(h Hc(Qap) ) (42)

IWe use everywhere lower indices, at the expense of explicitly introducing summation
signs for summation over repeated indices.
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where we have dropped an irrelevant total derivative. L, can be written in the
so-called symplectic form [Faddeev 1988]

2n
=5 Qufass— Ho(@), (13)
a,f=1

where the matrix fa/g has the following off-diagonal structure with the ordering
(7, p):

= 0-1

Jap = ( 1 0) '
Alternatively, (4.3) is of the form

L, = ZAﬁ(Q)Qﬂ - VG(Q) s (44)
B

where

= 2> Quus (4.5)

with V4(Q) = Ho(Q). Consider now (4.4), where we leave A, unspecified.
Noting that

the equations of motion associated with (4.4) read

Z faﬂQB = K(()/O) ) (4.6)
b
where 94 a4
[3 «
a 4.7
fap = 90. 90, (4.7)
and v
0) _ s
K, 90, (4.8)

In the case where Lg is given by (4.2), fas = fas. Since for a non-singular
system the inverse of f,3 exists (f has no zero modes), we can solve (4.6)
for the velocities. Next let us define the following generalized Poisson bracket
[Faddeev 1988]
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This definition can be generalized to arbitrary functions of the symplectic vari-
ables as follows: 0c
{F.G} = Z a/i 3@

With this definition the equations of motion (4.6) can be put into a Hamiltonian
form,

0
E:J;éagr‘—{QaJé@W}7

with the symplectic potential V, playing the role of the Hamiltonian. 2
As an example consider the (non-singular) second order Lagrangian

1.5

L=~ V(o). (4.9)

Introducing the variable p = ¢, the equation of motion,

.oV
can be rewritten as

ov

q=D, P:—8—q~

These equations are the Euler-Lagrange equations of motion following from the
(symplectic) Lagrangian

1
—p*+V(q).

Ls(Qa Q) :pq - Vs(pv Q) ) Vs(p7 Q) = 2

We see that Vi is just the canonical Hamiltonian associated with the second
order Lagrangian (4.9). Thus the Euler-Lagrange equations derived from L
are just the Hamilton euations of motion following from (4.9). In the notation
of (4.4) we have Q1 = q, Q2 =p, A1 =p, Az =0, and correspondingly f.» =
—é€qp. [ is a non-singular matrix with the inverse f_ e €q8 - Correspondingly
we have the canonical Poisson brackets {¢,p} =1, {q,q} = {p,p} = 0. With
the identification Vi (q,p) = H.(q,p), equations (4.6) take the form of Hamilton
equations of motion:

oV, . oV
= N VS = - = N VS = — - .
q={q,Vs} 3 p={p,Vs} 94

2Note that the momenta conjugate to {Qq } do not appear. In fact, from (4.4) one sees that
they are constrained to be functions of Q: Py — Aa(Q) = 0. These are primary constraints,
equal in number with the “coordinates” @ := (g, p). It is for this reason that we labeled the
coordinates @ with a Greek index.
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4.2 The case f,, singular

In the case of a singular Lagrangian, the equivalent symplectic Lagrangian can
still be written in the form (4.4), but the matrix fo3 in (4.7) is singular, i.e.,
not invertible. That L, can still be written in the form (4.4) can be seen by
starting from the total Lagrangian,

Zp@ Ho(g,p) Zv Ba (4.10)

=1

where ¢5 = 0 are the primary constraints. The Euler derivative of Lp(Q, Q)
yields the correct Hamilton equations of motion. Since the v®’s play the role
of auxiliary variables, we can use the equations (primary constraints)

0Lt
o™

to eliminate some of the ¢’s and p’s, in the Lagrangian Ly. The resulting new
Lagrangian will then be of the form (4.4), but with a reduced number of degrees
of freedom. This form will actually be the starting point for the Faddeev-Jackiw
approach [Faddeev 1988] to constrained systems, which we shall discuss in the
last section of this chapter.

Having established that the symplectic Lagrangian will also be of the form
(4.4) in the case of a singular system, but with a singular matrix (4.7), let us
now proceed with the solution of the equations of motion.

Let 7o be the rank of the 2n x 2n matrix f*?. Then there exist 2n — o
(zero-level) zero modes of f, which - following a similar notation as that used in
chapter 2 - we denote by @(%%) (k= 1,---,2n—7g). Multiplying equations (4.6)
from the left with these zero modes, we are led to the zero-level Lagrangian
constraints

_¢a(q p)—O

2n
D ulPKEY =0, k=1,2,--2n—r0.
a=1

These constraints only depend on (). Some of them may vanish identically. The
remaining ones we denote by (@) (ap =1,2,--+,Np). 3 The corresponding
zero modes @(%:%) we refer to as “non-trivial” level-zero, zero modes.

In general there are further constraints hidden in equations (4.6). In order
to unravel them, we implement the conservation of ¢(%:%0) =,

< 8@(07‘10)
0Qa
3Note that we have denoted the constraints by ¢ in anticipation of the fact that, within

a Hamiltonian formulation, they correspond to secondary constraints associated with the
second order Lagrangian.

>Qa:0a 0,0:1,2,"',]\[0,
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and adjoin these equations to (4.6). This leads to the following enlarged set of
equations

Z Wip(Q)Qs = K4)(@), (4.11)

where Wzgll)ﬁ are now the elements of a rectangular matrix

W _ [ fos
Wi = (M(0>5> : (4.12)
ao
with (0.00)
(0) _ Op
Maoﬁ 5@ i
B
a _ (K®
Ay 6 )
and
KO =vVv(Q).

Here 0 is an Ny-component vector. We now look for zero modes g(1a1) (a1 =
1,2,--+,Ny) of W leading to possibly new constraints, and repeat the above
steps, adjoining the time derivative of the new constraints to the equations of
motion (4.11). Repeating this algorithm, the iterative process terminates after
L steps, when no new constraints are generated.

Denote the full set of constraints {p(®@0)} {p(1:a1)} ... generated by the
algorithm by ¢,, a = 1,---, N, and the set (o, a) by the collective index A.
The final set of equations of motion can then be written in the form

S wiQs =k (4.13)
B
where
W) .= <f“f*> . L>1, 4.14
Ad M,y (4.14)
with 5
Pa
M, 4.15
= 30, (4.15)
and = 0)
0
K = (KG ) . (4.16)

4The upper entry stands for a 2n x 2n matrix, while the lower entry is an Np x 2n matrix.
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Denoting by @(%® (Q) the complete set of left zero-modes of the matrix WIE‘Lﬁ) (Q),
the constraints are given by

0y 1= G . R =

Equations (4.13) represent 2n + N equations for the 2n velocities {Qa} In
general such a set of equations would be overdetermined and admit no non-
trivial solution. Since the additional N equations were however generated by a
self-contained algorithm from the original Euler-Lagrange equations, equations
(4.13) do in fact admit a non-trivial solution.

In the following we consider the case where the first order Lagrangian (4.4)
describes a purely second class system in the Dirac terminology. In that case
we make the following assertion [Rothe 2003b]:

Assertion

For a second class system the unique solution to (4.13) for the wvelocities is
given by
Qu = Z DK (4.17)

where F~1 is the inverse of the matriz F obtained by extending the rectangular
matriz W defined in (4.14) to the antisymmetric square matric

_( fap =M,
Fup = (Maﬂ 0 , (4.18)
with Mag defined in (4.15), and M2, = My,
Proof of Assertion

Consider an enlarged space £ on which the square matrix (4.18) is to act (we
streamline the notation in a self-evident way),

§a:=(Qa, pa) ,

and the following equations:

S Fapép =K. (4.19)
B

As we shall prove further below, det F' # 0 for a second class system. We can
then solve these equations for the velocities £p:

= ZFA LK) (4.20)
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Let us write the inverse F'~! of the (antisymmetric) matrix (4.18) in the form

o — MY,
Fip = (f‘*ﬁ ab) : 4.21
AB Maﬂ Wab ( )

Then F~!'F =1 implies,

foryf’yﬁ - MchCﬂ = 5(15 )

fa'yM% =0 )
May frs + wacMep =0, (4.22)
Mo MY, = =64y (4.23)

where repeated indices are summed.
Consider egs. (4.19) which, written out explicitly, read

D JapQs =Y Mapn =K, (4.24)
B b

> MaysQs=0.
B

From the definition of M,g in (4.15) we see that the last equation states that
vq = 0, where ¢, = 0 are the constraints hidden in the Lagrange equations
of motion. From (4.6) it follows that the second term on the lhs of (4.24)
must vanish. Making use of (4.23) this in turn implies that p, = 0 for all
a,(a=1,---,N). Setting p, = 0 in (4.20), we have from (4.21) and (4.16) that

Qo= fasK (4.25)
5
0= MK . (4.26)
5

Equation (4.25) is nothing but (4.17), and (4.26) is just the statement that
¢q = 0 (within a Hamiltonian formulation these correspond to secondary con-
straints). To see this we notice that according to (4.22), the vectors

7 = (M, wae)

are the left zero modes of the matrix (4.14). Hence
a L Y 0
pa=Y VWKP =3 MK
A B

This concludes the proof.
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4.2.1 Example: particle on a hypersphere

In the following we first illustrate the above considerations in terms of a sim-
ple example. Consider the following Lagrangian, which is referred to in the
literature as describing the non-linear sigma model in quantum mechanics,

R 1.2
LGN = 58 + M@ 1), (427)
where ¢ = (q1,- -, qn). The equivalent symplectic Lagrangian reads,

with 1
Vo=35p" =A@ - 1)

With the identifications Q. :=

(7,7,\) and A, := (5,0,0) in (4.4), the equa-
tions of motion are given by (4.6)

, with

0 -1 0
fap=| 1 0 0

07 0T 0

and

—2A\7
K = 7

—( -1

The matrix f has one “zero-level” zero mode,
GO0 = §.6,1)
implying the constraint
OV ="K =g —1=0.

Adding the time derivative of this constraint to the equation of motion (4.6)
we are led to (4.12) with

0 -1 0

1 0 0
w = | 5 ,

07 07 o

2¢7 07 0

which is seen to possess two “level-one” zero modes:

i = (0,24,0,-1), @ = (0,0,1,0).
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The second zero-mode just reproduces the previous constraint, while the first
zero mode implies a new constraint

(p(Ll) — gt g = 25-7=0.

Incorporating the time derivative of this constraint into our algorithm, leads
to the level 2 matrix

0 -1 0
1 0 0
w®@ = A
2¢7 07 0
25" 247 0
which is seen to possess the three zero modes,
0 0 24
0 2q —2p

a®V =11, a®*?=|o0 |, @@ =] o0
0 -1 0
0 0 1

In addition to the constraints (91 = 0, p(11) = 0, these imply a new con-
straint
PP =P+ =0. (4.29)

This constraint fixes the so far arbitrary (Lagrange multiplier) \ as a function
of 7 and p. Hence we are taken to a third level with the corresponding enlarged

matrix given by

0o -1 0
1 0 0
or 07 o
w® = s
2¢7 07 0
20T 24T 0
axg” 2p" 242

As one readily checks, W®) has no new zero modes. Hence the algorithm
terminates at this point, and the equation of motions (4.13) takes the form

3) ~ 3
S wiQs =K.
B
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Proceeding as described above, we extend the matrix W) to a square matrix
F'. This results in the invertible matrix,

0 -1 0 —27-27—4\]
1 0 0 0 —27 —2p
F_| 07 00 0 0 —2¢
227 0 0 0 0 0
297 287 0 0 0 0
AT 29722 0 0 0

As we shall demonstrate in the following section, the elements of this matrix are
just {Qa,Qp}, where Q4 are the full set of primary and secondary constraints
associated with the symplectic Lagrangian (4.28). The coordinates g;, momenta
p; and A are then given by solving eq. (4.17) or (4.25).

4.3 Interpretation of W) and F

In the above Lagrangian approach the concept of a primary constraint did
not appear. On the other hand, from the Dirac point of view, the symplectic
Lagrangian (4.4) describes a system with a primary constraint for each of the
2n coordinates @,

¢(){(Q)P):PO/_AOA(Q):O7 Oézl,"',27’l, (430)

where P, is the momentum canonically conjugate to @),,. Since the Lagrangian
(4.4) is first order in the time derivatives, the corresponding Hamiltonian on
I'p, Hy, is just given by the potential V,(Q),

Hy = VG(Q) ) (431)

and hence does not depend on the momenta. The dependence on the momenta
enters only in the total Hamiltonian via the primary constraints:

Hp(Q, P) = Vi(Q) + v*¢a(Q, P) . (4.32)

As a consequence we have that the Dirac algorithm applied to this symplectic
formulation will only generate the first level of secondary constraints, and comes
to a stop at this point. Let us look at this in more detail.

Persistence of the primary constraints will in general lead to secondary
constraints, which we label as before by an index ag: ¢4, = 0. It is easy to
show that they are identical with the constraints generated at the lowest level
of the Lagrangian algorithm. Indeed, consider the persistence equations for the
primary constraints ¢q:

{ba, Hr} = {¢a, Vs} + {¢a, dp}v’ =0 . (4.33)
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From (4.30) and the definition of f,g in (4.7) we see that

{¢a, 05} = fap(@Q) - (4.34)
Hence equations (4.33) read,

fapt? = KO (4.35)

where K{” has been defined in (4.8). Multiplying (4.35) with the (level-zero)
left-zero modes u(%%) of f corresponds in the Dirac language to searching for
linear combinations of the primary constraints which have weakly vanishing
Poisson brackets with all the primary constraints. This is evident from (4.34).
These left zero modes will depend only on the @,’s. Correspondingly we have
for the independent (level-zero) secondary constraints

(0,a0) _ (0,a0) 8‘/5
R () I
zﬂ: B 8@5

which are now only functions of the @,’s, and thus have vanishing Poisson
brackets with Hy. Hence their time persistence leads to

25} = 3 M st

(0,(10)

where M ég)ﬁ aQﬁ . Adjoining these equations to (4.35) we have that

1 1
W§1>ﬂvﬂ =K\, (4.36)

where A; stands for the set (a,ag) and W) is given by (4.12). Upon noting
that
Qo ={Qa, Hr} =0° (4.37)

we are led to (4.11). Since the secondary constraints ¢(®%) and the poten-
tial Vs only depend on the @Q),’s, the Dirac algorithm for the first order La-
grangian (4.4) terminates, for the first order Lagrangian (4.4), at this point.
To extract the remaining information embodied in the Lagrangian algorithm
discussed in section 2, we must now proceed in a way completely analogous to
the Lagrangian algorithm. Thus by taking appropriate linear combinations of
equations (4.36), new constraints may be generated which are again functions
of only the Q4’s. This just corresponds to looking for left-zero modes of WM.
The new constraints are thus identical with those derived in the Lagrangian
approach at Lagrangian level “one”. Proceeeding in this way we of course re-
cover all the constraints generated by the Lagrangian algorithm, and are finally
led to eq. (4.13).
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The matrix (4.14) can also be rewritten in terms of Poisson brackets as

follows { }
@) ._ ({Pa:®s
i = (fe)

where ¢, now denote the complete set of secondary constraints. This fol-
lows immediately from the definition (4.15) and the structure of the primary
constraints (4.30). Furthermore, the extended matrix Fup defined in (4.18)
can also be written in terms of Poisson brackets. Thus consider the extended
Hamiltonian

Hg = H+v%pq + A0, , (4.38)

where H is given by (4.31). Next consider the persistence equation for the
primary constraints,

oV
IQa

and the persistence equation for the secondary constraints (which only depend

on @),

{ba, v’ dp + Ny} — ~0,

{(Paa Uﬁ¢ﬂ + Ab@b} ~0.

They can be combined to the weak equations

(Jo feoml) (2= (8.

{¢a, 98} {wa, 00} ) \ N 0

Upon noting that {¢q,¢s} = 0, since the secondary constraints only depend
on the Q,’s, and making use of {¢q, P} = (0pa/0Qp) = M,ga, as well as of

(4.37), we are led to equation (4.19), with A’ playing the role of p,. These
equations can also be written in the compact form

(24,9537 = K,

where Q4 1= (¢a, pa). If the Q4’s form a second class system, then the matrix
Fap in (4.18) is invertible, as we had claimed before. Hence the extension of the
rectangular matrix (4.12) to the square matrix (4.18) corresponds to working
with the extended Hamiltonian (4.38), rather than with the total Hamiltonian
(4.32).

4.4 The Faddeev-Jackiw reduction

In the Dirac approach of dealing with singular systems, the dynamical equations
involve the variables of the entire phase space, including also unphysical gauge
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degrees of freedom. This remains true even after fixing a gauge and introducing
Dirac brackets. Observables are then restricted by the requirement that they
“commute” with all the first class constraints. A systematic algorithm for
arriving at a set of Hamilton equations of motion involving only the physical
(unconstrained) degrees of freedom has been proposed by Faddeev and Jackiw
(FJ) [Faddeev 1988]. That this algorithm is equivalent to the Dirac procedure
has been shown in [Garcia 1997]. Here we shall only summarize the basic steps
of the Faddeev-Jackiw approach and discuss a simple example.

Starting from a second order Lagrangian L(q,q) describing a constrained
system, the objective is to arrive at a first order Lagrangian, possessing a
canonical form of the type (4.1), where the coordinates ¢; and momenta p;
(t =1,---,n) are replaced by a reduced set of canonically conjugate variables
q: and pf (n = 1,---,n*) which are completely unconstrained, and whose
dynamics is described by the standard Hamilton equations of motion with a
reduced Hamiltonian H*(g*, p*). This is accomplished by the Faddeev-Jackiw
algorithm:

i) By Darboux’s theorem ® it is always possible to perform a transforma-
tion from the ¢;,p; (i = 1,---,n) to a new set of variables ¢},p}, Za (i =
1,---,n/; a=1,---,2n — 2n’) with (¢}, p}) canonically conjugate variables, so
that (4.1) takes the form

L= Zplql (d.p.2). (4.39)

Note that the Za’s do not possess a canonically conjugate partner and thus
play the role of auxiliary variables.
11) Next make use of the Euler-Lagrange equations of motion for the auxil-
iary variables,
oL,
0Za

to express as many as possible of the Za’s in (4.39) in terms of the ¢’s, p’s
and the remaining Z’s, which we denote by Az. This is allowed since the Z S
play the role of auxiliary variables. One is then led to a Lagrangian having the
form 6

:O’

L - szqz /7]9/) - Z )\aQa(qup/) . (440)

Note that the A\z’s now appear linearly. This must be the case since we have
assumed that we eliminated the maximum number of Za’s. At this point we

5See [Jackiw 1993] for a simplified derivation.
6We continue to label the symplectic Lagrangian with L/ although its functional form has
changed.
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see that the last term on the rhs of (4.40) implies the constraints Qz(¢’,p’) =0
among the canonically conjugate variables. These are true Lagrangian con-
straints of the theory defined by L.

iii) Next we implement the constraints via the equation of motion

oL,
0Ag

=0.

Elimination of the dependent variables using these constraints will in general
lead to a non-canonical form for the new Lagrangian. After performing another
Darboux transformation, one is then again left with an expression of the form
(4.39), but with a reduced set of canonical pairs (¢7,p7),i=1,...,n”, and a
reduced set of new auxiliary Z-fields:

Zp// "_ ,p”,Z’).

One now repeats the above steps over and over again until one is left with an
expression involving no longer any auxiliary fields and having the canonical
form,

L —anqn (" p%) -

Here the algorithm stops.

Clearly the practical application of this algorithm may become quite in-
volved, especially because of the Darboux transformations. Other algorithms
have been presented subsequently in the literature [Barcelos-Neto 1992, Mon-
tani 1993], which avoid the in general technically difficult Darboux transfor-
mation, but may fail under certain conditions [Rothe 2003b].

We conclude this chapter by presenting a simple example involving only one
Darboux transformation.

Example
Consider the second order Lagrangian
Lo o, b 2
L= % —azxy + §(x—y) . (4.41)

The following steps represent a useful guide for initiating the reduction process.
There is one primary constraint

¢=py+ar=0. (4.42)
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The canonical Hamiltonian on the primary surface thus reads,
1 b
Hy = 5]9?0 - 5(33 —y)*.

A convenient starting point for constructing the symplectic Lagrangian now
proceeds from the “total” Lagrangian

Lp = pai 4 pyy — Ho — Ao,

where ¢ is the primary constraint (4.42). Eliminating p, via the primary con-

straint by setting p, = —ax in the expression for L, yields the new Lagrangian
1, b 2
Ls = (po + ay)i — 50 + 5 (2 —y)"

where a total derivative has been dropped. We now perform a (trivial) Darboux
transformation by setting

Pr=pztay, q=2. (4.43)
We are then left with
/ . 1 2, b 2
L, =pig1 — 5(;01 —ay)” + §(Q1 —y)°. (4.44)

The Lagrangian L’ is of the form (4.39) with y playing the role of an auxiliary
variable Z. We now make use of the equation of motion

OL!
S — O
dy
to eliminate y in favor of (g1,p1),
—b
y=P1" 0 (4.45)
v
where
y=a*—-b.

Introducing this expression in (4.44), we obtain the following reduced La-
grangian which only involves the unconstrained variables ¢; and p;, and has
the canonical form

Lry=qip1 — H*(q1,p1)

with the reduced Hamiltonian

% b
H*(q1,p) = —%(Pl —aq)® . (4.46)
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At this point the FJ reduction process terminates, and the quantization can
proceed in the standard way for an unconstrained system.
In terms of the original variables the constraint (4.45) reads

apy —b(x —y) =0, (4.47)

which we recognize to be the secondary constraint as obtained from the original
Hamiltonian associated with the second order Lagrangian (4.41). The Poisson
bracket of the primary constraint (4.42) with the secondary constraint (4.47)
is given by a? — b = . Hence for v # 0 the system is second class and the
transformation (4.45) is well defined, while the singularity at v = 0 reflects the
fact that the constraints become first class for v = 0.

Using (4.43) and (4.45) in order to eliminate ¢; and p; in favor of = and y,
it is a straightforward matter to verify that the Hamilton equations of motion
associated with the reduced Hamiltonian (4.46) are equivalent to the second
order Lagrange equations of motion associated with the Lagrangian (4.41).

Although we have found it helpful to start from the total Lagrangian, the
FJ-approach does not require the notion of primary and secondary constraints,
nor their classification into first and second class. We should remark however
that such a reduction process may be difficult to carry out since it requires
knowledge of the Darboux transformation. Thus one may have to resort after
all to Dirac’s method in order to circumvent this problem.



Chapter 5

Local Symmetries within
the Dirac Formalism

5.1 Introduction

The Lagrangian approach to local symmetries described in chapter 2 has the
merit of yielding directly the transformation laws for the coordinates in terms
of an independent set of time dependent parameters, whose number equals the
number of independent gauge identities generated by the Lagrangian algorithm.
The fact that local symmetries are intimately tied to the existence of first class
constraints in the Hamiltonian formalism is not manifest in this approach. In
this chapter we consider the problem of unravelling the local symmetries of a
theory from a purely Hamiltonian point of view. This is a necessary prerequisite
for quantizing the theory.

In the following we shall consider purely first class systems. We will there-
fore denote the primary constraints ¢((111), and the complete set of constraints
95411) simply by ¢, and 24, respectively. Furthermore, the first class Hamilto-
nian H(") defined in (3.65) coincides with the Hamiltonian H, weakly equivalent
to the canonical Hamiltonian Hj evaluated on the primary surface. The gen-
eralization to the case of mixed systems is straightforward and will be reserved
for a comment at the end of this chapter.
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5.2 Local symmetries and canonical transfor-
mations

The physical state of a system at any time ¢ should be uniquely determined by
specifying q(t) and p(t). ! If however q(t) and p(¢) are not uniquely determined
by the initial values ¢(to) and p(to), this implies a condition on a function f(q, p)
to be an observable of the theory.

Consider the time evolution of a general function F(gq(t),p(t)), which in the
following we simply denote by f(t). We then have 2

f(to+6t) = f(to) + f(to)st + O((6t)*)
~ f(to) + {f(to), Hr}dt + O((6t)?)
~ f(to) + {f(to), H}ot + vP{f(to), ps}ot + O((6t)?) ,

where f(to) = F(q(to), p(to)), with (¢(to), p(to)) a point located on the primary
surface. For another choice of the parameters v° (v? — v'#), f(to) will evolve
as follows

F'(to +t) = f(to) + {f(to), H}5t +v""{f(to), s }bt + O((61)°).
The difference §f between the two results is given to order O(dt) by
0f = 8p°{f(t). és} + O((61)%) , (5.1)

where 6p° = 0t(v/ —v)?. Hence ¢ are generators of infinitesimal (local) point-
transformations with infinitesimal parameters 6t(v — v)?. Observables O(q, p)
should be invariant under such transformations mediating between the two
trajectories. For this to be the case we must have

{O,¢g} ~0 s Vﬂ.
Consider now two consecutive infinitesimal point-transformations
« s
FE0 g

and compare this with

PR E

n the following q and p denote collectively the complete set of coordinates and canonical
momenta. Furthermore, we shall make extensive use of the Einstein summation convention.
2Poisson brackets are always understood to be evaluated at equal times.
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Explicitly we have

fl/ %fl+’ya{fl,¢a}
~ f+e*{f, dat + 7 {f +P{f, 05}, b}

with a corresponding expression for f" with ¢ and ~ interchanged. For the
difference f” — f” we then obtain

F' = e ({{f. 88} ot — {{f. Ga}, d5}) + 1°{fs ba}
~ e { {85, ba}} +1°{f, Sal} (5.2)

where

N =M% opt =77 {e ds} -
The difference (5.2) of two such successive transformations should again leave
physics invariant. Now, by assumption, the ¢, belong to a first class system
{Q4} in the sense of Dirac. Hence

{¢a: ¢} = UL .

But (5.2) can only be written in form (5.1), provided the Poisson algebra of the
first class primary constraints closes on itself: {¢n, s} = U(Zﬁqy. Since this
is in general not the case, this indicates, that in fact all first class constraints
- primary and secondary - need to be included as generators of local point
transformations, and that observables must be invariant under transformations
generated by all the first class constraints:

{O0(q,p),Qa} =0 (O : observable) . (5.3)

This is known as Dirac’s conjecture, and will be the subject of chapter 6.
Accordingly, we are led to consider symmetry transformations in phase space
of the form

q'(t) = q'(t) +6¢'(t) ,  pi(t) — pi(t) + bps(t) ,

where
3q'(t) = e (O){q' (1), Qa} . Opi(t) = () {pi(t), a} (5.4)

(A=1,---,Ny) with Ny the number of first class constraints. The parameter-
functions e can in principle depend implicitly on time through the coordinates
and momenta, as well as explicitly on time.

The above transformations are transformations in the unconstrained phase
space. But physics is restricted to take place at any time on the surface defined
by the constraints. In fact, if (¢, p) is a point located on the constrained surface
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Qa(g,p) =0 (A=1,---Ny), then this is also true for (¢ + dq,p + dp). Indeed,
with (5.4) we have,

Qalg+38q,p+6p) = Qalg,p) + €”{Qa, 25} = 0,
since the constraints are first class, and Q4(q, p) vanishes for all A.

For a general function f(q,p), eq. (5.4) implies that

5f(q,p) = €*(t){f(q,p).Qa} . (5.5)

A

In the following we now show that the functions ¢* cannot all be chosen arbi-

trarily.

5.3 Local symmetries of the Hamilton
equations of motion

Consider the Hamilton equations of motion (3.22), i.e.,

' ={d", H} +v*{q', ¢a} .
pi = {plaH} + Ua{Pia¢a} ) (56)
QA(Q7p) =0 ) VA .

We have written these equations as strong equalities, where it is always un-
derstood that the Poisson brackets must be calculated before imposing the
constraints. Note that we have made use of our freedom to add explicitly also
the secondary constraints, since they are implied by the consistency of the
equations of motion (3.22).

Equations (5.6) involve the arbitrary “velocities” v®(t), which we expect
to be associated with gauge degrees of freedom. Suppose that for a given set
of functions v*(t) the solution to the equations of motion are given by ¢*(t)
and p;(t). We then look for new solutions differing by d¢*(t) and &p;(t), with
the v*(¢)’s replaced by v'*(t) = v*(t) + dv=(t). If the v*(¢)’s are indeed gauge
degrees of freedom, then physical observables must take the same values on
both trajectories. Define

Fi(q,p)={d",H} ; Gi(a,p) ={d" ¢a}.
Fi(q,p) ={pi H} ; Giala,p) = {pi,da} -

Consider further the following infinitesimal variations d¢° and dp;, induced by
the first class constraints 4,

547 (1) = AD){q (1), ) = A1) (;‘%ﬁt)) ,

Spi(t) = () {pi(t), a} = =€ () (3861?(1:)) 7
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where Q4 = Qa(q(t), p(t)), and the ¢4’s are (so far still arbitrary) infinitesimal
functions of time. The above equations can also be written in the (weak) form

q' = {ai(t), G()} . opi = {pilt),G(1)}

where
G= eA(t)QA(t) (5.7)

is the generator of the transformations induced by the first class constraints.
We now demand that if ¢* and p; are a solution to (5.6), then ¢* + d¢* and
p; + dp; will be solution to 3

d 1 7 7 (e Pall
@ Hod)=F (q+0q,p+ 0p) + "Gy (q + dq,p + op) ,

d N N
E(pi + 0pi) = F;(q + 6q,p + 0p) + v"*Gialq + 0q,p + dp) ,

Qalg+0q,p+0dp) =0,

for some suitably chosen v'*. Note that we have allowed v'* to differ from
v®, consistent with our requirement of form invariance. Making use of the
equations of motion for ¢*(t) and p;(¢), and of Q4 (q(t),p(t)) = 0, we are led to
the conditions

%&f =0F" +v*0GE + v Gl (5.8)
%(m =0F; + v0Gi0 + 6v°Giq (5.9)
504 =0, (5.10)
where dv® = v'® — v%, and
SF' =P M){{q', H}, 05}, oG, = M){{d' b}, U} , (5.11)

= EB(t){QA,QB} .

Similar expressions hold for §F% and 6G;, with ¢ replaced by p;. Note that,

as already remarked, the condition (5.10) is automatically fulfilled, since the

constraints (24 are first class, and ¢*(¢) and p;(t) satisfy Qa(q(t),p(t)) = 0.
Now, from (5.4) it follows that

%5q =€ (t){q 7QA}+€ (t)dt{q aQA} 5

3In the following we suppress the time-argument of the phase space variables and Lagrange
multipliers.
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where, making use of the equations of motion

S04} % ({004}, H) + 0 (0f{d, 24} 60}

Corresponding expressions hold for %5}% and %{pi, Q4}. Inserting the expres-
sions for %5qi, %5]97;, SF, 0GE, 0F; and 0G;, into (5.8) and (5.9), and making
use of the Jacobi identity, one is led to the following on-shell conditions on e
and dv?,

[e4 — P (V5 + UBUE‘B)]‘Mﬁ Qa} —6v*{q", ¢} ~ 0,
where V3 (g, p) and U é“B(q,p) are defined through

{04,098} =UL0 , (5.12)
{H,Qa} =V} 05 . (5.13)

From here we conclude that the Hamilton equations of motion remain form
invariant under on-shell transformations of the form (5.4), if [Banerjee 1999]

¢~ P (V' +0°Ugp) | (5.14)
Sv* e — B (V™ + vﬂUgB) , (5.15)

where the small latin index a labels the first class secondary constraints. Hence
the number of independent functions €®(t) equals the number of primary con-
straints. Note that (5.14) and (5.15) are on-shell equations, and that no specifi-
cation has been made as to how the first class constraints have been chosen! On
shell means that the structure functions V4 (g, p), Ug‘B(q7 p) are evaluated for
q'(t) and p;(t) satisfying the Hamilton equations of motion on the constrained
surface for a given set of functions v®(t).

5.4 Local symmetries of the total and extended
action

In the previous section we have studied the local symmetries of the Hamilton
equations of motion, generated by the first class constraints. The so obtained
relations among the e parameters, the Lagrange multipliers and the variations
dv® must also follow by studying the local symmetries of the total action, since
its variation leads to the Hamilton equations of motion (5.6).



5.4 Local symmetries of the total and extended action 73

i) Local symmetries of the total action

Consider the total action
Sr= [ dt (i ~ Hr)
where
Hr = H +v%¢5 .

For a general variation p; — p; + 0pi, ¢ — ¢* + 6¢° we have

. d dg
5(pq) :Pa(&l) + 5”%

d
= —(pdq) — pdq + dpg
7 (P0a) — Ddq +0pq

where for simplicity we have dropped the (summation) index i on the coordi-
nates and momenta. In particular, for transformations of the form (5.4) we
obtain

5(pd) = L (pog) — Ma. Qalp + M p. i

dt
_d (004 A
=7 |:e (p p QA>:| + €704 . (5.16)

Consider next §Hp. Since H is first class, * it follows from (5.5), making use
of (5.12) and (5.13), that

§Hr = e® (V' Qa + 0P Uf Q) + 60 ¢a

or

6ST = / dt [¢*Q 4 — P (V5 +0PUSR)0U — 6v¥¢a] -

Note that we have not made use of the equations of motion. Requiring that
0S7 = 0 thus leads again to (5.14) and (5.15), but this time off-shell.

it) Local symmetries of the extended action

The dynamics of observables, i.e., quantities whose Poisson brackets with the
first class constraints vanish weakly, is equally well described by the equations

4Recall again that we are discussing a purely first class system.
5We assume that the boundary term arising from the total time derivative does not
contribute, i.e., that the e’s vanish at the boundary.
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of motion (3.22), or by replacing the total Hamiltonian in (3.22) by the extended
Hamiltonian
Hp=H+&Q, . (5.17)

Hence all first class constraints are now treated on the same level. It must
however be remembered that the extended Hamiltonian can only be defined
after having generated all the constraints via the Dirac algorithm, using the
total Hamiltonian. The variation with respect to the ¢*’s, p;’s and the £4’s of
the extended action

S = / dt (¢ip; — Hi)

leads to the full set of Hamilton equations of motion including all the con-
straints.

Since observables are insensitive to the Lagrange parameters ¢4 in (5.17),
any transformation of the coordinates and momenta that can be absorbed by
these parameters will leave observables invariant. We therefore expect that the
number of arbitrary functions parametrizing the generator in (5.7) will now
be equal to the total number of first class constraints. In fact, consider the
variation induced by a gauge transformation of the form (5.4). One readily
verifies that

65k = /dt[éBQB — (VP +eCUENQB - 665Q5],
so that the requirement of gauge invariance now leads to
08 = e — (VP +€UEL) .

Thus there are no longer any restrictions on the parameters {e#}, which are
now arbitrary functions of ¢(t), p(t) and t.

Example

Consider once more the Lagrangian (3.52):

1 1
L:§x'2+:ty+§(x—y)2.

The corresponding extended Hamiltonian (5.17) reads

1 1
Hp =50 = (pe —2)y = 52" + €0+ 0,

where
p=p, =0, @:=p,—x=0
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are the primary and secondary (first class) constraints. The corresponding
equations of motion take the form,

i={x,Hg} = p, —y + &,
y:{yaHE}:gl ’

and the generator of gauge transformations (5.7) reads
G=c¢'p,+%(p, — ) .
Taking €2 to be only a function of time, we have
br={z,G} =¢* dy=¢e'; Op.=¢* Op,=0.

The structure functions defined in (5.12 ) and (5.13 ) are given by Upo = 0

and
. (0-1
W"—Q J,

set =gl st =2 4t — &2,

The above transformations are symmetry transformations of the Hamilton
equations of motion generated by Hg.

so that

5.5 Local symmetries of the Lagrangian action

In the previous section we have studied the (off-shell) local symmetries of the
total and extended action. We now show, that the corresponding Lagrangian
action

§= /dt L(g,d) (5.18)

is also invariant under a similar set of gauge transformations, but with the
Lagrange multipliers v® identified with the (arbitrary) velocities ¢*. To show
this we first rewrite the Lagrangian L(q, ) in terms of the coordinates ¢‘, the
independent momenta

o
Pa = gaa
and the velocities ¢*. The ¢%’s are then functions of ¢*, p, and ¢* (see (3.6)):
q* = f*a,{po}. {¢"}) - (5.19)

Expressed in these variables the Lagrangian L(q, ¢) is given by

L(a, {*}.{d"}) = L(a, {pa}. {d°}) -
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Consider the canonical Hamiltonian evaluated on the primary surface p, —

g(l(qa {pa}) =0: R
Ho(q:{pa}) = Paf® + gai® — L .

The action (5.18) then takes the form
S = [t (pus+ gud® ~ Ho) |

where the integrand is now a function of {¢‘}, {p.} and {¢*}. Consider a
variation of the action,

35 = [ dt 18pus*) + 8(g0d)  3Ho]. (5.20)
The first term appearing in the integrand can also be written in the form
a a d a . a
0(paf®) = f*0pa + = (Padq") = Padq” (5.21)

where %5(]“ has been identified with § f*, as follows from (5.19) and %5q = 4q.
An analogous expression holds for the second term:

0(9aq”™) = 4*0ga + E(gaéq ) — Gadq” . (5.22)

Next consider the variation (5.5) of go. With ¢ = pa — ga(q, pa), we have that
0ge =€ {pa, Qa} — e {da, Qu} |

o0N
—EAW;{ — eA{¢a, Qalt .

0N a
a _ A
0" = (8pa> '

L0 004\ d

Furthermore

Making further use of

_E A

we have from (5.21) and (5.22) that

o d o0 a o
0(paf® +9ad%) = - Kmﬁ - QA> e“‘] + €%y — ¢ da, Q). (5.23)

The total derivative does not contribute to the action, since it is assumed that

e vanishes at the endpoints of the integration.
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Finally, consider the variation § Hy:
6H0 = GA{H(),QA} = €AVABQB s

where we have made use of (5.13) with H = Hp, and of the fact that, because
we are considering a purely first class system, H is itself first class. With (5.23)
one then finds that (5.20) vanishes on the surface of the primary constraints if
the conditions

¢ =BV +d°Usp) (5.24)

are satisfied. This is nothing but the condition (5.14) with v® identified with
the undetermined velocity ¢*, and with V5* and U evaluated on the primary
surface.

Example

The Lagrangian

1 1
L:§¢2+:ﬁ(y—z)+§(x—y+z)2

leads to two primary constraints,
Q:=p, =0 Qy:=p,=0.

The canonical Hamiltonian reads

1 1
Ho=§pi—(y—2)pm—§x2+x(y—2)-

From 27 and Q5 we generate just one secondary constraint,
Q3 ={Ho, %} =—{Ho,Q}=2—p, .

This exhausts all secondary constraints. All the constraints are first class.
Hence we expect the Lagrangian to possess a local symmetry. One symmetry
is obvious: L is invariant under x — z, y — y+¢€, z — z+€. But the Lagrangian
is actually invariant under a larger set of infinitesimal transformations, as we
now show.

For the structure functions U5 and V' defined in (5.12) and (5.13) we
have V;3 = —V,3 = V33 = 1 and UY3 = 0. Recalling that ¢! and €* are
the parameters associated with the primary constraints, the recursion relation
(5.24) then leads to the following equation for the parameter €3 associated with
the secondary constraint Q3 = 0:

B+ =0.
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Since there are two primary first class constraints, the solution involves two
parameters, which we choose to be €3 = a(t) and €2 = 3(t). One is thus led to

the solution

et=da—a+p.

The corresponding symmetry-transformations (5.4) of the coordinates are then
given by,

dr=—a(t) ,
5y:04—a—|—6,
bz=p.

As expected, one finds that the variation of the Lagrangian induced by these
transformations is just a total derivative,

d

L=——
0 dt

(ax),
so that 65 = 0. Note that upon making the substitutions &« — —f, 8 — «, the
above set of transformations coincide with (2.36).

5.6 Solution of the recursive relations

In the following we shall seek a solution to (5.24) under the following assump-
tions [Banerjee 2000a]:

i) The Poisson bracket of any constraint with the M primary constraints is
a linear combination of only the primary constraints. This implies Ugp = 0,
and hence the absence of the last term in (5.24).

ii) The structure functions V5@ are either constants, or may be arbitrary
functions of the phase space variables, provided that there are no “tertiary”
constraints. That is, the Dirac algorithm terminates at the first level. Impor-
tant bosonic examples are the Maxwell and Yang-Mills theories in the absence
of matter sources.

In order to solve equations (5.24) with these restrictions it is convenient to
organize the constraints into “families”, where the parent of each family, labeled
by “a”, is given by a primary constraint qb(()a), and the remaining members qbga),
i=1,2- -, are recursively derived from [Shirzad 1999, Banerjee 2000a]

{H,6{} =6, i=1,..Na. (5.25)

The (not necessarily independent) set of constraints generated this way is then
given by ¢§a) (e =1---M; i =0---N,). With the above notation for the
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constraintb the structure functions V2 in (5.24) are correspondingly replaced

by V.:7, and have, for i < N, the simple form

7,] ’
Ve =581, i=0,-No—1. (5.26)

In this notation

{H,6{} = Z%?B¢§B) : (5.27)

Notice that Vaﬁ N..j remains undetermined by our algorithm. In order to ensure
that the constraints thus obtained are irreducible, we must adopt some system-
atic procedure. A possibility is to implement the Dirac algorithm level by level,
decending from all primary constraints simultaneously. Scanning one by one
through every member at each level, we terminate a family “a”, if at a given
level N,, the Poisson bracket of the constraint qSN with H can be written
as a linear combination of all the other constraints obtained up to this point.
This ensures the irreducibility of the constraints thus obtained. Organizing the
families in this particular way then implies that Vﬁfj =0for j > inf{Nqa, Ng}.
But whatever the procedure one may adopt for obtaining the irreducible set of
constraints, the Poisson bracket of the final member of each family with H is

given by,
M inf(Na,Np)

a a B
(e =3 > Ve,
p=1  j=0
where M is the number of primary constraints. Correspondingly equation
(5.24) now reads [Banerjee 2000a]

(a) M Ng

DT A7 TSR (5.28)

B=1j=0

Let us choose as independent parameter-functions those associated with the
last member in each family, and let them be arbitrary functions of time:

o = Q1) . (5.29)
Making use of (5.26), equations (5.28) then take the form

d (@)
% Zaﬂvﬁg —0, i=1,---N,. (5.30)

The solution to this set of equations can be constructed iteratively, by starting
with the last member of a family:

B M
B da
)y = —r 2V, - (5.31)

y=1
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Continuing in this fashion, one easily sees that the general solution can be
written in the form

No—1 M
ZZ =0, -, Ny (5.32)
n 1 n) y b ’ ’ ’
n=0 pg=1 dt
with the normalization
A?Vj 0 =", (5.33)

following from our choice of parametrization (5.29). Substituting (5.32) into
(5.30) and comparing powers in the time derivatives, one is led to the recursion
relations
Ba _ pAB« -
Al(" 1 Az 1(n) i=1,--+,Nq,

with the “initial conditions”
A?fl(O) = _Vlesi ; t=1,---Na,

following from a comparison of (5.31) with (5.32). It is easy to see, that these
recursion relations determine the complete solution, from which the Lagrangian
gauge symmetries can be obtained. The result is summarized in the following
table, where the entries are the coefficients Af((:l).

n=0 n=1 n=2 n=3 n=4
i= N, §ha 0 0 0
i=No—1] =V g« 0
i=Noa—=2|-Vi%n. 1 —Vaow, P 0
i=N,—3 —V/V’;‘M,2 —v]@jNOﬁ1 —VﬁgNQ 5B 0

With €4 and Q4 replaced by e(a and ¢(a) respectively, the infinitesimal gauge
transformations §¢° = 3 (a){q ,qb(a)} take the form

Ol? 7

dn aﬁ
dq" = ZZ Pl (4:P)
B=1n>0
with ()
. 06"
Plnys(2:P) Z > O0WNa —n—HAJE, )
a=17>0 Ope

where 6 is the Heaviside theta-function with 6(0) = 1, and where it is un-
derstood that the dependence on the canonical momenta on the rhs has been
replaced by the respective expressions in terms of the Lagrangian variables.
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In the case where all the families contain at most two members, and where
the structure functions U, 7 vanish ¢ we can relax the above assumption con-

cerning the constancy of the structure functions V;‘jlﬁ , since our iterative scheme
already terminates with equation (5.31) with N, = 1 for all a. With (5.4) an
infinitesimal gauge transformation d¢* then takes the form

M:ZMWAW+Z< ZMWﬂMﬁ%
B

Example

The following modified version of the Nambu-Goto model [Hwang 1983] has
the above mentioned features.

Consider the action

137.2 :U /2 1 /2
= —— - +—— - = .34
S /do <2 \ )\ 5\ 2)\x , (5.34)

where the 4-vector z#(7,0) labels the coordinates of a “string” parametrized
by 7 and o, with the “dot” and “prime” denoting the derivative with respect to
7 and o, respectively. There are two primary constraints, m; = 0 and my = 0,
where m; and 7o are the momenta conjugate to the fields A(7,0) and u(7,0),
respectively. Hence in our notation

o =m, o =m,.

The canonical Hamiltonian on the primary surface reads,

A
Ho = [ do(50* +a™) 4 mp-o'} (5.35)

where p, is the four-momentum conjugate to the coordinate x*. The con-
servation in time of the primary constraints leads respectively to secondary
constraints, which in our notation read

M= 2(]9 +a2?) =0, ¢P=p.a/=0.

6Examples are the U(1) Maxwell theory, the SU(N) Yang-Mills theories, as well as the
example discussed next.
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One readily checks that there are no further constraints. These secondary
constraints are just the primary constraints of the Nambu-Goto string model.
They satisfy the Poisson brackets. 7 (we suppress the 7 variable)

{0V (0), 6" (0")} = 6 (0)0,6(0 — 0") — ¢{7 (") 6(0 — o),
RGN @ (o)} = 6" (0)0,6(0 — 0") — 61" (6")8s6(0 — o) (5.36)
{61 (), ¢§2> (0)} =617 (0)8,6(0 — 0') = 67 (') 0 8(0 — &) .

All other Poisson brackets vanish. The constraints are seen to be first class. In
our terminology, we thus have two families, each with two members.
Note that the Hamiltonian (5.35) is of the form

to = [ do (A" (0) + u6?(@)) (5.37)

i.e., it is just a linear combination of the level one constraints. It is therefore
called a “zero-Hamiltonian”. The structure functions V, ;B , defined in (5.27),
are read off from the Poisson brackets

{Ho, ¢y = 6", [Ho, o] = 0%,
and
{Ho, ¢V} = =20,0% —2X6 — pd, ¢t —21/tV
{Ho, 6P} = =20,68" — 2X¢{V) — 119, ¢\ — 2/ 6P |
They are given by

— (1(0)05 + 21 (0)) 6(0 — ') ,
-~ (M0)0s + 2N (0)) 6(0 — ') .

‘/1111(‘77 o') = ‘/1212(07 a')
V1112 (07 J/) = V1211 (07 J/)

Since for the example in question the maximum levels for the two chains gen-
erated from (bél) and ¢(()2) are N1 = Ny = 1, it follows from (5.31) that our

iterative scheme for finding the solution to (5.28) already ends at the first step,

with eéa) given by

b = /do Za Wi (o' o) .

"In obtaining these Poisson bracket relations, identities such as
f(0")0s8(0 — 0') = (95 f(0))3(0 — o) + f(0)s6(0 — &)

have been used.
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We thus obtain

dl
(1) — pOyat + plat — N0 a0 + Na? |
dT
d
682)—%—;@04 +p'a? = Ndyal + Nat . (5.38)

From here and (5.4) we now compute the corresponding transformation laws
for the fields to be

Sxt = alpt + a0 2" | (5.39)
OA= e((]l) , op= 6((]2) . (5.40)

Making use of the expressions for 60 ) derived above, we verify that these
transformation laws agree with that quoted in the literature [Batlle 1990].

5.7 Reparametrization invariant approach

In the previous section we considered a restricted class of gauge transformations
(5.4), with a parametrization tied to first class constraints generated recursively
according to (5.25). In this section we consider transformations which are form
invariant under redefinitions of the constraints. As before, we shall concentrate
on purely first class systems.

Consider the total action
ta ,
St = / dt [pi¢* — H(q,p) — v"da] - (5.41)
ty

Next consider a variation 6S7. Making use of 6¢* = %5qi one obtains, after
dropping a total time derivative

5ST—/dt {( o —v 8pi)6pl <pl-|- g + v aq )5 — ov qba] .

The Hamilton equations of motion, together with the primary constraints follow
by requiring that §S7 vanishes for arbitrary variations éq°, dp; and dv®. For a
local symmetry transformation, ¢* — ¢* +dq°, p; — p; + dp; this variation must
vanish without making use of the equations of motion. Consider a variation of

the form
oG ' 8G

0q" = op {¢",G}, opi= = {pi, G}, (5.42)

with
G(q,p.t) = €*(q,p,1)Qa(q,p) - (5.43)
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On the constrained surface the transformations (5.42) evidently coincide with
the corresponding variations (5.4). One readily finds that

5ST:/dt<8G (H,G} — 0" {60, G} — 50° %) 7

where we have dropped a total derivative ¢, The total action is trivially

. . . 8 dt
invariant if

8G —{H,G} —v*{¢a, G} = v%p = 0. (5.44)

Note that the ch01ce of the first class constraints in (5.43) is left unspecified,
and in particular depends on the algorithm generating them. Thus any linear
combination of the constraints, with non-singular g and p dependent coefficients
is still first class. Any redefinition of the constraints can however be absorbed
into a redefinition of the functions €. Hence the equations determining the
e’s must be form invariant under reparametrlzatlon For this it is important,
that the ¢ and p dependence of the e?’s be taken into account when calculating
the Poisson brackets.
Consider now equation (5.44). As always the primary and secondary con-
straints are labeled by small Greek and Latin indices, respectively. Since, by
assumption, all the constraints are first class, eq. (5.44) implies the following

equations for the parameters e = e?(q, p, t):
8 a
O Vg + OV} + (e HY + P Df 0} 20, (549
0
5o e O PV 0P (US4 (e HY 40P (0 65) , (5.40)

which are to be compared with the on-shell relations (5.14) and (5.15). Thus
equations (5.45) and (5.46) have the same form as (5.14) and (5.15) on the
space of solutions, since in this case

HeA

T +{et, H} + v {e ,¢a}~—.

dt

One readily verifies that equations (5.45) and (5.46) are form invariant under
the transformations

Qa(q,p) = Qalq.p) = AL (¢, 0)25(q,p) ,

8This equation can also be written in the compact form [Banerjee 2000b],

G
5~ UHr, Gy =0,

if one agrees to formally define sv™ = {v*, G}.
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¢,p) = (g, ) (A1) (¢,p) |
( _1)ﬁa(Q7p)a

and
Vi (a.p) = Vi'(a,p), Ufgla.p) = Ussla,p) ,

where ﬁg‘B(q,p) and ‘N/BA(q,p) are defined in terms of the constraints Q4 by
equations analogous to (5.12) and (5.13).

We now look for solutions to (5.45). In the following we will restrict our-
selves to systems with only one primary constraint ; = 0. If the (first class)
secondary constraints are generated successively by the Dirac algorithm ac-
cording to (5.25), starting with the primary constraint, i.e.

Qay1={H,Qa} ; ASM-1, (5.47)
with M the total number of (first class) constraints, then °
Uy =0 for A>B.

Note that A and B are further restricted by A < M, B < M, and that the
non-vanishing components of VBA are given by

Vi =1, A=2... M

and possibly V,/, A =1,---, M. Making use of this information, one derives
the following recursion relation

M—n M_ng1y—1 [0 M—n+1 M—n+1
€ = (WJVI—n ) [ +{€ 7H}+U{6 591}

a1
M
-y eAW%_"+1} cn=1,...,M—1, (5.48)
A=M-—-n+1

where
W5 (g,p) = Vi (g, p) +vU{%(q,p) -

Equations (5.48) cannot be solved in general. Solutions can however be ob-
tained for the case where €™ is only an explicit function of t: €™ = a(t). Then
the above equation allows one to determine e ~1 as a function of v(t), a(t),
G(t), and the canonical variables, since in this case the second and third terms
on the rhs of (5.48) vanish for n = 1. Thus ¢~ is now determined. This

9Persistence of the constraints in time requires that {Q4, Hr} ~ 0. Hence, following
the Dirac algorithm (5.25), a new constraint is generated from Qp only if {Q1,Qp} =
ZA U{“BQA vanishes on the subspace defined by ©2; = 0, Q2 =0, ---,Qp = 0, i.e., if

Uf, =0for A> B.
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n

M=2_" Proceeding in this way we find that ¢M—"

allows one to descend to €
n=1,---, M — 1 takes the form

dfa
dtt -

M

=> " g s, b, d T o /d T —
=0

Correspondingly the transformation law for the coordinates and momenta have
the form

M M-k déa
Z Z f (¢,p;v,0, dek*lv/dtM*kfl)W , (5.49)
k=1 £=0
SR M—k—1 Moko1yd'@

op; = Z q p; v, 0, -, dY TP Ty /A TR )W . (5.50)
k=1 £=0

The above variations ensure that the total action associated with an arbitrary
phase space trajectory ¢(t), p(t) remains invariant. Thus if ¢ ¢(t), pi(t) minimize
the total action, then this is also true for ¢* + éq°, p; + 6p;, and v replaced by
v + dv, for a suitable choice of dv.

We remark that the (off shell) transformations (5.49) and (5.50) do not leave
the total Hamiltonian invariant for functions ¢ (g, p, t) which depend explicitly
on time. This follows immediately from

§Hy = {H,G} +v"{¢a, G} + 60" ¢a

which for ¢! and dv® satisfying (5.45) and (5.46), and hence (5.44), implies
that (see (5.44))
el
0Hp = T Qa
which only vanishes weakly.

The solutions to the fundamental equation (5.45) have been obtained as-
suming that €M is only a function of time. The corresponding transformation
laws for the coordinates and momenta are then functions of the multiplier v(t)
and time derivatives thereof, the canonical variables, as well as of explicit time.

Finally let us observe that both transformation laws discussed above, i.e.,
(5.4) and (5.42), are consistent with the commutativity 6¢'(t) = %£4dq" on the
level of the solutions to the equations of motion. Thus consider the difference

A= <dt5q 5q’i> (5.51)

with 4 , 4 ,
5¢' = {q',G} = eM{¢", Qa} + {q', e }9a.
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Hence, using the Hamilton equations of motion,

d.. de* . , )
Eéqz ~ W{qlv QA} + €A{{qz’ QA}) H} + UQGA{{qla QA}v (bor} >
where we have made use of the persistency equation % 0. Furthermore,
A

since €' are in general functions of ¢, p,t we have

de? Heh

ar ~ o e Hr)

Making use of the Jacobi identity (3.23) we have that

d

i = (% — (e | {0 )+ Al b+ Mo B )

where the Lagrange multipliers in Hr do not participate in the computation
of the Poisson brackets.

On the other hand, again making use of the equations of motion we have
that

0¢' = {{q', Hr},G} + 0v*{q', 6a} .
so that on I', making use of (5.12) and (5.13), (5.51) is given by

et
AR.«J L—{HT,G }—6 (VB +’UBUBB)—(S’U 5aA {q QA}

where Q, = ¢,. This expression vanishes on account of (5.45) and (5.46). A
similar expression with ¢’ replaced by p; is obtained for (%5}% — 5]57;).

Example
We now give an example which demonstrates how a reparametrization invariant

formulation can be used to simplify the transformation laws. Consider the
Lagrangian (2.6), i.e

1. 1, .
L==(d—e™)?+ =(ds — q2)° .
2 2
There exists just one primary constraint 2; := p; = 0. The total Hamiltonian

is thus given by Hr = H + vpy, where

1 1
H = -p3+ =pj +eVps+ qaps .

2 2



88 Local Symmetries within the Dirac Formalism

Persistence in time of the primary constraint leads to the secondary constraint
Qo :={H,Q1} =eP'py =0,

which in turn leads to a tertiary constraint
Q3 ={H,Q} =elp; =0. (5.52)

There are no further constraints. All the constraints are first class. Note that
we have defined the constraints in accordance with the scheme (5.47). We are
free to do so, since any other realization of the constraints is equivalent to
redefining the parameters in the definition of the generator (5.43). ° The only
non-vanishing structure functions V' and U, are given by

V12:V23:17
UL =U}k=-1.

A solution to (5.48) can now be obtained with the Ansatz, that the parameter
€3, associated with the last constraint generated from the primary, is only a
function of time, i.e., € = a(t). At this point we have clearly made a special
choice tied to a particular realization of the constraints. Having obtained a
solution, we are then free to realize the constraints in different ways, thereby
redefining the parameters. With the above choice of constraints, and setting

€ = a(t) one finds for the solution of (5.48)

E=a,

62=d+va,
61=d+2vd+1}a+a02,

dBa

V=

+ 206 + 340 + V2 + 2000 + ab = €. (5.53)
Note that the parameters do not depend on the canonical variables, but only on
a(t), the Lagrange multiplier v, and time derivatives thereof. It then follows
from ¢' ~ {q',Hr} that v = ¢*. Hence, v = d¢;. On the other hand
5q1 = {q1,G} = €', where G is the generator G = ¢*Q4. Commutativity
of the time derivative and dJ-operations implies that §¢; = dv = ¢!, which
coincides with the rhs of (5.53).

By redefining the constraints, the identification v = ¢; may be lost, and
the parameters e may be replaced by expressions depending on the canonical
variables. Thus consider e.g. the following reparametrization of the constraints

Q= =e Upy,

10Tn example 3 of section 3.2.3 we had chosen the constraints to be p; = p2 = p3 = 0.
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Q= Qy=pa,
Q3 — Q3 =p;3,

which, in particular, implies that v — v = e?'v = e?¢;. The generator is
now given by G = é4Qy4, where the new parameters é* now take the form:

B =elq, e =ele? & =etel. More explicitly one has that

e =el'aq
d
&= 7 (eTa)
2
El = W (equé)
&
0= pE (eTar) .

The fact, that the expressions (5.45) and (5.46) also involve time derivatives
suggests [Costa 1985] that the observables O(q, p) of a theory described by a
singular Lagrangian, should possess the property (5.3), although G only gener-
ates symmetry transformations provided that the gauge parameters satisfy the
relations (5.46). One refers to this as the “Dirac conjecture”. In the following
chapter we will discuss in detail in which sense this conjecture holds.

We close this chapter with a remark. The generalization of the above symmetry
considerations to systems with first and second class constraints is straight-
forward. For mixed systems we had shown in chapter 3 that the Hamilton
equations of motion for an arbitrary function of the canonical variables can be
written in the form (3.69). The gauge degrees of freedom are contained entirely
in the sum over a; on the rhs. These equations of motion are equivalent to

f ~ {f7 HT}
where ~
Hy = HD 4™ ¢((111)

with H() defined in (3.65). One thus only has to replace H by H() in all our
expressions above, in order to include also the second class constraints. This
means of course that the coefficient functions V,® must also be computed from
(5.13) with H replaced by H®.



Chapter 6

The Dirac Conjecture

6.1 Introduction

In this chapter we shall make our earlier statements concerning “Dirac’s con-
jecture” more precise. This conjecture states that the generators of the local
symmetries of the action are given by the complete set of first class constraints.
In the following we will restrict ourselves to purely first class systems. ! Hence
H® = H in (3.65). Starting from an equivalent first order Lagrangian for-
mulation, where the Euler-Lagrange equations are just the Hamilton equations
of motion, we make use of the Lagrangian methods discussed in chapter 2, in
order to establish a direct connection between the gauge identities generated
by the Lagrangian algorithm and the generators of gauge symmetries of the
total action. 2 We then discuss several examples, which have been cited in the
literature as counterexamples to Dirac’s conjecture, in order to point out some
subtleties, and show that the Dirac conjecture holds, if properly interpreted.

6.2 Gauge identities and Dirac’s conjecture

Before embarking on a detailed discussion of the Dirac conjecture, we want to
provide the reader with a guide of our line of reasoning.

As mentioned above, our aim is to use purely Lagrangian methods to obtain
the transformation laws for the coordinates, momenta and Lagrange multipli-
ers which leave the total phase-space action invariant. As we will see, these
transformation laws are of the form (5.4), where 1) all the first class constraints

IThe case of a mixed system has been studied in [Rothe 2003c].
2For an alternative discussion of Dirac’s conjecture see [Castellani 1982/90, Di Stefano
1983, Costa 1985, Cabo 1986, Gracia 1988, Gitman 1990].
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must be included on the rhs, and ii) the constraints are generated in a partic-
ular way. To show this we will first construct a Lagrangian L(Q, Q), linear in
the velocities Q, so that its Euler derivatives lead to the Hamilton equations of
motion of the theory in question, if the coordinates @), are properly identified
with the phase-space variables associated with the second order Lagrangian
of primary interest. We can then study the symmetries of the corresponding
action making use of the Lagrangian methods developed in chapter 2. Pro-
ceeding as in that chapter, one searches for left zero modes of the kinetic term
of the various Euler derivatives generated iteratively starting from the zeroth
level. Crucial for the analysis is that at each level the Euler derivatives and
zero modes have a generic structure determined by the first class constraints
of the theory. The algorithm stops once no new zero modes are generated,
and one is left with only gauge identities. From these gauge identities one
then extracts the transformation laws for the Q,’s, and correspondingly for the
coordinates ¢; and momenta p; of the Hamiltonian formulation. These take
the form (5.4) with the ¢4’s restricted by (5.14). While the form (5.4) of the
transformation laws will be strictly proven, the last mentioned property will
only be demonstrated explicitly for an arbitrary system with two primary, and
one secondary constraint. That it must be true in general follows from the fact
that, by construction, the transformations leave the total action invariant. It
is nevertheless instructive to demonstrate this for a particular type of system.

We now prove the above made assertions [Rothe 2002, 2003c, 2004]. 3 Since
our analysis proceeds along the lines of chapter 2, we will denote, as in that
chapter, the level £ of the algorithm by a corresponding superscript. The labels
of the coordinates will however differ from those in chapter 2 for reasons which
will become clear.

Let ¢((10) =0 (a=1,2,--,Ng) be the primary constraints associated with
a second order Lagrangian L(q,q), * where ¢;, (i = 1,---,n) are coordinates
in configuration space, and let Hy(gq,p) be the corresponding canonical Hamil-
tonian defined on the primary surface. One readily verifies that the Euler-
Lagrange equations associated with the first order (total) Lagrangian

Lo(qp 9,0 A) = > pids — Hr(q,p, \) (6.1)

i=1

3Reference [Rothe 2002] contains some printing errors. In particular the index “a” in
Eq. (56) of that reference takes the values a = 2,---, M, and « in Eq. (59) runs over
1,2,--+,2n 4+ 1, and not from 1 to 7, as stated in the paragraph following (59).

4Notice that the labeling of the primary and secondary constraints differs from that in
chapter 5, and follows that of [Rothe 2004], except that latin indices are replaced by greek
indices, in agreement with the conventions followed in this book.
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with
No
Hr(q,p,A) = Ho(g,p) + > Aad?

a=1

reproduces the Hamilton equations of motion including the primary constraints,
if we regard ¢;, p; and A, as coordinates in a 2n+ Ny dimensional configuration

space. We now write (6.1) in the form

2n+No )
Lr = Z aa(Q)Qa - HT(Q) ) (6'2)
a=1
where
Qa = (q_;ﬁa )\la c '7)\N0)

and

No
Hp(Q) = H(Q1, - Qan) + Y _ Qonyad .
a=1

The non-vanishing elements of a, are given by a; = Qny; =p; (i =1,---,n).
The 2n + Ny components of the Euler derivative are
©_ 4 (8&) _OLr
@ dt \ 9Q, 0Q.,
2n+Ng
== Y waow+ KO, (6.3)
b=1

with
Wég) = 8aadb - abaa )

the (2n 4+ Np) X (2n + Np) matrix

0 -1 0---0
1 0 0---0
07 07 0---0
w© = S ,
07 0T 0---0
and
K(O):aﬂ
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where 1 is an n X n unit matrix, 0 are No-component null column vectors
(associated with the absence of /\(l in Lr), and 07 is the transpose of 0.

The variation of the total action
St = /dt Lr(Q.Q) (6.4)

is given by

8Sp=—Y_ / dt E™6Q, , (6.5)

where we have dropped a boundary term. The left-zero modes of W(® are
given by

7O(a) = (6, 0, ﬁ(a)) ,

where 71(a) is an Nyp-component unit vector with the only non-vanishing com-
ponent in the ath place. Hence

—

79(a) - E© = 50 (q) . KO = ¢ (6.6)

We thus recover on-shell the (first class) primary constraints gb&o) =0.

We now adjoin the time derivative of the primaries {qb&o)} to £© and
construct the 2n + 2Ny component (level one) vector EM):

- E0)
1) _
ED — <£5(0)> , (6.7)
dt
where (5(0) is a column vector with components (¢§°),- - (bg\?g). E® vanishes

on shell, i.e. for E© =0. The components of E(l), which we label by a;, can
be written in the form

E( = ZWé}a Qo+ KM(Q),

where
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and W) is now the rectangular matrix

0 -1 0---0
1 0 0---0
0T 07 0---0
1 _ _ . '
W= 07 0o 0---0

~Vol” —Ve{” 0.0

—V¢§8§ _@qgg\?g 0---0
Here
V= (817"'5817,)7 V= (8n+17"';82n)-

We seck new constraints by looking for left zero modes of W(1). They are Ny
in number, and are given by

7V (a) = (_@¢((10)7V¢((10)75’é(0)(a)) ’ (6.8)

where 0 is an No-component null vector, and é(9)(a) is an No-component unit
vector, with the only non-vanishing component in the ath position. This leads
to

; ; o9y’ OHy _ 9Hr 09
~(1) LR () (1) _
! (a) E Y (a) K Z < 3(17: 31%‘ 3(17: 31%’
= {¢¢(10)a HT} 9
or
W (a)  EW = {60, H} = > 2 {6V, 6}, (6.9)
Y

which by constuction vanish on shell (i.e., for E® = 0). Poisson brackets will
always be understood to be taken with respect to the canonically conjugate
variables ¢; and p;. In order to determine the constraints and gauge identities
we can proceed iteratively either “chain by chain” [Loran 2002], or “level by
level”. For the purpose of illustration let us adopt the former procedure. Since
we are studying a purely first class system, (6.9) will imply a new constraint,
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provided that {¢§°), qbg))} is a linear combination of primaries. ®> In that case
we have a new constraint which we define in the strong sense:

oM = (o), H} . (6.10)

Notice that in the chain by chain procedure of generating the constraints the
subscript « labels the parent of the chain (i.e., a primary constraint) and thus
always takes the values 1,---, Ny, whereas the upper index labels the “decen-
dents” whose number L, is determined by the parent. From (6.9) and (6.10)
we have that,

¢l =5 (a) - ED + > A\ {0} . (6.11)
¥
Define the structure functions C([fé,,yk] b

$0, 0} = Zcffg,f (6.12)

They are the UEB’S defined in (5.12) written in the new notation. Then (6.11)
becomes . .
o) =10 (0) - EW + 30, @0 (8) - BO), (6.13)
By

where use has been made of (6.6). Note that ¢((11) is again a function of only ¢
and p.

We now repeat the process and adjoin the time derivative of the constraint
(6.13) to the equations of motion to construct E(2):

£O)
@~ | 450

This leads to a matrix W®):

E® = Z W2 Q.+ K2 (Q) .

As we continue with this iterative process, the number of new zero modes
generated at each new level will in general be reduced, as “gauge identities” are
being generated along the way (see below). Hence the number of components
of q;“) will in general decrease, as the level £ increases.

5If this is not the case then (6.9) determines one of the A’s as a function of the rest, and
the algorithm stops.
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The constraints ¢§f ) with ¢ > 1 can be iteratively constructed from the recursion
relation,

BUFD = 0D (q) . BERD 4 Z S, (jﬁfé @) >0, (6.14)
=0 B,y
where
S = (6O HY | (6.15)

and the sum over § in (6.14) runs over all constraints (b(;/) at level ¢'. The zero
modes at level £ + 1 have the following generic form :

Here ¢ (B) is an Ny + Ny + --- + N, component unit vector with the only
non-vanishing component at the position of the constraint ¢(€) in the array

((5(0),5(1), SRR q; )) The iterative process in a chain labeled by “a” will come
to a halt at level £ = L, + 1, when

glLatD) — (plla) F) — Zzh[%z]% , (6.17)

=0 B

Making use of (6.14) and (6.17), and setting £ = L, in (6.14), this equation
takes the form

Lo
Go = #LatD(a) - EFatD Z Z KX =0, (6.18)
=0
where
K =l Z)\ ool (6.19)

Equatlon (6.18) expresses the fact, that the ¢-chain labeled by “a” ends in
a “gauge identity” at the level L + 1. Since each chain must end in a
gauge identity, there will be as many gauge identities as there are primary
constraints. ©

Iteration of (6.14), starting with ¢ = 0, allows us to express all the con-
straints in terms of scalar products 7) - E®. Substituting the resulting ex-
pressions into (6.18), and multiplying each of the gauge identities G, = 0 by
an arbitrary function of time w,(t), the content of all the identities can be
summarized by an equation of the form

No Lo+1

S Y 0Q.u) (17(@)(@)-}@(@) —0, (6.20)

a=1 (=0

6Recall that we have restricted ourselves to purely first class systems.
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where .
E(0)
%5(0)
4 4(1)
. @i ?
EO=| “. . (6.21)
%5(471)

Now, because of the generic structure of the eigenvectors (6.16) we have from
(6.21)

2n ()
74D (a) - EEHD =5 (Ué€+1)(a)Et(10)) + d‘*i’ 0=0,---,Lo, (6.22)
~ dt

where n is the number of coordinate degrees of freedom, and the constraints ¢§f )
appearing on the rhs can be expressed, by iterating (6.14), in terms of scalar
products 7(¥) -E(k), which in turn can be decomposed in the form (6.22). Upon
making a sufficient number of “partial decompositions” udv = d(uv) —vdu, the
identity (6.20) can be written in the form

Lo 2n+No No 2n+ Ny

Al dr
() ( (e+1) E<0>) @@ (@)E®) - & =
€q v €a o =0,
LD St 3 ) -G
(6.23)
where € and €, depend on the Ny arbitrary functions of time {u,(t)}, as well
as on the Q,’s and time derivatives thereof. This expression is of the form 7
2n+No
dr
_ Z E(O 6Q, = (6.24)
~ dt
where
No La No
== > D) = Y ew(V(a). (6.25)
a=1/¢=0 a=1

For infinitesimal €y the time integral of the lhs of (6.24) is just the variation

(6.5) of the total action. Hence we conclude that the transformations (6.25)
leave the total action (6.4) invariant. But because of the generic structure of
the eigenvectors (6.16) we have from (6.25),

No La

50; = Qs = ijwad’ =Y gy i=1n, (626)

a=1 /(=0 a=1/¢=0

7The minus sign has been introduced to cast the transformation laws in a standard form,
when written in terms of Poisson brackets.
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and
0 L(x 8¢ NO La
(5pz' - 5Qn+z = - Z Z (e = Z Zﬁg){ph (b((f)} ) (627)
a=1/¢=0 a=1¢=0
SAY = 0Qonsa = —Ea, (6.28)

where, as we have seen, the e( Vs and €, depend on Ny arbitrary functions
of time. Hence we conclude that all first class constraints act as generators
of a local symmetry of the total action, and that the transformation of the
coordinates and momenta are of the form (5.4) with the first class constraints
generated in an iterative way according to (6.15). We have thus confirmed
a proposition made in [Di Stefano 1983] regarding the form of the first class
constraints that are generators of local symmetries.

Finally we would like to emphasize, that we have implicitly asumed through-
out that the structure functions appearing in equations (6.17) and (6.18) are
finite on the constraint surface. If this is not the case, we expect that our algo-
rithm still generates the correct local off-shell symmetries of the total action if
the gauge identities are non-singular on the constrained surface, but does not
generate the symmetries on the level of the Hamilton equations of motion. This
will be demonstrated in section 4. In the following section we first illustrate our
formalism for the general case of two primary constraints and one secondary
constraint.

6.3 General system with two primaries and one
secondary constraint

In this section we apply the formalism to the case where the system exhibits
two primary constraints ¢((10)7 a = 1,2, and one secondary constraint ¢gl), which
in Dirac’s language is generated from the presistency in time of (bgo). (This
is illustrated by the table below.) The specific form of the Hamiltonian is
irrelevant. The constraints are assumed to be first class.

0)[ (0
o1y
T
by
The total Lagrangian Ly is given by (6.1) with Ny = 2. Proceeding as in

section 2, the primary constraints can be written in the form (6.6), where
79 (1) = (0,0,1,0) and 7 (2) = (0,0,0,1).

Next we construct the vector (6.7), ie. EMN = (E©), '50)7 .;0)), and the
zero modes of the corresponding matrix W), which are given by (6.8), i.e
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d0 (1) = (V61" vy”,0,0,1,0), #0(2) = (~Vey”, V4}”,0,0,0,1). Since
only ¢20) is assumed to lead to a new constraint, we are immediately left with
one gauge identity at level 1, generated from ¢§0):

G, =5V(1)- EM — ZKO%B =0,

or

tljl

G, =7V 1) B - ZKOO] ( <0>) —0, (6.29)

which is nothing but (6.18) with L; = 0. On the other hand qﬁgo) gives rise, by
assumption, to a new constraint ¢gl) at level 1, which is given by

2
¢;1) _ 1_}41)(2) LB 4 Z )WC»[YOQ(?] (17(0)(5) . E(O)) .

By=1

We are therefore led to construct

50)
(0)
E‘(z) _ df ¢
a ¢(1)
4 g,

as well as the corresponding rectangular matrix W) and its left zero modes,
of which only the contraction of

7 (2) = (=Vei, ves",0,0,0,0,1)

with E? leads to a new equation, which is necessarily a gauge identity, since
we have assumed that the system only possesses one secondary constraint (bél).
The gauge identity at level 2 has the form

2

Go = 1—}»(2)(2) E’(?) _ Z K[lo ¢(0) K211]¢(1)
B=1
or
2
Gy =32 (2)- E® - 3 K1) (U(O) (8) - E<O>) (6.30)

=1

_ K[ 0 2). BO) 4 Z O (#08) - EO) | =0.
Biy=1
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Multiplying the gauge identities (6.29) and (6.30) by the arbitrary functions
u1(t) and ug(t), respectively, and taking their sum, the resulting expression
can be written in the form (6.20). Upon making a sufficient number of “partial
differential decompositions”, one finds, after some algebra, that the information
encoded in the gauge identities can be written in the form (6.23), where

(0)
(1)

—Uux
—Us2
ego) =ug + U2K£121]
o =it Y MOl — up K — uy K

Y2
d
—upK YA O b — b + (u2kclh) b2
Y

are the only non-vanishing parameters. The corresponding transformation laws
for the coordinates ¢; and momenta p; are given by (6.26) and (6.27).

Having obtained 650), e§0> egl) and 0\ expressed in terms of w1 (t) and usg(t),
one now verifies that the e( ) are solutions to the recursion relations following
from the requirement that the transformation laws (6.26) and (6.27) be sym-
metries of the total action. In the present notation where the label A of ¢4
in (5.14) is replaced by the pair (¢, a), labeling the level and (parent) primary
constraint, the relations (5.14) and (5.15) take the form

d€o/ +ZZ(@)K[M 0, 0>1
r

and

e = €O 4 Z Z (IRl (6.31)
el

In our case these equations reduce to

a2
Lo > R R o, (6:2)
=1
and
Bo =& =3 e K — e Ko =0, (6:33)
B

where we have made use of the fact that, because of the way in which the
constraints have been generated, K([fll] =0 (a =1,2), Kg;l] =1, K{gl] =0,
C([Xog] = 0, and K%go] =->, )\VCL%OQO}. Substituting (6.31) into (6.32) and
(6.33) one then verifies that the above equations are indeed satisfied.
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6.4 Counterexamples to Dirac’s conjecture?

In the literature it has been stated that Dirac’s conjecture is not always correct
[Cawley 1979, Henneaux 1992, Miscovic 2003]. In the following we present
three models which have served as examples for this and show, that there is no
clash with Dirac’s conjecture when interpreted as described in section 2.

Example 1

An example considered in [Henneaux 1992] is given by the Lagrangian

1
L= 5e@qf : (6.34)
In the following we analyze this system in detail, and point out some subtleties
leading to an apparent clash with Dirac’s conjecture.
The Lagrange equations of motion can be summarized by a single equation

G1=0. (6.35)

Hence ¢2 is an arbitrary function.

Equation (6.35) does not possess a local symmetry. On the Hamiltonian
level the system nevertheless exhibits two first class constraints, which, as we
now show induce transformations which are off-shell symmetries of the total
action [dt Ly, with Ly defined in (6.1). However only one of the constraints
generates a symmetry of the Hamilton equations of motion.

From (6.34) we obtain for the (only) primary constraint

¢ =py=0. (6.36)

The canonical Hamiltonian evaluated on the primary surface is given by

1 _
HO(Q7p) = 56 qu%7

and the first order total Lagrangian reads
Lr(g.p, X 4.9, A) = Y pidi — Ho(q,p) — Ao

Considered as a function of the “coordinates” g;, p;, A and their time deriva-
tives, it has the form (6.2) with 2n + No = 5, Q. = (¢,p, ), and a; = p;
(1 = 1,2) for the non-vanishing components of a,.

The Euler derivatives are given by (6.3), where W(Eg) = O,ap — Opa, are
the elements of a 5 x 5 matrix with non-vanishing components Wiz = Wyy =
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—Ws31 = =Wy = —1. The equations of motion are given by E((LO) = 0, and
yield the Hamilton equations of motion

Gi—e Pp1=0, g2—A=0, (6.37)
. . 1 _
plzoa p2_§6 (I2P%:0a

as well as the constraint (6.36). We now proceed with the construction of the
constraints and gauge identities as described in section 2. Since we have only
one primary constraint, the formalism simplifies considerably.

The matrix Wig) has one left zero-mode #®) = (0,0,0,0,1), whose contrac-
tion with £© just reproduces on shell the primary constraint: &%) EO = O,
Proceeding in the manner described in section 2, we construct EM and the
corresponding left eigenvector of W) (1) = (0,—1,0,0,0,1), leading to the
secondary constraint 7(1) - EMD = #M) | where

_ E© E©
EO =2, = ( . ) : (6.38)
(d@t %(17(0) .E(O))
and
oM = e —a2p? (6.39)

Note that by construction ¢() = 0 on shell, as seen from (6.36) and (6.37).
Since {9, (N} = ¢(M) | the constraints ¢(©) and ¢(*) form a first class system.
The algorithm is found to stop at level “2” where the following gauge identity
is generated,

72 E@ 4 g . ED =90,

with )
6(2) = (—eiqulv Oa 07 _Eeiqu%7 O’ 07 ]‘) )
and
E©) J5{Q)
- © I
E® — d%’it = dt( #0) . E(O)) . (6.40)
doV) i(—'(l) E(l))
dt dt

The gauge identity can be reduced to the form

> d d2
3 @ EO JOEOY 4+ L0 g
E + t( a Ea )+dt2 (va Ea )

a=1
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Multiplying this expression by an arbitrary function of time €(t), this identity
becomes of the form (6.24), with

6Qq = v’ + (he — otV + <e - %(Ae)) v (6.41)

In terms of the Hamiltonian variables, ¢;, p; and A, (6.41) implies the following
transformation laws

dq1=—ce™®p; = a1, M},
Sgp==¢— e =e0{gy, 00} ,
5p1 =0, (6.42)

1
Ops = —gee ®pi = D {ps, 0!V},

d
N=E= () = ¢
where
) = € — Ae, M = —e.

One readily verifies, that the €(¥) satisfy the recursion relations (5.14). We have
thus verified that the transformations generated by the first class constraints
(6.36) and (6.39), obtained iteratively in the systematic way according to (6.15),
do indeed generate a symmetry of the action. This symmetry is realized off
shell and requires the full set of transformation laws (6.42). On the other hand,
the (also first class) constraint &) := p; = 0, although formally equivalent
to the secondary constraint (6.39), is not a generator of a local symmetry
of the total action. Indeed, as observed in [Henneaux/Teitelboim 1992], pq
induces translations in ¢i, which is not a symmetry of the total Lagrangian.
Note further that on the constrained surface, the variations of d¢; and dps
vanish. Thus ¢") becomes an “ineffective” generator on shell. The remaining
symmetry is just the statement dA = %(5@, which is consistent with (6.37),
i.e., with dg2 = dA. It has no analogue on the level of the Lagrange equations
of motion following from (6.34).

Example 2

The following example taken from [Miskovic 2003] illustrates our comment
made at the end of section 2 regarding the case where the structure functions
(6.19) are singular on the constrained surface, while the gauge identitites are
well defined on that surface.

Consider the Lagrangian,

1
L:§q'2+ufk(q), k>1,
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with f(¢) analytic in the neighborhood of f(g) = 0, which has been classi-
fied as being of “type II” in [Miskovic 2003]. ® The canonical Hamiltonian
evaluated on the primary surface p,, = 0 is given by Hy = %pQ —uf*(q), and
correspondingly the first order Lagrangian reads

. . o1
LT(QyQ)::pq+—puu—-§p2+-Ufk@)-Apu7

where Q = (q, 4, p, pu, A). The Euler-Lagrange equations derived from Lr are
just the Hamilton equations of motion. Following the Lagrangian algorithm

of section 2 we obtain for the left zero modes of the matrix W®, at levels
(=0,1,2,
79 =(0,0,0,0,1)
7 =(0,-1,0,0,0,1)
7® = (0,0, f*1£,0,0,0,1) ,
leading to the constraints
0 =50 O = p =0,
o 1= ) 5O = frg) =0,
and the gauge identity
7. E® — kpn f)7W - EW =0, (6.43)
where the prime denotes the derivative with respect to ¢q. Since k > 1, the
second term on the lhs of (6.43) is well defined on the constrained surface
7). EM = f¥(g) = 0, and in fact vanishes there. The “coordinate” dependent
factor kp(In f)" in (6.43) is nothing but the structure function K in (6.19).
This function is singular on the constrained “surface” f(q) = 0, whereas the
gauge identity (6.43) is finite there and “generates” off-shell the correct local
symmetry transformation of the total action, as we now demonstrate.
In the present example E() and E® have again the form of (6.38) and
(6.40), respectively. Making use of these relations, and multiplying the gauge

identity (6.43) by €(t), one finds that the resulting identity can be written in
the form (6.24) with 6@, the infinitesimal transformations,

0qg=0,

du=¢é+ekp(ln f),

op=ekfF i, (6.44)
dpu =0,

d
IN=¢+ E(ekp(lnf)').

8In order to simplify the discussion we have restricted ourselves to two degrees of freedom,
q and u.
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These transformations are only defined off-shell. Computing the corresponding
variation 0 Ly one finds that it is given by a total time derivative

SLr = (e (a).

In accordance with our expectations, one verifies that 6@, can be written in

the form )

5Qa:Z€€{Qaa¢(€)}a a:]-a"'74a
£=0
where

€0 =€+ ekp(ln f)’,

€] = —€.

For the Lagrange multiplier one has )\ = %60

The infinitesimal transformations (6.44) represent symmetry transforma-
tions of the total action, away from the constraint surface f*(¢q) = 0. They are
not defined on the surface f*(q) = 0. Correspondingly they do not represent
symmetries of the Hamilton equations of motion.

Example 3: bifurcations

We now consider an example of a system exhibiting bifurcations of constraints,
such as considered in [Lusanna 1991], and show that also in this case our algo-
rithm generates correctly the gauge symmetries of the total action, whereas the
first class constraints corresponding to a particular branch of these bifurcations
- which are not part of our iterative algorithm - do not generate gauge sym-
metries of the total action. Consider the so-called “Christ-Lee model” [Christ
1980] discussed in [Lusanna 1991], and defined by the Lagrangian

1, 1, . . 1
L=5di + 503 — as(mde — 1) = V(a} +a3) + 5637 + 43,

with V' (z) some potential. The equivalent first order Lagrangian in our ap-
proach reads,

| 1
Ly = Zpi%‘ - 529% - 529% — a3(q1p2 — @2p1) — V(a5 +43) — Aps -

The Euler-Lagrange equations take the form Eéo)(Q, Q) = 0, where

E§0) =p1 +p2qz + 01V, Eéo) =p2 —p1gz + RV,

E:)(,O) =p3 + (q1p2 — q2p1) Eio) = —q1 +p1— G2G3,

EY = —go+p+aqas, E =—g+xr, BEY =ps,
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and Q, : (91, 92,93, D1,P2,P3,\). Going through the procedure of section 2 we
arrive at a level zero and level one constraint,

¢ =0 FO —py—0, ¢ =51 . EO = gp) — g1ps =0,

where 7© = (0,0,0,0,0,0,1) and 7 = (0,0,-1,0,0,0,0,1), and E® has the
form (6.38). The iterative process stops at level two, with the gauge identity
7 . E® =0, where E® has the form (6.40) and with the level 2 zero mode
given by 7(?) = (—g2,q1,0,—p2,p1,0,0,0,1). The simple form of this identity

251 in (6.19) vanish for the case

reflects the fact that the structure functions KL
in question. Explicitly one has
. . d . d2 .
72 . B@ — (~<2> . E<o>) il <~<1> .E<o>) @ (~<o> .E<o>) —0.
U Z [ U + 7 \U + 7z \Y 0
(6.45)
This equation, when multiplied by €(¢), can be written in the form (6.24) with

F = —ep. The {6Q,} can be compactly written as

a

1

0Qa =Y ef{Qu, 0}, oA=¢,

£=0

where €9 = ¢, €1 = —e.

The constraints ¢(©) = 0 and ¢) = 0 are first class and are thus found
to generate a gauge symmetry of the total action, in agreement with Dirac’s
conjecture.

Suppose now that we had chosen instead of (1) = 0 any one of the following
bifurcations: i) ¢ = g2 = 0, ii) p1 = p2 = 0, iii) ¢ = p1 = 0, and iv)
g2 = p2 = 0. Cousider for instance the case i). 9 Then we continue at level

gl) := g2 = 0. The requirement

2(2) _
=

one with the constraints, &g” =q =0 ¢
of persistence in time then leads to two new constraints at level two:

p1 =0, _52) := po = 0. Since éf) ~ 0 and q_Sf) ~ 0 there are no further
constraints. We thus see that the system of constraints has been reduced
to a mixed system with two second class constraints, and just one first class
constraint ¢(©) := p3 = 0. Correspondingly we are led to consider G = eps as a
potential generator for a local symmetry. One readily verifies that all variations
vanish except for dgz and d\. Hence

5Ly = (6 — 6N)ps — elqip2 — gop1) = (¢ — SN PO + epV) .

To have a symmetry we must demand that A = ¢ and ¢(!) = 0, so that Ly
only exhibits a local invariance on the restricted surface defined by the first

9We are leaving herewith our algorithm, since with the choice of a particular branch the
constraint can no longer be written in the form (1) . E() = 0.
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class constraint ¢(1) = 0, generated at level 1 by the algorithm of section 2, i.e.
G does not generate an off-shell symmetry of the total action.

Summarizing, our examples have elucidated several important points: i)
The replacement of constraints, generated iteratively by our algorithm, by a
formally equivalent set of constraints is, in general, not allowed, and in fact may
obliterate the full symmetry of the total action. That the validity of Dirac’s
conjecture depends crucially on the chosen form for the constraints has already
been noted in [Di Stefano 1983]. ii) The second example illustrated that our
algorithm may generate correctly the symmetries of the total action away from
the constrained surface, although the structure function K is singular on that
surface. The gauge identity was however well defined everywhere. Finally,
example 3 illustrated that in the case of bifurcations of constraints, the choice
of a particular branch may change the structure of the first class constraints,
such as to be in conflict with Dirac’s conjecture. We emphasize that such a
procedure is excluded in our algorithm.



Chapter 7

BFT Embedding of Second
Class Systems

7.1 Introduction

As we have remarked at various occations, the quantization of systems involving
second class constraints may present serious problems on operator as well as
functional level, because of the possible non-polynomial structure of the Dirac
brackets involved. As we will see in the following chapter, the Hamilton-Jacobi
formulation of second class or mixed systems is also problematic. On the
other hand purely first class systems admit an elegant quantization with a
canonical Poisson bracket structure, based on the existence of a nilpotent charge
as generator of a BRST symmetry. Furthermore such systems also allow for a
straightforward Hamilton-Jacobi formulation. It is therefore desirable to find a
way of embedding a system with mixed first and second class constraints into
a purely first class system.

In this chapter we will make use of a general canonical formalism developed
by Batalin, Fradkin and Tyutin [Batalin 1987/91] for converting in a systematic
way a pure second class system into a first class one, by increasing the number
of degrees of freedom to include unphysical ones. The second class system
can then be understood as a gauge theory in a particular gauge, and can be
quantized along the lines to be discussed in chapters 11 and 12.

Since we shall deal with purely second class systems, we will simplify the
notation by simply denoting the second class constraints Qfg by Q4. The
subindex has been chosen to facilitate a comparison with the literature, and
does not follow our previous convensions, where the Greek indices were use to
label the primary constraints.
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7.2 Summary of the BFT-procedure

To begin with we provide the reader with a short summary of the basic proce-
dure, given by Batalin, Fradkin and Tyutin (BFT), for converting a second class
system to an equivalent first class system, where gauge invariant observables
are identified in a unique way with corresponding observables in the original
second class theory. The following discussion is carried out entirely on the
classical level [Batalin 1991].

Let Q4(q, p) denote the second class constraints associated with some Hamil-
tonian H(q,p). Recall that the number of such constraints is always even. Let
their number be Nq. Following BFT, we extend the space by introducing for
each constraint €2, a field ¢* with Poisson brackets

{6, ¢} = . (7.1)
The Poisson bracket of two functions f(¢) and g(¢) is then given by
of .5 99
=N Y s Y9 2
{£.9} ;aww 547 (72)

with w®? a c-numerical matrix which is antisymmetric in the following sense
WP = —(—1)cecsy0B (7.3)

but can otherwise be freely chosen. Here ¢, is the Grassmann signature of
¢®. 1 The ¢“’s have vanishing Poisson brackets with the remaining variables.
Because of the simplectic structure of (7.1) one can always construct linear
combinations % and p? of the {¢®} such that the non-vanishing brackets take
the canonical form.

(0,05} = 65,

where @&, § run over half the number of values of «, f3. .
The next step consists in constructing a new set of constraints (g, p, ¢) =
0 which are in strong involution,

{Q4,Q5} =0, (7.4)
and satisfy the boundary condition

Qalo=0 = Q- (7.5)

I'Equation (7.3) includes the case where the ¢’s are Grassmann valued. For bosonic
(fermionic) variables the Grassmann signature is given by ¢ = 0 (e = 1). In the following we
will however consider purely bosonic systems.
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Here, and in what follows, it will always be understood that Poisson brackets
of tilde-variables are taken with respect to the extended phase space. A corre-
sponding Lagrangian L is not evoked at any stage. Whatever this Lagrangian
may be, the constraints Q, = 0, following from it, being first class, generate a
local symmetry of L. Hence (gauge invariant) observables A in the extended

system are required to satisfy
{4,Q.} =0, (7.6)

together with

Alg,p, 9)lp=0 = Ala,p) - (7.7)

In particular, the Hamiltonian of the extended system must itself be gauge
invariant and therefore satisfy 2

{E[an} =0, (78)

with

H(g,p,9)ls=0 = H(g,p) - (7.9)

An observable A of the embedded system which satisfies (7.6) and (7.7) is said
to be the gauge invariant extension of A of the original system. This extension
is not unique. Thus we can always add terms proportional to the first class
constraints of the embedded system, since these are in strong involution.

We now prove a number of propositions which will play a central role in the
discusssion to follow. But first a definition:

Definition: An embedding is called locally regular if there exists an open
neighbourhood of {¢*} = 0, where Q, = Q,, Va implies that ¢* = 0, Va.

‘We then have

2In the BFT scheme the new Hamiltonian is also required to be in strong involution with
the constraints. This must not be so. In [Shirzad 2004] an alternative scheme was proposed,
where the new Hamiltonian is in weak involution with the constraints in a “chain” generated
from a given primary constraint in a way smilar to (5.47), except for the last member in the
chain, which is taken to be in strong involution with the Hamiltonian:

{Qa,Q5} =0
{ﬁ’ﬁﬂ}:Qa+l7 a=1,---,N-1
(H,Ox}=0.
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Proposition 1

An embedding where the new constraints satisfy (7.4) and (7.5), and are an-
alytic in the auziliary variables within a neighbourhood of ¢ = 0, provides a
locally regular embedding.

Indeed, because of (7.5) and the assumed analyticity property, we may write
Qo = Qo+ Xy +-- -, (7.10)

where the “dots” stand for terms of higher order in the auxiliary variables ¢®.
The X, may depend on ¢ and p. Hence, because of (7.4)

(D0, 25} om0 = Qup + Xarw " XE =0, (7.11)
where Qs is the “Dirac” matrix defined by

{0, 28} = Qag - (7.12)

Since the matrices Qq 3 and w®? are invertible, the matrix X, is also invertible.
Then (7.10) implies that ¢* = X*(Qg — Qp), where the matrix X7 is the
inverse of X,g. From this we conclude that proposition 1 holds.

As we have already pointed out, the gauge invariant extension of observables
A(g, p) of the second class system is not unique. Different extensions, satisfying
(7.6), may differ, because of (7.4), by terms proportional to the first class
constraints of the embedded system. This leads us to

Proposition 2

A particular gauge invariant extension of A(q,p) can be obtained by simply
replacing the q;’s and p;’s by their gauge invariant extensions, i.e. the ¢;’s and
Di’s y

A=A(q,p) -
The gauge invariance of A, i.e. {A4,Q4,} = 0, is then guaranteed by the chain
rule

(1.0} =3 a~{ql,9} o o4 5 0)

where all Poisson brackets are computed in the extended space, making use of
(7.2). This can be easily proven. The same expression holds for Qo replaced
by B (,p). The advantage of this particular extension is that the embedding
procedure need not be repeated for every observable separately, but need only
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be carried out once for the dynamical variables in question. Moreover, in cases
where the expansion in the auxiliary variables terminates after the first order
term, the form of the tilde-variables ¢ and p can be frequently obtained by
inspection, whereas this is not the case for the strongly involutive Hamiltonian
H.

Proposition 3

For ¢ = 0, the Poisson bracket of two observables A(q,p,¢) and B(q,p, ),
which are analytic in the neighbourhood of ¢ = 0, equals the Dirac bracket of
the corresponding observables A and B of the second class system

{A,B}y—o={A,B}p. (7.13)

Proof

Let A = A+ay¢7+- - -, where the dots stand for higher orders in ¢. Because
of (7.10) we then have

{A,Q} -0 = {A, Qs} + arw™ Xg, =0,

or

ay = —{A,QQ}X‘SO‘MM ,
where w,s and X are the inverse of the matrices w™® and X,4:
w(mw”ﬁ = 5053 , XX,p = 5% .
Similar expressions hold with A replaced by B, and a. replaced by b,. Now
{A, BYy—0 = {A, B} + a,w"bs,

where )
axwb, = {A,Qq} (XwXT) 5 {0, B}
o,

From (7.11) we have, using matrix notation,
Q=—-XwXT.
Hence we obtain

{Aa B}¢:0 ={4,B} - Z{Av QQ}Q;ﬁl{Qﬂv B} ={A,B}p .
a,B
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This proves proposition 3. From (7.13) and the equations of motion for second
class systems (see (3.69) with v((y,ll) = 0) it follows that the latter are also given

by

‘Zl|¢:0 = {Aa IN{}¢:0
Qoo = 0.

Hence the requirements (7.4) to (7.9) are sufficient for ensuring that the correct
(second-class) dynamics is reproduced within the gauge invariant sector of the
embedded theory, as is made manifest above in the gauge ¢* = 0. 3

7.3 The BFT construction

Let us now come to the actual procedure followed by BFT for constructing the
tilde variables [Batalin 1991]. We will consider purely bosonic systems. The
embedding procedure requires the construction of the first class constraints and
first class Hamiltonian, satisfying (7.4) and (7.8), respectively. This is a purely
algebraic problem whose solution is in general not unique. In fact, the only
information regarding the new variables ¢® is that their Poisson brackets are
given by (7.1) with w®? satisfying (7.3). Assuming a locally regular embedding
we now make the following power series ansatz for the first class constraints
Q. satisfying (7.4) and (7.5):

B Q +Z Z Qa eA a7 q p)¢a1 _,_¢an . (714)

n=1laj--an

Inserting this ansatz into (7.4) one finds that
Qo = Qu + Qg 0)6” + (7.15)
where Qs)ﬁ (¢,p) must be a solution to
(25060) «*” = ~Qus (7.16)

with Qs defined in (7.12). The solution to (7.16) is not unique. Thus, first of
all, we have complete freedom in choosing an invertible antisymmetric matrix

3The dynamics of observables in the embedded theory in an arbitrary gauge, is given by

A= {A, ﬁ} Note that it does not involve any Lagrange multipliers since observables are in
strong involution with the first class constraints.
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w3 and secondly, having chosen w®?, the coefficients Q( )ﬁ are only fixed up

to the following transformations,
(€3] (1) ov
Q5 = 205

where
5285w = Wb .

Having obtained a solution for QS)B, one next constructs the first class Hamilto-

nian H (g,p, ¢) associated with the new set of constraints by making an ansatz
analogous to (7.14), i.e

i = H+Z Z H o, (0,p)6° -0

n=1aj--

which satisfies the requirement (7.9). We remark that even if the new first class
constraints are linear in the variables ¢, the Hamiltonian H will involve also
bilinear expressions in the ¢%’s, since H is itself at least quadratic in the original
variables (¢,p). Here proposition 2 is of great help in the construction of the
new Hamiltonian. This construction requires however the knowledge of the
gauge invariant dynamical variables. In [Batalin 1987/91] prescriptions have
been given for constructing the new Hamiltonian. * Rather than reproducing
here the extensive set of formulae, we will illustrate the formalism in terms of a
number of non-trivial examples. Before doing so it is however useful to discuss
the basic ideas for a very simple quantum mechanical example involving only
two degrees of freedom.

Consider the Lagrangian,

1 1
L:§x2+xy—§(x—y)2, (7.17)

which, as we have seen in example 1 of chapter 3, describes a second class
system with one primary and one secondary constraint:

Qi=p, =0 Qy:i=p,—2y+x=0. (7.18)

Since the constraints are second class, they merely fix the Lagrange multiplier
v in the total Hamiltonian through the persistence of Qs: v = %(Pm —x). The
total Hamiltonian then takes the form,

1 1
5(37 _9)2 + 5(}77« _x)py s

4For an application of the prescription given in [Batalin 1987] see [Banerjee 1994].

Hr = _(pm _y)2 +
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and leads to the equations of motion

:t:y_x7 y:y_xa
De=Y—T, Dy=ps—2y+x=0, (7'19)

together with the constraints (7.18). The rhs of these equations are nothing but
the Dirac brackets of the dynamical variables with the canonical Hamiltonian.
We now proceed to embed this system into a larger phase space by introducing
two new degrees of freedom (corresponding to the number of constraints to be
converted), which we choose to be a canonical pair (6,pg). This corresponds
to the choice w®® = ¢ in (7.1), and the identification § = ¢', pg = ¢>. By
inspection we have for the new first class constraints

lezpy—FH:O, Qo i=pe+2—2y—2pg =0, (7.20)

which are in strong involution: {Q,Qs} = 0. From the requirements (7.6) and
(7.7) for an observable we readily obtain for the tilde-variables,

- 1 .

r=x+50, §=y+po,

_ 1 -

Pe=ps =350, Dy=py+0, (7.21)

which are in strong involution with the first class constraints (7.20). These
take the form R )
U =py, =0, Qo:=p,—2y+2=0 (7.22)

and are seen to be of the same form as (7.18). The fundamental Poisson
brackets of the tilde variables (7.21) are non-canonical:
o 1 o 1 . .
{x,y}zg, {y7pa:}:§ ) {xapw}:]-a {CE,CE}ZO
{7.0,} =0, {&,p,} =0, {pa,py}=0.

As one easily checks, these brackets (defined in the extended space) are identical
with the corresponding Dirac brackets of the original second class system, in
accordance with proposition 3. > Making use of proposition 2, a possible choice
for the corresponding first class Hamiltonian is given by

H - H0(£7gaﬁw) 9

where 1
2 2
(pm_y) +§(x—y)
5Since the transformations (7.21) are linear in 6 and py, there is no need for setting
0= Po = 0.

Ho(xay7pl') =

N =
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is the canonical Hamiltonian evaluated on the primary surface p, = 0 of the
second class system. Hence

| 1 1 1
H=(py—9y—=0—p)2+=(x—y+=60—pp)2 . 2
2(p, Y 29 12) +2(af y+20 Do) (7.23)

Making use of (7.21) and the constraints (7.22), the equations of motion gen-
erated by H according to A = {A, H} read

=Yy -, ]31/:07

’Uz

T=§-%, y=§-%,
which are seen to be of the same form as (7.19). These must be supplemented

by the constraints (7.22).
We now proceed to discuss some less simple examples.

7.4 Examples of BFT embedding

In the following we discuss a number of non-trivial models, both quantum
mechanical and field theoretical, and their BFT-embedding into a gauge theory.

7.4.1 The multidimensional rotator

Consider the motion of a particle on a hypersphere S"~!, as described by the
Lagrangian [Hong 2004],

1
L= ch +AT (7.24)
where {g,} (a = 1,...,n) are the embedding coordinates for the S™~! manifold,

qd = (q1,---,qn), and X is the Lagrange multiplier implementing the second-
class constraint 7- = 0, following from the geometrical constraint ¢- ¢ = ¢> =
constant. ® From (7.24) we obtain for the canonical momenta conjugate to the
multiplier A and the coordinates q,: px = 0, ps = ¢o + Aga- The canonical
Hamiltonian on I'p reads

1 n
H q p7 _Z _>\Qa . (725)

M

The Dirac algorithm is readily shown to lead to a pair of second-class con-
straints,

Qi=pr=0, Q:=7-p—A>=0, (7.26)

with the Poisson brackets

Qaﬁ = {Qa; QB} = faﬁq2

6For an analogous discusssion of the O(3) non-linear sigma model see [Hong 2003].
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Here ¢*> = Y, q¢2. We now convert this algebra of second class constraints
into a strongly involutive one, by suitably embedding the model into a larger
dimensional phase space. Following the same procedure as before we introduce
a pair of canonically conjugate variables (6, pg). The new strongly involutive
constraints can once again be constructed by inspection

U= +0=0;: Q=0 —¢’ps=0. (7.27)

Next we construct in the extended space the first-class variables (Gq,pq) as
(in general non-canonical) gauge invariant extensions of the canonical pairs
(Ga,Pa)- They are obtained, as always, by making a power series ansatz in the
auxiliary variables # and pg and demanding that they be in strong involution
with the first-class constraints. In the present example the answer cannot be
obtained by simple inspection, but requires some work. After some tedious
algebra, one finds [Hong 2004]

i (q2+29)1/2
da = qa ) y
q

~ 0 0 q? 1/2
Pa = <pa + 2Qa)\q—2 + QQaPO q_2) (m) 9 (728)

A=X+pg, Dr=pr+0.

Note that these solutions reflect an infinite power series in 6. One readily
computes the following Poisson brackets in the embedding phase space,

{qayﬁb} = 5ab 5 {Qaa qb} =0 P {ﬁaaﬁb} =0 5 (729)

which in this example happen to be canonical, as well as

N & Qa N\ = ]511 N(ja
{)\,Qa} = _6_2 ) {)‘7pa} = 6_2 - 2)\6_2 3
{ﬁ)ﬂﬁa} =0 3 {S\aﬁ)\} =1 3 {ﬁqua} =0 3

which involve the gauge invariant extension of the Lagrange multiplier and its
conjugate momentum. The rhs of these brackets evaluated at 8 = py = 0
are just the Dirac brackets of the corresponding variables in the second class
system, with the constraints implemented strongly.

In terms of the coordinates (7.28) the Hamiltonian, in strong involution
with the first class constraints, can be written - making use of proposition 2 -
in the compact form

= Ho(d.p.3) = = > (B — Aa)? (7.30)
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where Hy(q,p,\) is the canonical Hamiltonian (7.25). This is the explicit
gauge invariant expression for the Hamiltonian which, written in terms of
(¢asPa, A, 0, pp) reads,

H(q,p, A\, 0,p0) —772 Z — Ma — qaps)” (7.31)

where

W=

n= <q2:{7220) : (7.32)

The strongly involutive constraints take the form
Qi=pr=0, Q=G p-Ai-q=

which again display manifest form invariance with respect to the second-class
constraints (7.26). The Hamiltonian (7.31) is in strong involution with these
constraints.

Since ; and all observables are now in strong involution with the con-
straints, we can impose the constraints strongly. Solving s = 0 for A, one can
thus effectively reduce the Hamiltonian (7.30) to the form

ﬁ:%Z(y-@L%)Q . (7.33)

a

Note that the ¢, and p, satisfy the canonical Poisson algebra (7.29). Hence in
the first class formulation with the Hamiltonian (7.33) we can treat the particle
motion as that of an unconstrained system.

7.4.2 The Abelian self-dual model

As a field-theory example we consider the self-dual (SD) model in 2+1 dimen-
sions described by the Lagrangian density [Townsend 1984]

1 L 1 L YV
Lsp = §f,u,fll - %Guukf} 0 fA s (7'34)

where f# = fH#(x). The corresponding field equations read

1 v
fu - Ee/u/)\a fA =0. (735)
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The Lagrangian (7.34) describes a purely second-class system with three pri-
mary constraints

1 .
Qo:=m =0, Qi5zﬂi+%€¢jfj:0; (i,j=1,2), (7.36)

and one secondary constraint

Qg = %(fo - %Gijaifj) =0. (737)

Here 7, are the canonical momenta conjugate to f*. The secondary constraint
follows from the requirement of the persistence in time of Qg = 0:

{Qo(x),Hr} ~ 0,

where Hr is the total Hamiltonian

2
HT:HO—FZ/dzva‘Qa,
a=0

and the v*(x)’s are Lagrange multiplier fields. Hj is the canonical Hamiltonian
Ho[fY, fi] = /de <—§f”fu + Eeijfoa@fﬂ) : (7.38)
The non-vanishing (equal-time) Poisson brackets of the Q,’s are given by
1
{Q0(2),Q3(y)} = —552(55 -Y),

(9:(), 2 (9)) = —eis0%(r — 1) |
(90, ()} = —61,08%( — )

where 7,5 = 1,2. We now convert this second class system into a first class
system by introducing a set of four scalar fields, ¢*(z) , @« = 0,...,3, corre-
sponding to the number of constraints to be converted. Their Poisson algebra
is given by (7.1), i.e.

{0%(2), 0" (1)} = w*(2,y) .

Let us try the following simple linear ansatz for the new constraints, analogous
to (7.15), 7

0u(e) = 0ulo) + [ @ [ [ @B G )

"For the remaining part of this chapter it is understood that all space-time arguments z, y,
z, etc. appearing in two-dimensional (spacial) integrals, such as e.g. (7.39), or as arguments
in functions, such as wyw (z,y) and B,”(z,y), are taken at equal times.
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where w, g is the inverse of w®?. As we have already emphasized, this antisym-
metric matrix can be chosen freely. In terms of B, relation (7.16) becomes

/dzfdzf' B (2,6)Bg (y,§ )wop (&, €) = —Qap(z,y) - (7.40)

To obtain a solution for B.?(x,y), it is convenient to choose wqp as follows
[Banerjee 1997b]

wosz(x,y) = l52 r—1),
03(2,y) m ( 2 y)
wij(z,y) = Elﬁiﬂ (z—-y),
woi(z,y) = Wq;ﬁ’“d?(x —y) .
Having made a choice for wqg, the non-vanishing coefficient functions B, (z,y)
n (7.39) are now determined from (7.40) to be

B (,y) =8~ ),
B (2,y) =56« ~ ) ,

with BS*(z,y) = B2 (y, ). The inverse matrix w®? of w,gs is given by

0 O 0 —m
-1 _ 10 0 —m =07 2,
@ =10 om0 o 0 (x —y).
m—9F 9% 0

The first class functions Q. are now readily obtained:

() = o) — —0°(x)
() = () + %eik(bk(x) + #eikakgéo(x) , (7.41)

Qs(z) =Q3(2) + %(ﬁ?’(x) + #Ekea%k(@ :

One verifies that they are strongly involutive.

Having obtained the new constraints, we next construct the gauge invariant
fields f#, and then obtain the new gauge invariant Hamiltonian H _according to
proposition 2 from (7.38). For this we only need to know f9 and fi. These can
be easily constructed by making again a linear ansatz in the auxiliary fields.
One finds that ~ ~

FP=r+¢, F=r+d¢.
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Hence we can make the following choice for H:
H = Ho[f* + ¢ f' +¢'] . (7.42)

At the classical level we could of course work just as well with the second class
formulation. Not so if we are interested in quantizing the system. In chapter
11 we will use the first class formulation to quantize this model.

7.4.3 Abelian self-dual model and Maxwell-Chern-Simons
theory

It is instructive to discuss the above Abelian SD-model still from another point
of view. In the previous example, all the constraints when converted to first
class constraints satisfying a strongly involutive algebra. The corresponding
embedded version was a gauge theory involving four extra auxiliary fields,
and the connection between the original and the new constraints was fairly
complicated.

Alternatively, one can also consider a partial embedding, in which only
some of the constraints are implemented strongly via appropriate Dirac brack-
ets, while the remaining ones are converted to first class making use of the
BFT formalism. This leads again to a gauge theory but with fewer number of
gauge degrees of freedom. Gauge invariant observables in this reduced gauge
theory should have the same algebraic properties with respect to these Dirac
brackets (which implement only a subsubset of constraints strongly), as their
counterparts in the SD-model with all the constraints implemented strongly.
The abelian SD-model is a simple example demonstrating this. At the same
time this alternative approach allows one to prove - at least on classical level -
its equivalence with the Maxwell-Chern-Simons theory. ® The equivalence on
quantum level will be demonstrated in chapter 11 using functional techniques.

In the following we choose to implement strongly the constraints ; (i =
1,2), with the (equal time) Poisson algebra [Banerjee 1995b]

(94(0), 2 (9)) = Q) = —ey%(z — )

This is accomplished by introducing the following Dirac bracket defined in the
subset ; of the constraints, and denoted in the following by D’

{A(2), B(y)}or = {A(z), B(y)} (7.43)
2
-y / d22d? {A(), 2 ()}Q57 (2, {2 (), B(y)}
ij=1

8See [Deser 1984] for an alternative discussion.
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where
Qy;' (x,y) = —me;;6°(z —y) .

Hence
{A(2), %)} =0, i=1,2

for arbitrary A(z). In particular we have {Q;(x), Q;(y)}p = 0.

Below we list some relevant non-vanishing (equal time) Dirac brackets:

(v)
(y)
(y)
o)} =0%(z —y), (7.44)
()}
(y)

(@), 030} =~ 00w — )
(@), w3 (0)} o =~ ey — )

Consider next the Hamilton equations of motion. They can be written in the
form

f‘u’%{fu;HO}D’ + Z )\a{f/quz}D’
a=0,3
7.1—/1,%{'n—/u-H'O}D’ + Z )\a{ﬂ—/uQa}D’

a=0,3

together with the constraints (7.36) and (7.37). © Hy is the canonical Hamil-
tonian evaluated on the primary surface (7.38).

9Consider for simplicity a system with a finite number of degrees of freedom. The H-
equations read

2
G =f{ai, Ho} + ) AadaisQa} + > mrai O},

a=0,3 r=1

2
Di :{pz,HO}+ Z Aa{pi,ﬂa}+zﬂr{pi,ﬂr} s
1

a=0,3 r=
together with the constraints (7.36) and (7.37)
Q =0, Qa=0,r=1,2, a=0,3.

From the persistence of the constraints €2, = 0 one readily determines the Lagrange multi-
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Note that Qg and 3 form a second class system with respect to the above
Dirac brackets:

{Qs(2), Q0 (y)} o = %52(33 —y) . (7.45)

We now embed this system into a gauge theory by converting the second
class constraints ¢ = 0 and Q3 = 0 into a first class system with respect
to the D'-Dirac brackets. Hence it is clear that in the following embedding
procedure, all Poisson brackets in the BFT-presription discussed above must
be replaced by the corresponding D’-Dirac brackets. Since only Qg and Q3
are to be converted to first class constraints, we will require only two auxiliary
fields. These can always be chosen as a canonical pair having vanishing D’'-
brackets with all other fields,

{a(@), 7 ()} = 6% —y) .

In the present case we can immediately write down the new first class con-
straints

Qo=+a, (7.46)
Q3 =03+ %77(0‘) : (7.47)
Making use of (7.45) we see that these are in strong involution,
{0, Qs}p =0, a,8=0,3.

Note that the vanishing of these brackets does not follow from the defini-
tion of the Dirac bracket, but is a consequence of the embedding! In general
{F, QQ}D/ #£ 0. In fact, the Q4’s (@ = 0,3) are generators of infinitesimal
gauge transformations:

§F(z) = / By 0o (y){F,Qulp .

pliers pur:

pr = 7ZQ;T1,{QT/,H-,—} )
T"

where Hr = Hgy + Za:O 3
for ¢; and p; one finds that

G~ {a Holpr + Y Aafai, Qalpr
a=0,3

pi ~ {pi, Ho}p’ + Z Xafpi, Qatpr -
a=0,3

Aao. Inserting the expression for p, in the above expressions
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The Hamiltonian H of the embedded theory should be invariant under these
transformations in the strong sense. To obtain H we make use of proposition
2, and first construct the gauge invariant extensions of f*(x). These can be
immediately obtained by inspection. We denote them here by F'** (rather than

ok

FO _ fO + 7_(_((1) ,

Fi=fi4 0. (7.48)
Indeed, one verifies that .

{F*,Qa}p =0.

The gauge invariant Hamiltonian is then given by simply replacing f* in (7.38)
by F*,

- 1 1= -
H= /d% <§F02 + 5F2 - mFoﬂg) : (7.49)

where

~ 1 1 o
Qg = — <F0 — —EijalFJ>
m

m
is the embedded version of (7.37). The D’-brackets of the F), are given by
{F°(2), F°(y)}pr =0,
{F°(x), F'(y)}pr = 0'*(x —y) , (7.50)
{F'(z), F7(y)} pr = —me;;6°(x — y) .

In the embedded theory the equations of motion for observables O, satisfying
{Oa Qa}D’ =0 )

take the simple form . )
O = {OaHSD}D’ 5
where )
HSP = 5/d%; (E? + B?).
One then finds that the equations of motion for F* read

1
F,— —€un0"F*=0.
m

From here it follows that F'* is divergenceless. Hence we can introduce fields
A* as follows:
FN = GIWA(?”AA .
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Then (7.49) can be written in the form,

ﬁ:%/fx@?+§)—%/fﬁ%@fﬁ—m@ (7.51)

where o
B = —EijalAJ (752)

has the form of a magnetic field in 2-space dimensions, and
E;=0"A" - 9°A° (7.53)

is the corresponding electric field. The quantity within brackets in the last
integral in (7.51) is just m?Qs,

mzflg:ﬁ-ﬁ—mB,

and hence vanishes on the space of physical solutions.

The constraint structure and Hamiltonian resembles that of the Maxwell-
Chern-Simons theory in 3 space-time dimensions, defined by the Lagrangian
density

1 m
Lycs = —ZF}“,FIW — Ee,,,MA“a”AA , (7.54)
where the field strength’s F'*¥’s are related to the potentials A* in the usual
way. The corresponding action is invariant under the transformations A* —

AP+ 9HA. This model possesses one primary constraint: mg = 0. The canonical
Hamiltonian evaluated on the primary surface has the form

HMCS = %/cﬁx (E2 + B2) - /d2a: A° (6 E— mB) (7.55)

where E; and B are related to the potentials A" by (7.53) and (7.52). Written
in terms of canonical variables, E; is given by

m .
E;=—m+ EeijAJ . (756)
Persistence of the primary constraint my = 0 yields the secondary constraint,
Q:=V-E-mB=0

which formally coincides with mQQg = 0. ©Q; and 7y form a first class system.
Making use of (7.52) and (7.56) one verifies that they are in strong involution
with respect to standard Poisson brackets, and have vanishing Poisson brackets
with the “electric” and “magnetic” fields (7.56) and (7.52). The first class
constraints generate a local symmetry of the equations of motion. In the gauge
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invariant sector the dynamics is determined by the first integral on the rhs of
(7.55),
O ={0, HMC5Y |

m=0; Q =0,
where )
HMCS — 5/d?x (E* + B?) .
The non-vanishing Poisson brackets of the F;’s and B are found to be
{Ei(x), Ej(y)} = —meij6°(x — y)
{Ei(2), B(y)} = €;;076°(x — y) ,

and coincide with the corresponding Dirac brackets {, } p/ of the embedded SD-
model (7.50) (recall that in the SD-model By = F?, E; = —F' and By = —F°).
Since the dynamics of gauge invariant quantities in the embedded SD-model is
in turn equivalent to the second class dynamics of the corresponding quantities
in the SD-model, we conclude that in the gauge invariant sector of the MCS
theory this theory coincides with the SD-model.

7.4.4 The non-abelian SD model

As a less trivial application of the BFT formalism we consider the model of
Townsend et al. [Townsend 1984] generalized to the non-abelian case, with
Lagrangian density (7.34),

1
L= —§trf“f”’ + Les (7.57)

where L¢g is the Chern-Simons Lagrangian

1 7 2 T3
ﬁCSZREWpW(F’ fp_gflf fp>

Here f# are anti-hermitian Lie-algebra valued fields

f}L = t(lfﬁ I

where {t,} are the generators of SU(N) in the fundamental representation, and
F*¥ is the usual matrix valued chromoelectric field strength tensor constructed
from the fH’s:

Y — 8”']0” _ 81/f,u, + [f-,u,’f-u].
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Our conventions are

[ta; tb] = Cgbtc )
tr(tatb) =—0ap ,

where c¢, are the structure constants of the group.

In the case of the non-abelian self-dual model, the BFT embedding leads
to an infinite power series in the auxiliary fields for the first-class phase space
variables. We shall however see that the series can be summed, and that the
auxiliary fields play the role of the Lie-algebra valued fields parametrizing a
non-abelian gauge transformation [Kim 1998a].

We begin our BFT construction of the first class constraints with a no-
tational remark. In the following, space-time indices like u,v, ..., i,5... will
have covariant or contravariant character, as usual. The other (internal) in-
dices a,b... will be placed either up or down in order to keep the expressions
as transparent as possible.

Consider the non-abelian self-dual model (7.57). The momenta canonically
conjugate to f0 and f! are given respectively by 7¢ = 0 and 7¢ = —ﬁeijf({.
We thus have two sets of primary constraints,

o =my =0, (7.58)

O =nf —|— e”f (1,7 =1,2). (7.59)

K3

These are the non-abelian analog of (7.36). The canonical Hamiltonian density
associated with the above Lagrangian is given by

:__f f” szfoF”

Persistence in time of the above constraints leads to one further (secondary)

constraint, 1°

1
= f§ — 5T = 0. (7.60)

The constraints (7.58), (7.59) and (7.60) define a second-class system. In partic-
ular this is also true for the subset of constraints (7.59), as well as for (28, Q%).
The Poisson-brackets of the former are given by

{Q (), Q5 ()} = eué“"é%—y), i=1,2,

10Note that the normalization of Q¢ differs from that in the abelian case.
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while the latter form a canonical pair,

{Q5(2), % (y)} = 60(z —y) .

Elements from different sets have vanishing Poisson brackets with each other.
As in the case of the abelian self-dual model, we shall follow here the strategy of
implementing the constraints Q¢ = 0 strongly via Dirac brackets { , }p: defined
in the subspace of these constraints. ' In that case, {Q?(x),Qg(y)}D/ =0,
while for the remaining constraints 2§ = 0 and 2§ = 0 one finds the following
Dirac brackets:

{Q4(2), ()} o = Q¥5(x,y) 5 @, 8=0,3 (7.61)
with Qg”ﬁ given in o — 3 space by the matrix 2
ab 0 _5ab 2
) = < 0“(z —y) . 7.62
)= (oot o) 0= 0) (7.62

We next reduce the second-class system with Dirac brackets (7.61) to a first-
class system at the expense of introducing two sets of auxiliary fields {¢%} and
{¢3} corresponding to {4} and {Q4}, with Poisson (or D’-Dirac) brackets '3

{a@). 0w} = wif (@,v), (7.63)
where we are free to make the choice
Wi (,y) = €76,0% (x — y) (7.64)

with €% = —e30 = 1. The first-class constraints 24 are now constructed as a
power series in the auxiliary fields,

Qo =00+ Y alnm e gon (7.65)
n=1

where the expansion coefficent functions do not depend on the auxiliary fields,
and are to be determined by the requirement that the constraints ¢ be
strongly involutive in the sense of the Dirac brackets introduced above:

{Qg(x), Qg(y)}D, —0. (7.66)

Uie., we define {A, B}p = {A,B} — [d?¢d®¢’ {A,Q¢(HQ™1)5 (6, €){Q0(E), B},
where QI(£,€') = {Q2(6), ()}

12The internal symmetry indices are placed at convenience.

13 Actually the Poisson brackets coincide with the Dirac brackets, since the auxilary fields
have vanishing Poisson brackets with Q¢, (i = 1,2).
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Making the Ansatz

— 4 /d2 X (2, y) o () + -

analogous to (7.10), and substituting this ansatz into (7.66) leads to lowest
order in qbf to the condition

/d2 d?2' X35 (w0, 2)wig (2, 2)) X3 (2 y) = —Q%% (2, y). (7.67)

For the choice (7.64), this equation has (up to a natural arbitrariness) the
solution [Kim 1998a]

5ab 0 5
Xaﬂ(ff y) = (ﬁcgbeleil 5ab> *(z —y). (7.68)

In higher orders, the solution for Q% can be obtained recursively and leads to
the strongly involutive constraints [Kim 1998a, Banerjee 1997]

Q¢ =7 + ¢ (7.69)

05 =f§ - LmewF” +od > (5:)1")! {(@0)”} N (%elnﬂv (7.70)
n=1

where ®° is the matrix valued field,
= 1ady (7.71)
d

with 7% in the adjoint representation:
d
(@°),, = choy - (7.72)

Let us write the above expression in a more transparent form. With the choice
(7.64) for w;’f , we see that the fields ¢? and ¢ are conjugate to one another.
Let us therefore define

0" =92, mh=¢ . (7.73)
Equations (7.69) and (7.70) then take the form
Q% =78 + 6%, (7.74)

a a a a 1
Q5 = fo +m = Vy(0) (5=

Qmeing‘j ), (7.75)
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where V¢ are the matrix elements of

0)=1 o" .
V() =1+ ;:1 I (7.76)
with

0= Tdod ; (Td)ab = Cgb .

The construction of the first-class Hamiltonian H can in principle be carried
out along similar lines as in the case of the constraints, by representing it as a
power series in the auxiliary fields and requiring {Qf, H }pr = 0 subject to the
condition H [f,# = 0] = Hp. It is however more economical to first construct
the first class fields f#. The new Hamiltonian is then given by H = Ho[f]. The
“physical” fields f# are again obtained as a power series in the auxiliary fields
¢S by requiring them to satisfy

{98, ffYpr =0, Ya,b .

The iterative solution of these equations leads to an infinite series which can
be compactly written in terms of the Lie algebra valued field 6

fi =15 76+ 030 - V30) (e )

2
fE=USO)f7 +V5(0)0:6" , (7.77)
where U(0) is given by
U(o) =e’. (7.78)
For the first class field tensor £ one obtains,
Ef = UG (0)F, (7.79)
and for 7( one finds
Ty = mg + 0. (7.80)

We now observe that the first-class constraints Q2 and Qg can be written in
terms of the physical fields as follows

Q8 =78
- - 1 .. -~
Q5= fg — %6”}1‘3‘-
Thus, as expected, the first class constraints are obtained from the second class

constraints 0§ = 0 and Qf = 0 (cf. eqgs. (7.58) and (7.60)) by simply replacing
[ and 7§ by their gauge invariant extensions. Having obtained the gauge
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invariant dynamical variables, we can write down immediately the first class
Hamiltonian density again making use of proposition 2:

1~ 1
H=—shufi+ e foEY. (7.81)

Let us interpret the above results. The fields ff have a simple interpretation.
Defining the group valued field g() = e, where @ lies in the Lie-algebra of
SU(N), we have for any Lie algebra valued field A = A%¢, the relations

—tr(tag™'(0)Ag(0)) = UG (0)A"
—tr(tag™'(0)9,9(0)) = V§(0)9,6".

Making use of these relations we therefore see that the expression for f; = fot,
in (7.77) can be written in the compact form

fi=g  fig+g 09 (7.82)

The fields f{‘ are thus identified with the gauge-transform of the fields f?. They
are invariant under the extended gauge transformation

fr= b R+ R
g—h7lg,

and thus are observables in the extended space. What concerns the first-class
field strength tensor Fj; = F 2tq, it follows from (7.79) that

Fyj =g ' Fyg. (7.83)
In [Kim 1998a] the above discussed embedded version of the non-abelian

self-dual model was further explored by proving its equivalence to the theory
defined by the Stiickelberg Lagrangian. 4

MFor further examples of BFT embedding see e.g. [Banerjee 1993/95a/97a] and [Kim
1994/95/98b].



Chapter 8

Hamilton-Jacobi Theory of
Constrained Systems

8.1 Introduction

The Hamilton-Jacobi (HJ) equation is a partial differential equation for the
generating function of a canonical transformation from a set of canonical vari-
ables (¢,p) to a new set (@, P), whose dynamics is governed by a vanishing
Hamiltonian H((Q, P,t) = 0. This generating function, which - in standard
textbook nomenclature - is of the type F, and denoted in the literature by
S(gq, P, t), is a solution to

08 a8

where the old and new phase space variables are related implicitly by

98
Pi= 5

;08
Q_aR'

S is called the “Hamilton principle function” (HPF). Since the new Hamiltonian
HY, vanishes, the equations of motion for Q° and P; read Q° = 0, P, = 0,
implying that

Pi(t)=a; ; Q'(t)=p",

where o; and 3¢ are constants. In the following we denote the sets {a;} and
{B"} by a and . As shown in any textbook on mechanics, these constants
can be conveniently identified with the constants of integration inherent in the
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solution to the HJ-equation (8.1). Hence the solution ¢‘(t) and p;(t) to the
original Hamilton equations of motion are given implicitly by

05(q(t), o, t)

pit) = (5.2
Bi= 7&95@;2?04,0 . (8.3)

In textbooks on mechanics, the HJ-theory is usually discussed in connection
with systems described by a non-singular Lagrangian. As we shall see, singular
systems with only first class constraints can also be dealt with in a straight-
forward way. We shall consider them briefly in the following section. On
the other hand, the HJ-formulation for second class systems is more subtle
[Dominici 1984, Rothe 2003d].

The major part of this chapter is devoted to examples demonstrating vari-
ous techniques which allow one to formulate the HJ-equations for second class
systems. Our discussion will be restricted to systems with a time independent
Hamiltonian, i.e. to conservative systems of the type studied in the previous
chapters.

Let us first discuss in some detail the reason why the HJ-formulation for
second class systems poses a problem. To this effect let us write (8.1) in the
form

Hy(g,p) =0, (8.4)
where

Hy(q,p) = po+ Ho(g,p) - (8.5)

Here Hy is the canonical Hamiltonian on I'p, and g and p stand for the collection
{¢!} and {p;},i=0,1,---,n with !

oS 08
0
=t = — == . 8.6
q P0= 550 Pi= g5 (8.6)
Equation (8.4), together with (8.6), are the HJ equations for Hamilton’s Prin-
cipal Function S for the case of an unconstrained system.

8.1.1 Carathéodory’s integrability conditions

Consider now a constrained system in which not all canonical variables are

independent. As we have seen in chapters 2 and 3, the Lagrangian L(q’,¢") is
9°L

singular in this case, i.e the determinant of the Hessian matrix H;; = 3500

1 Actually, by assumption, HY, does not depend on q°.
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vanishes. On the Hamiltonian level this implies the existence of primary con-
straints. Let m; be the number of such constraints. We write them in the form
appropriate for our purposes 2

H&(27B)Epa+Ha(Q7{pa}):07 (a:]-""7m1) ) (87)

where {p;} = ({pa}, {Pa}), a = mi+1,- -, n, and where we have set g, (¢, {pa}) =
—H,, with g, defined in (3.5). Adjoining these constraints to (8.4), we are led
to consider the coupled set of differential equations

H&(ﬂ?%>5%+lfg<q,g—;>:07 Q:O7;m1 (88)

Here we made use of the fact that, according to (3.8), Hy does not depend
on the p,’s. Continuing this line of reasoning, we supplement this system of
differential equations with a similar set of equations associated with possible
secondary constraints H/,(q,p) = 0. Let there be mg such constraints. We are
then led to consider the following complete set of partial differential equations

08

H/Q(g7a_g):07 Q:O71)"'7m17 (89)
oS
Htlz(q7_):O 9 a:m1+17"'aml+m2~
1 8g
We denote this set by
oS
H/é(ﬂ’a_q) =0, A=0,1,---,m1 +my . (8.10)

This coupled set of differential equations only admit a solution provided the
H', are in strong involution “on-shell”, in the sense [Carathéodory 1967]

{H),Hp},,—os =0, (8.11)

dq—

where H, is considered as a function of g and p, and S is a solution to (8.10).
The (generalized) Poisson bracket is defined by ;

" (OF 0G  0G OF
F,G} = T2 ) 12
e ; <5ql Ipi  Og 5101‘) (512

In the following i,j = 0,1,---,n.

2We follow here the notation of [Giiler 1992].
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The above integrability conditions are easily derived from (8.10). We sup-
pose that S has been found, and that egs. (8.10) are thus satisfied identically.
Then differentiating H’y (¢, 0S/0q) = 0 and H(q,05/9q) = 0 with respect to

¢, multiplying them by — HB and %, respectively, and adding them, we

obtain

" 92S [(0H' 0oH), OH', OH,
HY\ Hp}, _os = A—B _—AZEB . 8.13
{Hy, Hp p=45 Z  9gl dg < 8pj pi Op; 8pl- )p ( )

Q7|Q7
12

The right hand side vanishes for symmetry reasons. Hence a function S satis-
fying (8.10) implies (8.11). Equations (8.11) are Carathéodory’s integrability
conditions, which ensure that for a first class system, the complete set of equa-
tions is integrable.

8.1.2 Characteristic curves of the HJ-equations

We next show that the integrability conditions imply the “on-shell” vanishing
of the total differentials dH/ in the 2n + 2 dimensional phase space [Giiler
1992]. 3 B

Consider the canonical Hamiltonian on the primary surface. It is given by
(3.7),

HO = pafa + gaqa - L(Q7 q-a7 fa) ) (814)

where we have made use of the primary constraints written in the form (3.5),
and of (3.6). This Hamiltonian was shown in chapter 3 not to depend on the
velocities ¢*. Taking the derivative of (8.5) with respect to py, with Hp given
by (8.14), we obtain, after identifying ga (¢, {pa}) with po — H,(q,p),

8H0 _ g 3f“ 3H&qa_(3_L> afe
P ope ~ “ope 9q* fa Opb

0H! .,

=f'- q

Opy

Noting further from (8.6) that ¢° = 1, we can write this in the form,

3By “on-shell” we mean: “on the space of solutions to the HJ-equations”.



136 Hamilton-Jacobi Theory of Constrained Systems

From here - recalling that ¢° = f%(q, {¢®}, {pa}) - we are led to

oOH|,
O
Adding the identities (following from (8.5) and (8.7)),

dqb

(8.15)

dgZ = < dg2
Opp
we obtain
OH!,
dq1 dqﬁ 5 120517' ,
Opi

(8.16)

So far we have not made use of any dynamical equations. In fact, (8.15) divided

by dq = dt, is nothing but the first set of Dirac’s (kinematical) equations.
Setting p; = 05/0q; we have

Ps ., 0’8
- _dg® + _dq’.
g2 gt 4 dqP0qt 1

By differentiating (8.8) with respect to ¢* we obtain,

928 oH|, 0H,\ 0°S8
. + = + = - =0,
0qt0q~ g~ Opa ) 0¢t0q®
=

a

dp;

N

where we made use of the fact that we could replace Hg by H é in the second

term. Contracting this expression with d¢® and making use of (8.16), we can
cast dp; into the form

d 8Héd e 8.17
These are nothing but the Hamilton equations of motion for the momenta

generated by the total Hamiltonian of Dirac, with the momenta identified by
p; = 05/0q", and S a solution to the HJ-equations.

Consider further the differential dS(q):

oS oS
dS(g) = a—quqg-l- aqa

Making use of (8.8) and of (8.15), we can write it in the form

oM}, ,
dS = | —Hg+po——= dg2 .
2 o, ) ¢

dq® .
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This equation, together with (8.16) and (8.17) are the total differentials for
the characteristic curves of the HJ-equations. If they form a completely inte-
grable set, their simultaneous solution determines S uniquely from the initial
conditions. *

Let us examine what the integrability conditions (8.11) imply for the dif-
ferential dH}(g,05/0q), with S a solution to the HJ-equations. Using (8.16)

and (8.17) we have

OH, OHL,pH'  OH,HH'
B s OH,, gOH,\
dHéz( 272 £ —) e

8(#_ * 9% Opa  Opa Oq°
= {H}, H, }dg*,

where {, } is the generalized bracket defined in (8.12), or

dHly = {Hp, H}}dg® . (8.18)

Thus the integrability condition (8.11) implies, in particular, the vanishing
of dH}, and dH/, and hence Dirac’s consistency equations, stating the time
independence of the primary constraints.

On the other hand, for second class systems, these integrability conditions
are evidently violated. One can attempt to circumvent this problem in several
ways: i) One can look for a canonical change of variables in which the second-
class constraints, or linear combinations thereof, become part of a new set of
variables, which can be grouped into canonical pairs. If the Poisson brackets
of the constraints are given by constant matrices, one can always perform
such a transformation. This may however not be possible in general. ii) One
can make use of the BFT procedure described in chapter 7 and embed the
second class system into a first class one by suitably enlarging the phase space,
Proceeding from there, we will present two ways in obtaining the solutions for
the coordinates and conjugate momenta.

We begin our discussion with a purely first class system in order to exemplify
that no integrability problem arises in this case.

8.2 HJ equations for first class systems

For first class systems the HJ equations (8.10) can be integrated without en-
countering any inconsistency. We illustrate this by the following example:

4The generalization to systems which include elements of the Berezin algebra has been
carried out in [Pimentel 1998].
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Consider the Lagrangian

1 1
L= §x'2—|—a':y—|—§(a:—y)2, (8.19)

which leads to one primary and one secondary constraint,

H{:=p,=0., Hy:=p,—x=0, (8.20)
respectively. The Hamiltonian is given by
1 1
Hy = 5p; = 52 —ypa + 2y

so that the integrability condition (8.11) is satisfied:
{H(I)’H{}:Hé’ {H(/)7Hé}:07 {H{’Hé}:()'

The HJ-equation takes the form

s 1/9s \* 1
r_ Y0 290 iy — )2 =
Hy = 5 t5 (833 y) 2(w y)°=0. (8.21)
The constraint equations (8.20) lead to the additional conditions,
oS oS
— =0 ——x=0. 8.22
o = o ° (8.22)

Let us rewrite (8.21) as follows:

98 1/0S8\°> 1, [0S

Do) o (2 . 2

8t+2<6x> 2" (ax x>y (8.23)
Equations (8.22) together with (8.23) state that S does not depend on y or t.

It then follows from ‘g—i — 2 = 0 that

L o
S = 2x .
Note that no integration constant (aside from an irrelevant additive constant)
appeared! Hence, according to (8.2) and (8.3), we are left with only the equa-
tion p, = 0S5/0x. This reflects the fact that the two Euler-Lagrange equations
reduce to a single equation & — x = —y, whose solution for z(t) is only known
once y(t) is given. ° Note that this equation is just the constraint equation

5For a given y(t) the solution is given by

t
x = x(0)e’ — </ dr e_Ty(T)) el .
0
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H), = 0. In fact, from (8.22) we recover the primary and secondary constraints,

08 oS
py:a_y: ) pa::%:x7

and nothing more.

8.3 HJ equations for second class systems

Consider now a purely second class system where the integrability relation
(8.11) is violated. Hence we do not expect to find a HPF from which one can
obtain the solutions for the coordinates ¢ and momenta p via (8.2) and (8.3).
In the following we will discuss two approaches for obtaining the HJ equa-
tions for such a system, of which the first one, to be discussed next, cannot
be realized in general. The second approach makes use of the BFT embed-
ding discussed in the preceding chapter, turning the system into a first class
system, where gauge invariant quantities are identified with the corresponding
quantities of the second class theory. The HJ-equations can then be integrated
consistently. We illustrate both approaches with several examples.

8.3.1 HPF for reduced second class systems

Our strategy, to be illustrated by several examples, will be the following [Rothe
2003d]: given a Lagrangian we first generate all the constraints, following the
Dirac algorithm. We then look for a possible canonical transformation from
the set of phase space variables (g;, p;) to a new set consisting of two mutually
“commuting” subsets  of canonically conjugate pairs, (¢}, p?) and (qu,Pa),
where {§,} and {p,} are identified with a suitably chosen complete set of
primary and secondary constraints ¢, = 0 and p, = 0. Since the number
of second class constraints is even, this can always be realized for linear con-
straints, but may be difficult, if not impossible, in the general case. Denoting
by Fy(q;p*,p;t) the generating function for this canonical transformation, the
new Hamiltonian will be given by

[T % % =~ =~ * ok o~ * ok o~ o~ OF:
H(q",p*,q,p) = Holq(q",p",q,P),p(q",p ,(LP))‘F&—; : (8.24)

where ¢(q*,p*, q,p) and p(q*, p*, ¢, p) are obtained by solving the coupled set

of equations
_ 8F2 - 8F2 x aFQ

pv_aqla Qa—%, qa_ap;;

(8.25)

6 “Commute” stands as a short hand for “having vanishing Poisson brackets”.
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In terms of the new variables the extended action reads, ©

SE :/dt [Zp;q;+2ﬁada _ﬁ(q*7p*aqvﬁ) _ZAaqa _Znaﬁa

With the above canonical change of variables, the equations of motion for
the “star” variables are determined from H by implementing the constraints
directly in the new Hamiltonian:

Q= {as A(a"p" 0,00}, B = (vl (g™, p",0,0)},

while the equations for the remaining coordinates and momenta are just the
persistency equations for the constraints. With respect to the phase-space coor-
dinates (¢*,p*) the problem has thus been reduced to that of an unconstrained
system, and the Hamilton-Jacobi theory, described in the previous section, can
be applied without encountering an inconsistency. Indeed, in terms of the new
variables the relevant HJ-equations read

as
ot

os oS,
’8q*7q’ ad

+ H(q" =0

together with the constraint equations,

05

~Oz:0; —~—O
4 o

From these equations we see that S is only a function of ¢* and ¢. Hence our
problem reduces to solving the differential equations

a8 0S8

" 50 + 57 =0

where
H*(q",p") = H(q",p*,§=10,p=0) .

The main problem therefore consists in finding the generating function F, which
takes us from the set (g, p) to the new canonical sets (¢*,p*) and (¢, p).

"To formulate the general problem it is convenient to work with the extended action, where
all of the constraints are implemented via Lagrange multipliers. Since all the constraints
are generated from the total Hamiltonian Hp (involving only the primary constraints) via
the Dirac self-consistent algorithm, the Lagrange multipliers associated with the secondary
constraints will turn out to vanish weakly in a variational calculation (see eq. (3.63)).
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8.3.2 Examples

In the following we will illustrate the above ideas in terms of some examples
[Rothe 2003d]. We shall be rather detailed in the first example, in order to
emphasize various aspects of the problem.

Example 1

Consider the Lagrangian (8.19) with a reversal of the sign in the last term:

1 1
L= i’ +iy— =(z—y)>.

5 5 (8.26)

The total Hamiltonian reads

Hr = Ho +npy ,
with
1 2 1 2
Hy = 5(1% —y)° + 5(3? - y)

the canonical Hamiltonian evaluated on the primary surface ¢ := py, = 0. The
Dirac algorithm leads to a secondary constraint ¢ = 0,

{6, Hop = =20, o=y— %(px+w)~
There are no further constraints. Since {¢, ¢} = 1, these constraints are second
class and canonically conjugate to each other.

If we would proceed naively and make the replacement p, — % in the
primary constraint p, = 0, then this would imply that S is independent of y.
This would be in conflict with the equation obtained by making the substitution
Py = g_;s in the secondary constraint ¢ = 0. This reflects the non-commutative
structure of our second class system, and corresponding violation of the inte-
grability condition (8.11).

In order to circumvent this difficulty, we make a canonical transformation
to a new set of variables (¢*,p*) and (g,p), in which one of the canonically

conjugate pairs are chosen to be the constraints themselves:

q=¢ , p=9 ,

1 . 1
¢ == 5Py, P =Petopy- (8.27)

These are two “commuting” sets of canonically conjugate variables:

{e.p} =1, {¢.p}=1.
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All other Poisson brackets vanish. As expected for a canonical transformation
one also checks that

+ _**+~~+1d(*~ 1.,2)
PaX T Ppyy =D ¢q pq 2dtpp 2p )
so that the kinetic contribution to the action takes the same form in the new
set of variables. The corresponding generating functional Fs(x,y; p*,p) for the
transformation (8.27) is readily constructed:

Dol 1,1
Fy=(p* — =Pz +py— =pp* + =p°.

2 2 8
The inverse transformations to (8.27) read
O N
T=q T3P, Pe=P — 5P,
y=%(q*+p*)+dy Py =p. (8.28)

Expressed in terms of the new variables the new total Hamiltonian Hr takes
the form

ﬁT:ﬁ0+nﬁa
where
_ 11 5 N\ 11 5 \1?
H. * * — | Z(p* — g — r Il el P v )
oot i) = 507 -0 - (5+)| +5 3@ -+ (5-0)]
(8.29)
The equations of motions read,
* 1 * * ~
¢ =50"~q) - 5b,
p —2p q p,
pP=-2q,
~ 1(* *)+1~
qa=1 2p q 2pa

together with the constraints ¢ = p = 0. From their persistency in time we
see that the 3rd equation reproduces the secondary constraint ¢ = 0, while the
4th equation fixes the Lagrange multiplier 7 as expected. The dynamics of the
star variables on the constrained surface is now determined by the Hamiltonian

HO(q*,p*7O,O) = i(p* - q*)Q
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Consider now the HJ-equations associated with the constraints ¢ = p = 0.
With p replaced by 05/0¢ we conclude from p = 0 that the HPF does not
depend on ¢. Hence the HJ-equation associated with Hy becomes

s 1/0s  \°
EW(aq*‘q) —0, (8.30)

where we have set ¢ = 0 and p — 95/0¢ = 0 in (8.29).
Since the Hamiltonian H is independent of time we can now make the usual
separation ansatz

95

—= =—a?,
ot

with « a constant, so that equation (8.30) has the solution
* * 1 *2 2
S(q¢", o, t) = £2aq" + 50" —a t. (8.31)

Notice that S depends only on one integration constant . A further integration
constant is then introduced according to (8.3),

oS
B - % )
which then implies &
8 =2q¢" —2at.
With 58 )
f=——=at+2 =
D o at + 2o+ 26

the problem is now solved in the standard way. Taking account of the con-
straints ¢ = p = 0 one obtains from (8.28)

1 1
x:§ﬁ+at, y:(a+§ﬁ)+at, (8.32)

which is the most general solution to the Euler-Lagrange equations following
from (8.26).

Example 2: The Landau model in the zero mass limit
The Lagrangian of a spinless charged particle, moving on a 2-dimensional plane

in a harmonic oscillator potential in the presence of a constant background
magnetic field B perpendicular to the 12-plane, can be written in the form

m -2 B IR k )
LLandauZE +quq_§q )
8Without loss of generality we have chosen the + sign in (8.31).
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where (in two space dimensions) §x ¢ = szzl €:;¢4'¢". In the zero-mass limit
this Lagrangian reduces to

B
2

L =

oo ko
Xq— = .
4= 54

There exist only two primary constraints
1 VB .
¢ = —=pi + —€i;¢’
VB 2
with non-vanishing Poisson brackets
{#i, 05} = €5 -

We perform the following change of variables from g¢;,p; to ¢,p and p; =

¢1; ﬁ2:¢27
1 VB 1 VB
P1 \/Epl 5 q2, D2 \/§p2 2 q1,

_1 +1 _ B
(I—2Q1 BP2, pP=n 2Q2,

where g and p correspond to the “star variables” introduced before. The inverse
transformations read

1 _ 1 -
(J1=q—ﬁp2, QQZE(\/Epl_p)7
1 5 1 -
p1= 5(@171 +p), p2= §(Bq +VBp»). (8.33)

In terms of the new coordinates the canonical Hamiltonian evaluated on the
constrained surface takes the form,

k 1
H*:_ 2 2 .
2(q +32p>

Hence we have for the HJ equation,

sk 95\ >

el v B2 2 e _

8t+232< Q+<8q>> 0,
with the solution

T, 2«
S(g,a,t) = —at+ B [ dg - q'? + const.
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From the equation g = g—g we then obtain in the usual way the solution

q(t) = \/%cos(wt +b),

with w = k/B and b a constant.
We return to the original variables by setting in (8.33) the constraints p;
and po equal to zero, and using

oS 2
:—:B _ = 2.
P= VT
_ _ b [y
Nn=9 R=-F= ksm(wt—i—b).

8.3.3 HJ equations for second class systems via BFT em-
bedding

We thus obtain

As we have seen, a naive extension of the Hamilton-Jacobi theory to second
class constrained systems is condemned to failure right from the outset since
it leads to differential equations which are in direct conflict. Mathematically
this conflict is expressed by the violation of the integrability condition (8.11).
Above we have presented a possible way out of this dilemma. The drawback
was that the transition to the reduced phase space is in practice restricted to
rather simple situations.

We now present another method which is generally practicable. It is based
on the replacement of the second class system by an equivalent first class sys-
tem, using the BFT construction described in the previous chapter. The HJ
equations are then integrable, since the system is in strong involution. Choose
the auxiliary fields of the BFT construction to be sets of mutually commuting
canonically conjugate pairs (6%,p2), a = 1,---, N, where 2N is the number
of 2nd class constraints. Since the number of second class constraints to be
converted is even, this can be done, and implies a particular choice of the
simplectic matrix w®? in (7.1).

In the following we denote by S(g, 0, a,t) the HPF of the BFT embedded
system, with « a set of integration constants, and by QA(q7 0;p,p?) = 0 the set
of first class constraints in strong involution. If H (g,0,p,pg) is the Hamiltonian,
then S is a solution to the following set of equations

oS - 9S 88
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- 0S 0S

From S (¢,0,,t) we then obtain the solutions for the embedding coordinates
g, 0%, and conjugate momenta p;, p, by expressions analogous to (8.2) and
(8.3):

pi(t) = % , Be = g—i , (8.36)
pat) = 89875@ : (8.37)

Having obtained a solution S of the HJ-equations for the embedded system we
now want to arrive at the dynamical solution for the coordinates and momenta
of the original second class theory. Before we discuss this in detail we want to
make several assertions [Kleinmann 2004].

Assertion

Let Qa(q,p) = 0 be the constraints of a second class theory, and Qa(q, 0;p, ps) =
0 the corresponding first class constraints of its embedded version. In accordance
with the BF'T power series expansions of Q. and H, assume the embedding to
be analytic in 0 and py. Denote by S'(q, 0,a,t) the HPF of the embedded theory,
satisfying (8.34) and (8.35), where « stands for a set of integration constants.
Furthermore define S(q,a,t) = 8(q,0 = 0, a,t). We then claim that:

S(q, a,t) solves (8.8) only in the “weak sense”,

08 08
St (4.5 ) =P, (839

Q0 <q, ‘Z—i) —Pa(s) (3.39)

where s stands for {s4} with
s4=(85/00%)—0 ,

and where P(s) and P4 (s) are polynomials in s satisfying P(0) = P4(0) = 0.
Note that these polynomials cannot all vanish identically, since this would be
in conflict with Carathéodory’s theorem.

The proof is immediate: Consider the HJ-equation (8.34). Setting 6 = 0 we

have that 95 95
E—'_HO <q,9:0,8—q,8> =0.
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Because of the assumed analyticity of the embedding in s, it follows that

oS oS
8—q,8) = Ho(q, a—q) +P(s)

-gO(Qa 0= Oa
A similar reasoning applies to the constraint equation (8.35). We are therefore
led to (8.39).

How to get the solution to the second class system

i) A solution for the phase space variables of the second class theory is obtained
by a) solving the complete set of HJ equations for the HPF of the embedded
first class theory, b) determining the time dependence of these variables from
(8.36) and (8.37), and ¢) imposing the conditions

. o8 B
=0, <80a>9_0_0,\m. (8.40)

This amounts to the choice of gauge % = 0, p? = 0, which takes us back to
the second class theory.

i4) A solution for the phase space variables of the second class theory is obtained
by a) computing from S(q, «, t) = S(q,0 = 0, , t) the phase space variables as
a function of time from (8.2) and (8.3), and b) taking explicit account of the

second class constraints 24 = 0 in the form
a8
Q ,— | =0, VA. 8.41
a0 %) (8.41)

This statement follows from ). Thus, by setting 6% = 0 in (8.36), one is led to
the equations p; = 95/9q" and By = 0S/0ay. These equations are just those
for an unconstrained system with HPF S(q, 8,1), i.e., (8.2) and (8.3). The
remaining equations p?, = (85/90%)p—o = 0 implement (8.41), as seen from
(8.39) by setting s = 0. ?

i11) Compute the solution in the embedded formulation for the gauge invariant
combinations ¢ and p, and make use of the fact that these coincide with the
solutions in the second class theory.

9Note that “constraint equations” (8.41), arising from (8.35) where {24 does not depend
on pf, are automatically satisfied.
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8.3.4 Examples

Let us verify the above claims in some examples.
Example 1

Consider the embedded formulation of the model described by the Lagrangian

(7.17). Our starting point is therefore the embedded Hamiltonian (7.23), i.e.
-~ 1 0 5 1 0 9
H—g(Pas—y—E—Pe) +§(~T—y+§—;ﬂ9) :

From this Hamiltonian and the first class constraints, Q; = py+0=0, Q, =
Dz + x — 2y — 2pg = 0, we obtain for the complete set of HJ equations (8.10)

§+1<8S Y 85) +1<x_y+19 as) 0, (842

ot " 2\axr 7 27 90 2 2" 90
0S 08 08
2 40=0, Z4+r-2y-2—=0. 4
8y+ 0, 8x+x Y 20 0 (8.43)
As before we make the separation ansatz %—f = —a. The solution to (8.42) is

then given by having each term in brackets to be a constant:

aS 1. a8

ar Y7927 g T

x—y+19—§_72
2 90

The constants «, 1 and 5 are constrained to satisfy

1
o= §(Wf+7§)-

Joining these equations to the two constraint equations (8.43), we conclude
that v1 +v2 = 0, so that

a=7=".
Integrating sequentially the above differential equations for S one finds,

1 1
S=(x—y)o+ 102 ++vab + §x2 + 2y/ax — at + const . (8.44)

aS
<%>00_a:_y+\/a7

From here we see that
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which is seen not to vanish. In fact, in agreement with our above assertion
(8.39), the rhs is proportional to the second class constraint Qo = p, + x — 2y
with p, replaced by 95/0z,

98 98 aS
292 (x7ya %7 8_2./) - <%> o )

~ 1
S = Slo=o = 53:2 + 2v/ax — at + const . (8.45)

where
Furthermore, with S given by (8.45),

%_'_H % —%_’_1 ﬁ_ 2+1(£K—)
ot 7 \Tag) T Ta\ar Y g\ Y

(V)
I
/N
o5}
%| (@)
~—
=) [\v]
g

in accordance with our assertion (8.38). Notice that constraints {2, = 0 which
do not involve p?, such as ; = 0 in this example are automatically satisfied
by our solution.

Finally, starting from the HPF for the embedded model, let us recover
the solutions of the Euler-Lagrange equations of motion for the second class
system. Following the procedure described in i) we compute from (8.44), and
the equations (8.3) and (8.2) the coordinates and momenta as a function of
time in the embedded theory:

pm:x+2\/a+97
py:_ea

1
pezx—y+§0+\/a,

1

Imposing the gauge conditions (8.40), leads to the solutions of the original
second class system, and in particular to

r=+at+vapj
y=z+Va=vat+a(f+1). (8.46)

The same exercise can be repeated following the prescription given in asser-
tion 4). Thus from (8.45) and the equations (8.36) and (8.37) we obtain that
pz(t) = x(t) + 2/cv, py(t) = 0, while from (the constraint equations) (8.41) we
determine y(¢): y(t) = z(t) + /o
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Example 2
Consider the Lagrangian [Kleinmann 2004]
1
L=y’ —y,

with the canonical Hamiltonian Hy = y and constraints

Qi=p,—5y" =0, Qo:=p,=0. (8.47)

The embedded Hamiltonian and associated first class constraints read

H=y+py,
~ 1
D =po—5(y+pe)* =0, (8.48)

This Hamiltonian and the constraints are in strong involution by construction.
The HPF is obtained as the solution of the partial differential equations

8—§+ +a_§_0
ot YT a9 T
S 1, 9S8,
92 Wt ge) =0,
0S
—+60=0.
8y+ 0
With %—f = —q this system of equations reduces to
aS
%:Oé_y,
05 1,
oxr 2 7
0S
8—y——9.

Hence the HPF of the embedded system is given by

S=—at+ %oﬂx—y&—i—a@ . (8.49)
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Defining .
S = S|o—o = —at + 50423: , (8.50)

oS ( 85) __(a_é)
ot " dq 00 ’
6=0
where ¢ = (x,y) and Hy = y. The lhs is the expression appearing in the naive
HJ-equation for the original second class system, while the rhs is given by

aS 2 as\ (oS
— =— Q| x,y, .
a0 a+y ox 8y
0=0
This is in agreement with the above made assertion. Notice that Qs = 0 is
satisfied identically. Following the prescription given i), we obtain the solution
for the coordinates and momenta of the second class theory by first computing

the corresponding coordinates and momenta from (8.49), (8.36) and (8.37).
This yields

we see that

ﬁ—g——t—i—aa:—i—ﬁ.

Imposing the gauge condition (8.40) on (8.49) leads to

1

Alternatively, following the prescription given in assertion #), the solution for
x, Y, p. and py of the second class theory is obtained by computing the coor-
dinates and momenta according to (8.2) and (8.3), with S given by (8.50), and
implementing the constraints (8.41). This leads again to the above exprssions.

Example 3

Let us consider once more the multidimensional rotator (7.24). The HJ equa-
tions for the embedded system, described by the Hamiltonian (7.31) and the
first-class constraints (7.27), read

~ 2
Ll a3 as
5 Z ( ~ gy — )\qa> =0, (8.51)

a8

o tf= (8.52)
a8 285* -

E Qaa—qa—q %—/\q =0, (8.53)
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where a = 1,---, N. Consider the constraint equation (8.52). With the stan-
dard separation ansatz it has the solution

2 ~
S(tqas 1,0) = =St + W (g0, 6) = A6 ,

where W (q,6) is so far an undetermined function. Hence (8.51) and (8.53)
become respectively

~ ~ 2
a2 1, ow ow
_7-1-577 zﬂ: <8—qa —C]a%> =0. (8.54)
oW 0w
da aqa —q —89 =0. (855)

A trivial solution of equation (8.55) is

W(q.0) = g(¢* +20) = 9(¢*) ,

which, according to (8.54), implies however the vanishing of «. Here ¢, are
the first class variables defined in (7.28). Let us therefore look for a non-trivial
solution with « # 0. Instead of the above trivial solution we make the ansatz

W(g,0) = f(n-q)

where n, are the components of an n-dimensional unit vector parametrized by
n — 1 constants. Using

8@6 —1 20 aqc 8@0 qdc
- ca —NN———>5 > - =N, 8.56
0ga | T T 00 ~ ¢ (8.56)

with 7 defined in (7.32), one readily checks that equation (8.55) is satisfied for
any f(x). This function is determined from (8.54), which now reads,

(1—%) ) =a?,

where the prime denotes the derivative with respect to the argument of f. The

solution to this equation has been given in [Rothe 2003d]. Setting 2 = n-§ and

r?2 = G, we have

fl(@) =+ ———
11—z
r2

so that, upon integration in z, the Hamilton principal function W takes the

form -
n-q

W(q,0) = ar tan™! = + const . (8.57)

r2—(n-q
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W involves N parameters, which we choose to be a and n1, - - -, ny_1, while the

normalization of n® implies for the nth component, n, = /1 — Zivz_ll NgNg-

Differentiating the Hamilton principal function with respect to these constants
(new momenta in the corresponding generating functional) yields, according to
(8.2) and (8.3) the N time-independent new coordinates:

oW oW

B:%a Ba:a—naa

a=1,2,...,N—1.

From the first equation and (8.57) we easily obtain

t
n-q§=rcos =rcosQ(t).

The solution for the “observable” ¢, then takes the following form in terms of
Q(t):
1
Go = o (Ba — (n - B)na) sin Q(t) + 1ng cos Q(2)

where f3, is the N-dimensional vector 5, = (81, B2, ..., Sn—1,0). Substituting

the above result into our original condition r = /¢ - ¢, leads to

=y (8.58)

Thus the radius r is a constant of motion and fixed in terms of the 2V constant
coordinates and momenta. Knowing the gauge invariant observables, we are
immediately led to the solutions for the coordinates of the second class system.



Chapter 9

Operator Quantization of
Second Class Systems

9.1 Introduction

In chapters 3 and 5 we have discussed in detail the classical Poisson bracket
formulation of the Hamilton equations of motion for singular systems, and their
symmetries, respectively. We now turn to the problem of formulating the cor-
responding quantum theory. As we shall show, purely second class systems
allow for a straightforward operator quantization (apart from possible ordering
problems), while theories which involve also first class constraints must first
be effectively converted to second class systems by imposing an appropriate
number of gauge conditions. These are subsidiary conditions imposed from the
“outside”, i.e., they are not part of the Euler-Lagrange equations of motion.
When quantizing second class systems we shall be led to introduce an extended
Hamiltonian which includes all the constraints, primaries and secondaries, with
their respective Lagrange multipliers, and - in the case of gauge fixing - the
gauge conditions as well. The gauge conditions are chosen in such a way that,
together with the second class constraints, they turn the theory into a pure
second class system. In terms of the extended Hamiltonian the equations of
motion take a form analogous to those expressed in terms of the total Hamil-
tonian. These will be shown to be completely equivalent to the equations of
motion formulated by Dirac.
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9.2 Systems with only second class constraints

Consider a purely second class system subject to the constraints Qfg = 0. Such
a system possesses no local (gauge) symmetry. As we have seen in chapter 3,
the classical equations of motion can then be written in form

4 = {qi, Ho}p ,
pi = {pi, Ho}p , (9.1)
oY =0,

where the second class constraints are implemented strongly by the Dirac brack-
ets. Since the Dirac brackets have the same algebraic properties as the Poisson
brackets, any Dirac bracket of two functions can be computed in the standard
way from the fundamental Dirac brackets,

No
2 — 2
Ag,Ba=1
with , ,
QAQBQ = {QEAQ)’Q(BQ)} : (93)

In the case of a non-singular system, the last term on the rhs of (9.2) is
absent, and the transition to the quantum theory is effected by replacing
ih{q;,p;} by the commutator of the corresponding operators (denoted by a
“hat”), [g;,p;] = thd;;. For a singular system with second class constraints,
this prescription is inconsistent with the constraints. Thus consider for exam-
ple the Poisson bracket of a second class constraint Qf) with any function of the
canonical variables. This bracket will in general not vanish on the constrained
surface, in contrast to the commutator of the corresponding operators, which
by construction does. For the same reason one cannot impose the constraints
on the states |1 >. On the other hand, since second class constraints are im-
plemented strongly by the Dirac brackets, this suggests that in the presence of
such constraints, the fundamental commutators of the canonical variables are
obtained from the corresponding Dirac brackets by the prescription

ldi. 9] = ih{4i. s} p » (9.4)

where the hat over the rhs term means, that first the Dirac bracket is computed,
and only then the expression so obtained is replaced by the corresponding
operator. Actually this prescription is only well defined if the Dirac bracket
on the rhs is a non singular expression of the canonical variables, and modulo
possible ordering problems. In any case, the quantum version of the rhs of
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(9.4) must be defined in such a way, that the second class constraints are
implemented strongly. In many cases of physical interest, the transition will be
obvious. Modulo such problems, the quantum equations of motion for a purely
second class system then take the form of strong equalities,

thz = [ina -IEI] )
) =o,

where the commutators are obtained in the usual way from the fundamental
commutators (9.4).

9.3 Systems with first and second class
constraints

Let us next turn to the case where the Lagrangian also leads to first class
constraints 95411), (A; =1,---, Ny), i.e., the system exhibits a local symmetry,
or “gauge invariance”. The quantization of such a system is more subtle. The
number of physical degrees of freedom is now further reduced by the number of
first class constraints. In this case it is convenient to implement the second class
constraints strongly via Dirac brackets and to include all first class constraints
explicitly in the equations of motion. This does not affect the dynamics of
gauge invariant observables. The classical equations of motion then read

Qi = {QlaH}'D +£A1{qla95411) )
pi = {pi, H}p + £ {p;, 95411) ) (9.6)
o) =0; of =0,

)=
where the Dirac brackets are constructed from the second class constraints.
Correspondingly, the equation of motion for any function of the canonical vari-
ables reads

fla.p) =~ {f, H}p + &M {00} . (9.7)

Note that the parameters {¢41}, reflecting the gauge degrees of freedom, are
not fixed by the requirement of persistence in time of the constraints, but are
left undetermined. Since the Poisson bracket of any function f(gq,p) with a
first class constraint is weakly equivalent to the corresponding Dirac bracket,
eq. (9.7) can be replaced by

fa{f, Mo+ {1,000} (9.8)
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so that the second class constraints are now implemented strongly, while the
first class constraints continue to be implemented weakly. One would now
naively expect that on quantum level the Dirac backets, multiplied by %, are
all replaced by the corresponding commutators. While this prescription is
consistent with the strong implementation of the second class constraints on
operator level, this is not the case for first class constraints. In fact, since
{f, QSB}D does not vanish in general on the subspace 95411) = 0, the transi-
tion to the commutator is not only inconsistent with implementation of the
constraints on operator level, but also inconsistent with their implementation
on the states |¥ >, i.e. QSN‘I’ >= 0, as seen by considering matrix ele-
ments < ¥'|[f, QSBH\I’ >. However, as we show below, one can nevertheless
formulate an operator valued quantum theory, by introducing a suitable set of
subsidary (gauge fixing) conditions, effectively turning the mixed constrained
system into a purely second class one. There is however a difference between a
purely second class system and a gauge fixed theory. While in the former case
all the constraints are part of the dynamical equations generated by a given
Lagrangian, the gauge fixing conditions are intoduced from the outside. Gauge
variant quantities will of course depend on the choice of gauge, while gauge
invariant quantities (observables) do not. This is also evident in (9.8), since
in this case the Dirac bracket of f(q,p) with (25411) vanishes weakly, implying
independence of the parameters £41. We now present some details.

Consider the equations of motion (9.6) written entirely in terms of Poisson
brackets,

. 1

G~ {4 HOY + €M (g, 9543}

pi~ {pi, HVY + €4 {p;, 04} (9.9)
where H() has been defined in (3.65), !

2)
HY =H - ZQ Qa0 HY .

Since the dynamics of observables on I does not depend on the ny parameters
¢4 we fix these parameters by introducing n; suitable (gauge) conditions,
where ny is the number of first class constraints. Let xa,(q,p) = 0 (4 =
1,---,n1) be such a set of gauge conditions. If these conditions are to fix the
gauge completely, then the vanishing of the variation induced on x4, by the
first class constraints, i.e.

5XA1 = GBl (t){XAl ’ Qg)} =0,

1Here H is understood to be weakly equivalent to the canonical Hamiltonian evaluated
on the primary surface, Ho.
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must necessarily imply the vanishing of the parameters {e1}. Hence the de-
terminant of the square matrix with elements

Ans = {xa1, )} (9.10)
must be different from zero, i.e.,
det A#0. (9.11)

The gauge conditions must therefore be chosen such that (9.11) holds. They
must also be consistent with the equations of motion (9.9), augmented by the
gauge conditions:

f={fHOY + e {r0)y (9.12)
®,:=(OQV 0% \)=0, r=1,---,2n,+ Ny . (9.13)
Persistence in time of the subsidiary conditions x4, = 0 now requires that 2
Kan = Dears HOY + €% {xa,, 5]} ~ 0.

Because of (9.11), it follows that the gauge parameters are determined:

¢h =D ALy (s, HOY

B
We therefore have that .
f=A{fHyr} (9.14)
where W
Hgf = H(l) - Z QAl AX}Bl{XBuH(l)} (915)
Ay,B1

is the gauge fixed Hamiltonian. Hence in the gauge invariant sector the equa-
tions (9.14) are equivalent to (9.7), with the parameters 41 fixed by the gauge
conditions x4, = 0. These gauge conditions select from all possible trajecto-
ries one representative from each gauge orbit (assuming there exists no Gribov
ambiguity [Gribov 1978]). We now prove the following theorem :

Theorem:

In the gauge invariant sector the equations of motion (9.8) are completely equiv-
alent to the set

f~{f Hip- ; ® =0,V (9.16)

2The weak equality now includes all the constraints and gauge conditions, &, = 0.
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where
{A,Byp- ={A,B} - > {A ®.}Q;;' {2, B}, (9.17)
Qrs = {®r, 25}, (9.18)
and

B, := (x, QW , Q@)

Note that now the Dirac bracket involves all the constraints as well as gauge
conditions, which together form a second class system.

Proof

We first show that the equations of motion (9.14) are fully equivalent to

f={fHeg}, ® =0, Vr (9.19)
where B
HE = H + nAfoz + 514195411) 4 CAlel (920)

is now the fully extended Hamiltonian, which includes all constraints and gauge
conditions (multiplied by Lagrange multipliers). To prove the above claim we
examine the implications of the consistency conditions ®, = 0, where the time
evolution is now generated by Hg:

a) O) ~ {94), x5, )P ~ 0,
(2 2 2 2 2
D) O ~ {0, HY + {05, 920" + (2R x5 )¢ 0.
¢) Xy ~ {xar HY + {xan, Q5072 + {xa,, Q815 + {xa, xm, )P = 0.

In a) we used the fact that the Poisson bracket of 95411) with each of the first
three terms on the rhs of (9.20) vanishes on the constrained surface.  From
a) and (9.11) it follows, that

Pr=~o0. (9.21)
Hence the term ¢(41x4, in Hg does not contribute to the equations of motion
(9.19). It then follows from b) that

— 2
' =Y Qalp, Q5 HY (922)
B>

3Recall that the constraints 95411) and sz) were generated by the Dirac algorithm which
involves the total Hamiltonian constructed from the canonical Hamiltonian and the primary

(1),
A

constraints only. Hence the s satisfy, in particular, the following equations of motion:

O {0} Hry ~ {0} By ~ 0.
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where @ 4,5, has been defined in (9.3). With (9.21) and (9.22), ¢) reduces to

{XA1aH(1)}+ {XA1an1)}£B1 ~0 P

with the solution
fAl ~ _ZAzllBl{XBUH(I)} 9 (923)
B1

where A4, g, has been defined in (9.10). Inserting the results (9.21), (9.22),
and (9.23) in (9.20), we see that Hp can be effectively replaced by (9.15), thus
proving the equivalence of (9.14) with (9.19), and therefore also with (9.7)
within the gauge invariant sector.

It is now an easy matter to prove the equivalence with (9.16). To this effect
we write (9.20) in the compact form

Hp=H+p'®, (9.24)

where p = (1, x,(). The consistency equations for the constraints and gauge
conditions read ' -
O, =~ {0, Hg} ~0.

Since the constraints {®, = 0} form a second class system with det{®,, ®,} =
0, we have

o= QI B, Y

Inserting this expression in (9.24) one is immediately led to (9.16), which is
now a suitable starting point for making the transition to the quantum theory.
Indeed, since all constraints and gauge conditions are now implemented strongly
by the D*-bracket, the transition to the quantum theory is effected by replacing
the D*-bracket, multiplied by %, by the corresponding commutator,

[A,B] = it{A, B}p. .

Clearly the form of the equation of motion will depend on the chosen gauge.
On the other hand, the equation of motion for observables, i.e. those func-
tions whose Poisson bracket with the first class constraints vanish weakly, are
independent of the choice of gauge.

9.3.1 Example: the free Maxwell field in the
Coulomb gauge
We now illustrate the above procedure by an example. Consider once more

the free Maxwell field. As we have seen in example 4 of chapter 3, this theory
only possesses two first class constraints (one primary and one secondary). In
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order to fix the gauge completely we therefore need two subsidiary conditions
satisfying the requirement (9.11). Since we want to realize the Coulomb gauge,
one of these conditions is clearly V- A = 0. For the other condition we choose
A% = 0. * This leads to a non-vanishing determinant for the matrix (9.10).
Let us label the constraints and gauge conditions as follows:

P1=7m=0, (I)QEajﬂ'j:O,
(I)gEAOZO, (I)4EajAj:0.

These conditions form a second class system of constraints. The non-vanishing
matrix elements Q. defined in (9.18) are then given by

Q13(7,9) = —Q5,(¥,7) = =(T — 7)) ,
Q24(7,§) = —Qip(7.7) = —V33(Z ~ 7) -

The inverse of the matrix Q7. (Z, ) is defined by

Qe

Z/dgz Q:;’l(‘ﬁ 2) Q7 (Z,Y) = 6r (T — 7))

3 NE ) = -5 (H,3) = 0(F —7) ,
50N (@ ) = Qi (7, %) = =50(F — ) (9.25)

where % is defined by

.. oo o
Gil@= [ 6@ s,
with G(Z, Z) the Green function of the Laplace operator,
V2G(Z,9) = 6(F - 7).

Consider now, e.g., the D*-bracket (9.17), generalized to a system with an
infinite number of degrees of freedom. We have

{Ai(fv t)aﬂ-j(:‘ja t)}D* = {Ai(fv t)aﬂ-j(_'v t)}
_Z/dgzdgz/{Ai(fa t)v(I)T’(Zv t)}Q:r_’l(Zv54){(I)T’(24't)’77j(g7 t)} :

rr!

40n the Lagrangian level these subsidiary conditions would be inconsistent in the presence
of sources. Within a Hamiltonian formulation, however, this is an allowed choice, since on
the level of the extended Hamiltonian any choice of A® can be absorbed by the Lagrange
multiplier associated with the secondary (Gauss law) constraint, to be determined by the
subsidiary conditions.



162 Operator Quantization of Second Class Systems

Making use of (9.25) one verifies that

010,
VQ

{AY@, 1), 77, O}p- = (6 — =5)0(& — §).- (9.26)

Note that the Coulomb gauge and the secondary constraint d'zw; = 0 are im-
plemented strongly, as expected. In the same way one finds that

{Al(f’ t)7 AJ(ZZ t)}'D* = 07 {Wi(f, t)yﬂ-j (277 t)}’D* =0.

Furthermore, any D*-bracket involving A° or 7y vanishes identically. On quan-
tum level, (9.26) translates to
. o 09,

(1@, 0), 7,7, 0) = 100 — o

)o(T = 4).

This commutator is of course well known, but was constructed here within the
Hamiltonian framework. °

Summarizing we have: the commutators of the phase-space variables are de-
termined from the D*-brackets constructed here from the first class constraints
and corresponding gauge conditions. These are thereby implemented strongly.
Hence the corresponding operators can be set equal to the null operator. In
general the realization of the operators satisfying the correct commutation re-
lations, as dictated by the D*-brackets, may however be difficult, if not impos-
sible.

9.3.2 Concluding remark

So far we have considered second class systems, including the case of gauge fixed
mixed systems. The basis for their quantization was always provided by their
Dirac bracket formulation, where the constraints and gauge conditions were
implemented strongly. Apart from ordering problems and possible singularities,
this allowed for an operator realization of the equations of motion.

For observables, i.e. gauge invariant quantities, Dirac has proposed an alter-
native way of dealing with first class or mixed systems on operator level [Dirac
1964]. The first class constraints are imposed as conditions on the physical
states in the form 6

Q1w >=0. (9.27)

5For less trivial examples see e.g., [Girotti 1982, Kiefer 1985].

61f second class constraints are present then we assume that they have been strongly
implemented by replacing the Poisson brackets by Dirac brackets constructed from the second
class constraints.
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The states are therefore also gauge invariant. Hence observables as well as
states depend effectively only on gauge invariant combinations of the phase
space variables. This ensures on operator level, that for two gauge invariant
states |¥ > and |® >

<¥[[0,00)]|® >=0, A =1,---,N;.

In the case of purely first class systems we then have a canonical Poisson bracket

1)
A

structure. In Quantum Mechanics this means that the operators € . can be

realized by making the substitution p; — %a%i in the corresponding classical

expression, so that the condition (9.27) takes the form
~ h -

where ¥(q,t) is the wave function in configuration space corresponding to the
state |¥ >. This is a differential equation, whose solution is the family of all
gauge invariant wave functions.

The actual realization of Dirac’s method may however not be straight-
forward. Thus the definition of the operators QSB may be problematic due
to ordering problems. Furthermore one in general also seeks to preserve the
classical algebraic properties of the constraints, which may also be problematic.

Another method consists in quantizing only gauge invariant degrees of free-
dom constructed from the ¢;’s and p;’s, and all observables are expressed in
terms of these. Hence no gauge conditions are imposed. This reduced phase
space is endowed with the standard Poisson bracket structure. For a systematic
method of arriving at such a reduced phase space formulation of the dynam-
ics we refer the reader to the last section of chapter 4. Correlation functions
of observables (which only depend on the star-variables) will have the stan-
dard path integral representation for an unconstrained system. But the price
paid for such a formulation may be too high to be useful. For example, in
a gauge theory like the Maxwell theory, the star-variables are given by the
non-local (gauge invariant) expressions for the transverse potentials and their
corresponding conjugate momenta. It is therefore of interest to develop non-
operator methods based on functional techniques. This will be the subject of
the following three chapters.



Chapter 10

Functional Quantization of
Second Class Systems

10.1 Introduction

The following discussion applies to purely second class systems, or to mixed
systems, where the gauge degrees of freedom are frozen by imposing a set of
gauge conditions. In this case the latter system is also effectively second class.
As we have seen in the previous chapter the dynamics is then conveniently
described by the extended Hamiltonian, which includes all the constraints and
gauge conditions. This allowed an operator quantization once Dirac brackets
were introduced.

For second class systems there exist standard methods for obtaining the
functional representation of the partition function. In this chapter we show
how this is achieved. As we will see, the often non-polynomial structure of the
Dirac brackets reflects itself in the functional integration measure, and makes
a perturbative treatment in such gauges difficult, if not impossible. In this
case one therefore seeks a formulation based on canonical Poisson brackets.
Such a formulation can be obtained by introducing additional ghost degrees
of freedom and will be the subject of the following chapter. In the present
chapter the partition function will be expressed as an integral over the original
Lagrangian coordinates and their conjugate momenta [Leibbrandt 1987].
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10.2 Partition function for second class systems

Consider the general case of a mixed system in a fixed gauge, with the action
given by

Saf = /dt(Zpiqi ~H-¢"0,), (10.1)

i

where the sum over “i” includes all coordinates and momenta, and where we
have collected all the constraints 24 and gauge fixing functions x,, into a
single “vector” as in (9.13), with Ny = 2ng, since the number of second class
constraints is always even. The equations of motion derived from the action
principle §S4r = 0 (where the variation includes the variation with respect to

&) read

. OH +€T8<I>T
“= Opi opi '

O0H 0P,
= L e 10.2
P 9q; 0q; (102)
®.=0; r=1,...,2n,

where n = m1 + no. Note the close analogy with the familiar Lagrangian
method of the second kind in classical mechanics for implementing a set of given
external constraints. The solutions to (10.2) also correspond to an extremum
of the action S = [dt(>, pigi — H) with the ¢’s and p’s restricted to the full
constrained surface I'*.

We next show that for gauge fixing functions x 4 satisfying {xa,,x5,} =0,
the partition function is given by

7 = /DquH(S(@)T(q,p)) H V|det{®,, D, } eifdt[zi pidi—H(a.p)l (10.3)
r,t t

To this effect let us introduce a new set of variables of which a subset consists
of the constraints ®,.. Consider the Poisson bracket of these constraints,

{9, @} =Qpprr(q,p); r=1,...,2n . (10.4)

Here () is an antisymmetric matrix. Hence there exists an orthogonal matrix
V such that R
vVt =@, (10.5)

where Q takes the following off diagonal form [Senjanovic 1976]
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where

Defining the following linear combinations of constraints

(i)r(q’p) = Z ‘/rr’(Qap)(I)r’ (q7p) (106)

we have weakly o R
{(I)T, (I)TI} ~ er’ . (107)

Hence the variables

q@z(i)e ; E:l,---,n,
Pe=®op_py1 ; L=1,---,n (10.8)

form canonical pairs in the weak sense, i.e.
{de; e} = bewr (10.9)

where “weak” includes the constraints and gauge conditions. The weak equality
results from the fact that the matrix V(g,p) is in general a function of the
canonical variables, in which case it does not commute with the Poisson bracket
operation. The remaining variables ¢* = {¢*}, p* = {p*}, labeling the points
on I'*, are then chosen, if possible, so that the ¢*’s, p*’s, ¢’s and p’s form a
canonical set with respect to ¢ and p in the weak sense.

Note that if the matrix Q,,/, and hence V,,, is independent of g, p, then
the weak equality in (10.9) is turned into a strong equality. In the case where
Qr(q,p) depends on the phase space variables, one can nevertheless proceed
iteratively in order to implement the canonical commutation relations strongly
[Senjanovich 1976]. In some special cases, a closed solution can be constructed.
In general, however, this iterative construction is extremely cumbersome. But
since the integrations in the partition function will be clearly restricted to the
constrained surface I'*, a strong implementation of the commutation relations
(10.9) is not required.

The transformation from the original variables to the new set of variables
leaves the measure invariant up to a Jacobian which reduces to the identity on
I'*. Since this transformation is weakly canonical, we have that

Xijpiqi ~ Xa:piqki‘ + gjm‘e + %F
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Next we rewrite the J-functions in (10.3) in terms of the new set of variables.
From (10.6) it follows that

- 1
Hé(@r) = etV 1:[6<<I>r> :

Furthermore, from (10.5) and (10.4) we have that
1

V]det{®,, @, }|

where we made use of the fact that |det Q| = 1. Hence the ansatz (10.3) leads
to the following alternative expression:

|det V| =

7 = /Dq*Dp*DqDﬁH5(6@)5(ﬁ5)81fdt (Zap;(l'z—H*(q*7p*)) ’
4
where

H*(q*,p") = H(q(q",p", ®),p(q", 0", ®))| 5 -

Upon integrating this expression over ¢ and p we are led to the partition func-
tion
7 = /Dq*Dp*ezfdf (Zapzqu_H*(q*7p*)) .

This is the expected result for the partition function of an unconstrained sys-
tem. Thus the variation of the action leads, as expected, to

OH*

i = o ={q¢, H }prp (10.10)
pr=— o ={p;, H }grp~ - (10.11)

We now show that these equations are indeed equivalent to (10.2). To this
effect we compute ¢; and p;, with the ¢;’s and p;’s expressed in terms of the

new variables. 5 5 5 5
. Qi = Qi - Qi . Qi .4
Gi =5+ 7Pt 5 dat 5 Pa>
"T0q "t ape T ogrtt T opr

with a similar expression for p;. On the constrained surface the first two terms
vanish, since the constraints hold for all times. Hence, making use of (10.10)
and (10.11), we conclude that

G~ {%H*}q*p* ~ {%,H}q*p* :
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The rhs, we claim, is nothing but the corresponding D*-Dirac bracket {¢;, H } p
evaluated on I'*; i.e., for p, = G = 0:

¢ ~ {qi, H}p~ .
This follows from the weak equality, *
{A,B}p- ~ {4, B}y p~ , (10.12)
where the D*-bracket is given by
{A, B}p- = {A,B} - ) {A,8,}Q,,}{®, B}, (10.13)

and the Poisson bracket in (10.12) is calculated with respect to the star vari-
ables.

The proof of (10.12) makes use of the following property of Poisson brackets
under a canonical transformation ¢,p — Q, P:

{A,B}qp ={A,Blgr . (10.14)
Consider the Dirac bracket (10.13). The inverse of the matrix (10.7) is given

by —@Q. Hence with the identifications (10.8), the bracket (10.13) is given by
{A7 B}D* = {A’ B} + Z{A’ (jé}{ﬁe, B} - Z{A’ﬁf}{@a B}. (10.15)
¢ ¢

But because of (10.14) we can now replace in a weak sense all Poisson brackets
(with respect to ¢ and p) by the corresponding Poisson brackets with respect
~ sk * ~ ~ o ~ ~ 0 ~ ~ O
to q, P, q a‘nd D - Hence {Aaqe} ~ _6_1134145 {A7p€} ~ 8_:;[5 {q€7B} ~ %7
{pe, B} = —%, so that the sums on the rhs of (10.15) reduce weakly to

—{A, B}45. On the other hand

{A7B} = {A7B}qp ~ {A’B}Q*P* + {A7B}§ﬁ'
We thus arrive at the weak equality (10.12).

Let us now return to the partition function (10.3) and write it in an alter-
native form which is valid if the gauge conditions y 4, = 0 have been chosen so
that their Poisson brackets vanish on I'*. 2 Consider the matrix (10.4). It has

the form,
Doxt oWy (. 0®)
Q= { {20, x} {2, 0M} (o0, o)}
{9(2)7 X} {9(2)7 Q(l)} {9(2)7 9(2)}

IWe use the same symbol for a function considered to be either a function of g, p, or of
the new (weakly) canonical set ¢, p, ¢*, p*.
2For example, the Coulomb gauge in QED and QCD has this property.
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On the constrained surface Q reduces to:

0 {0W} {x,®}
r-= [ {QW,x} 0 0
{Q®.x} 0 {Q®,0}

Qlr- = {®,, by}

For this particular form of the matrix we have
D)2 2) 2
|det{®,, v} ~ (det{xa,, 03} - det{Q), QF)}].

The partition function (10.3) can therefore be also written in the form [Fradkin
1977]

Z = /Dquné(cbr(q,p))HIdet{XAuQSBHH [et{9%,, O )
r,t t !
w et Jdt (3, pia=H@D) (1016)

Hence the naive form for the partition function is modified by the presence
of two determinants in the measure constructed from the Poisson brackets of
the second class constraints, and from the Poisson brackets of the first class
constraints with the gauge conditions.

Example

Consider the Lagrangian (7.17). The constraints are second class and are given
in the notation of (10.8) by

where the factor 1/2 has been introduced for convenience. With this factor
these constraints form a canonical pair in the strong sense, so that the matrix
V in (10.6) is just the unit matrix. We next introduce the variables ¢* and p*
as follows 3
* * 1
q =%+ Dpg; P :pw+§py ,

which again form a canonical pair in the strong sense and commute with the
constraints. Hence in this example, all equations derived in the previous section
will actually hold in the strong sense. In terms of the new variables, the original

3Notice that our choice here is different from (8.27).
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variables are given by

One verifies that the variables ¢, p, ¢* and p* form a canonical set, and that

) ) wox o d
(P2 4 pyy) = P*¢" + g+ e

where
1 1

1 ~ 2 ~92 ~—~
F = — * [ —— — .
2p q 2]9 8q ap

Furthermore we have that
1
{x7y}(1*;0* = 5 ) {xapm}q*p* =1.

Let us compare these Poisson brackets with the corresponding Pirac brgckets
defined in (10.13). The only non-vanishing matrix elements of Q! are Q7 =
—Q5,;" = —1. One then finds that

{xay}q*p* = {$7y}D* ’ {xapm}q*p* = {x;pm}D*
in agreement with (10.12), which here holds in the strong sense.
Gauge invariance of the partition function

In the following we consider the case of a purely first class system in a fixed
(non-dynamical) gauge, * and show that the partition function Z, does not
depend on the choice of gauge conditions x4, = 0. In particular we want to
show that

where x'(q,p) = 0 selects another point (¢’,p’) on the gauge orbit of (g,p),
connected to (¢q,p) by a gauge transformation

6:(t) > (1) = @) + {0, G} = ¢; + gf
pi(t) = pi(t) = pi(t) + {pi, G} = pi — g—g, (10.18)

4Gauge theories such as QED and QCD in the Coulomb gauge fall into this class.
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where G is the generator of gauge transformations (5.7), and where x and Y’
are related by

X'(¢:p) = x(d',p) - (10.19)
To this end we show that

v _/Dqu H 6 (X4, (¢:p)) H ) (QSB q, p)) (10.20)

At Aq,t

x H det{x'y, (¢,), 2% (a.p)} exp <Z/t dt ( sz% - ]))

i

/Dqu 116 (ea (e 0) H5( Alqp) (10.21)

Aq,t

< [T det{xa, (@) Q%) (¢ .1)} exp ( / dt ( Zm >)>

23

It then follows that correlation functions of gauge invariant observables satisfy-
ing f(¢',p') = f(q,p) take the same value in any two gauges which are related
by a gauge transformation.

To prove the above statement we first show that the functional integration
measure is invariant under an infinitesimal transformation (10.18). This can
be seen as follows. First of all

quz (t)dpj(t) = T[] das(t)dpi(t)

,t

where the Jacobian J is given by
AB
7= (25) -

9ai(t) p  _ Oai(t)

and A, B, C, D are matrices with matrix elements A;; = 3@ Bii = o=
J J

Cij = gg’g; D;; gz’é? Since from (10.18)

M = 0 + 8276;1
0q;(t) 7 9g;(t)dpi(t)

etc., it follows that

+ %G %G
J =~ [ det < R L ORI ORO) ) =[] det(n+ M (1)),
~ S hoa® O ~ T (0a® :
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or
J= H el det(1+M) _ ezt Trln (14+M)
t
For this infinitesimal transformation Trln (11 + M) ~ TrM = 0. Hence
DqgDp = Dq'Dyp’ . (10.22)

Consider next the change induced in the first class constraints by the above
gauge transformation. Making use of (10.18) and of the algebra (5.12) for first
class constraints, we have that

8ql 8]% 8]% 8(11

=0 (g,p) + 21 (0){04), 04

=04 (q,p) + 5 (U 5,20 (4, )

= (00 +25) 98 @p) . (10.23)

a0y o 99Y) ac
Q(Alf (¢'.p") =Qf411)(q,p) + <

where
LG = U g, (1)

From here it follows that

H(S( Alqp) H[det1+L H(S( Alqp).

Al, Al:

Furthermore from (10.23) and (10.19) it follows that we have the weak equality

Hdet{ﬂAl (d.p).xB, (D)} = Hdet{QAl(q P). X5, (¢, p)} det(1 + L)

so that, because of the d-functions, we arrive at the strong equality
[T der(9)0.0): s, (0.0} [T (963 (0:0)) =TT det{ ) (') xm (001))
t 1
X Hd( Wig,p ) . (10.24)
Finally we show that, as expected, the action is form invariant under the
infinitesimal transformation (10.18). Thus
H(d .p') = Hg.p) + < {H,Q4])

= H(q,p) + vl

1)

5Tn the following we treat time as discrete.
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where V4P has been defined in (5.13). The last term vanishes on the surface
defined by the first class constraints. Furthermore

/ dt szv / dt pz + 5]97)(% + 5q7)

~ Z /t dt pig; + Z /t dt(g;0p; — pidq;) -

Making use of

oG oG

0qi = ; Opi = —
1 Op; b 0¢;

we have that

. . aG
4idp; — Pidq; = T +é (t)ijl) 5

so that
ty

" d N dt pids N dt ¢ ()0 oG 4 10.25
Z tpidi =) tpidi+ te™ (1)Qy, + |p Pign, , (10.25)
i ti ti 7

t;

a result that was already obtained in chapter 5 (see (5.16)). The term involving

A1 does not contribute to the functional integral because of the delta function
0 [95411)] The last term does also not contribute for variations vanishing at the
end points of integration ¢; and t¢, i.e., when e1(t;) = e1(ty) = 0. Making
use of (10.22), (10.24) and (10.25), we are led from (10.20) to (10.21). This
proves our assertion that the partition function does not depend on the choice
of gauge. Correlators of non-gauge invariant quantities are of course gauge
dependent.



Chapter 11

Dynamical Gauges. BFV
Functional Quantization

11.1 Introduction

The path-integral quantization in so-called “non-dynamical” gauges, as dis-
cussed in the previous chapter, is not particularly suited for perturbative cal-
culations. This is well known, and is intimately linked to the fact that the
commutators of fields in such gauges have in general a non-local Dirac bracket
structure. From the perturbative point of view one would like to deal with
a formalism involving standard canonical commutation relations. One way to
achieve this would be to go to a reduced phase space as discussed in the last
section of chapter 4. In general this can however be done only at the expense
of a non-local action. On the other hand, locality of the action and a canonical
structure can be achieved by suitably enlarging the phase space by introducing
extra degrees of freedom. For QED and QCD this is well known to particle
physicists.

Quantization of gauge theories requires one to fix the gauge. Physical ob-
servables are insensitive to this since they are required to be invariant under
all the local transformations which leave the Lagrangian invariant. Examples
of such observables are the Maxwell field-strength tensor as well as non-local
fermion bilinears including a Schwinger line integral. In this chapter we will be
particularly interested in covariant gauges. Having fixed a gauge, an observ-
able will no longer exhibit a local symmetry. What is then the criterion for
identifying it as an observable? As we shall see, an observable will be required
to be invariant under transformations generated by a nilpotent charge carrying
ghost number one, the so-called BRST charge.
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Faddeev and Popov [Fadeev 1967] were the first ones to give a prescription
for QCD of how such a quantization can be carried out in configuration space.
This prescription is known as the “Faddeev-Popov” trick. In QCD, for exam-
ple, it leads to a new, gauge fixed effective Lagrangian involving dynamical
ghosts, which exhibits a remnant of the original local symmetry, generated by
a nilpotent charge. This symmetry was discovered by Becchi, Rouet and Stora,
and independently by Tyutin [Becchi 1976], and will be referred to simply as
BRST symmetry.

Although the Faddeev-Popov procedure is familiar to most theoretical par-
ticle physicists, we will discuss it in terms of a simple quantum mechanical
example, in order to emphasize those general features which are characteris-
tic for the quantization of any gauge system in a dynamical gauge. We first
construct the effective gauge fixed Lagrangian L,y following the method of
Faddeev-Popov, and then proceed from here to obtain the corresponding gauge
fixed Hamiltonian, whose structure we eventually compare with the “unitariz-
ing” Hamiltonian Hy constructed along the lines discussed by Batalin, Fradkin,
Fradkina and Vilkovisky in a series of sophisticated papers [Fradkin 1975,77/78,
Batalin 1977/83b,c/86], from here on referred to as BFV.

In the following we shall denote by H any Hamiltonian weakly equivalent
to the canonical Hamiltonian. When discussing examples we shall be more spe-
cific and denote, as always, the canonical Hamiltonian defined on the primary
constrained surface by Hy.

11.2 Grassmann variables

Since in this and the following chapter we shall work extensively with (anti-
commuting) Grassmann variables, we begin this chapter with a brief review of
Grassmann algebras and a discussion of the relevant expressions which will be
needed in the remaining part of this book.

i) Grassmann algebra

The elements 71, ...,y are said to be the generators of a Grassmann algebra,
if they anticommute among each other, i.e. if

nin; +nyme =0, 4,5=1,...,N. (1L.1)

From here it follows that
n? =0. (11.2)

A general element of a Grassmann algebra is defined as a power series in the
7;’s. Because of (11.2), however, this power series has only a finite number of
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terms:

F) = fo+ D fim+ D finny + - + fro. N2 - (11.3)
i i2i

As an example consider the function

N
gl = o S Ao

It is defined by the usual power series expansion of the exponential. Since the
terms appearing in the sum - being quadratic in the Grassmann variables -
commute among each other, we can also write g(n) as follows

g(n) = He—mAimy‘,
.3
or, making use of (11.2),

g(n) = (1 —niAin;).

=

i 1

Je
<l

Next we consider the following function of a set of 2N-Grassmann variables
which we denote by n1,...,0n5, 71, ..., ON:
i) = o= S

Proceeding as above, we now have that

N
mn ) = T (= adumy).

ij=1

Notice that in contrast to previous cases, this expression also involves diagonal
elements of A;;.

it) Graded derivatives

When dealing with functions f(n) of Grassmann valued variables care must be
taken of the anticommuting properties (11.1) when taking derivatives of f. In
particular left and right derivatives are no longer the same. Suppose we want

to differentiate f(n) with respect to n;. Then the rules are the following:

a) If f(n) does not depend on 7;, then 9,, f(n) = 0.
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b) If f(n) depends on 7;, then the left derivative 9/9n; is performed by first
bringing the variable 7; (which never appears twice in a product!) all the way
to the left, using the anticommutation relations (11.1), and then applying the
rule

oM
3_Th'm

¢) Correspondingly, we obtain the right derivative %(—: by bringing the variable

n; all the way to the right and then applying the rule

1)

—n;=1.
8777:77

Thus for example

oW .
Gy = (i #7)
or
o)
8—mmm = —"nj.

It follows from here, that the left- and right derivatives of a Grassmann odd
operator F' are the same, whereas there is a relative minus sign in the case of
a Grassmann even operator B: !

oW o
—F(n)=—F
5 T =5 F ).
O] (r)

0 B 0

a7 (n)=- an B(n).

Another property which can be easily verified, is that

o 0
{8—m,8—m}f(77)—07

where the derivatives are either left or right derivatives. Below we will present
some formulae involving the derivatives of functions depending on “bosonic”
(i.e. commuting) and “fermionic” (i.e. anticommuting) variables. To this effect
we introduce the Grassmann signature of a function f:

er =0 (bosonic)

e =—1 (fermionic)

LF (B) stands symbolically for “fermionic” (“bosonic”).
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Sometimes we will also use the notation e; = €(f). Let us furthermore denote
by 6 the collection of bosonic variables {¢;} and fermionic variables {7,} on
which a general function F' depends. Thus

F(o —|—ZZF€(1)€ qQ)Ne,Mey - - - Ne,, -
n {€}

Note that the nth term in the sum has Grassmann signature € = 0 if n is even,
and 1, if n is odd. It is now easy to verify that the following differentiation
rules hold:

oM oM oM
ag[ fg) = 89fg + ( )€fF9f‘ g 9
o 9Mg (r f
_ — _ ng@

@F _ b foW

06t 00t af

@F _ O F o) f

06t af 90 -

Let us apply these rules to some cases of interest. Consider the function
E(ﬁ) — 62-7 ,51'771'7

where {n;, p;} are the generators of a Grassmann algebra. If they were ordinary
c-numbers then we would have that
oM
0p;

E(p) =niE(p) -
This result is in fact also correct in general. To see this let us write F(p) in
the form
E(p) =[]+ ajn;)-
J
Applying the rules of Grassmann differentiation, we have that

oM
Opi

E(p) =n; [ [(1 + pjmy)-
j#i
But because of the appearance of the factor 7; we are now free to include

the extra term 1+ p;n; in the above product. Hence we arrive at the above-
mentioned naive result. It should, however, be noted, that the order of the
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Grassmann variables in ), p;n; was important. By reversing this order we get
a minus sign, and the rule is not the usual one! By a similar argument one

finds that ")
ar njPj NP
ezi MiPi _ ’F]iezj TI.7I.7.

Ipi

it1) Integration over Grassmann variables

We now state the Grassmann rules for calculating integrals of the form

/f[dmf(n),

where f(n) is a function whose general structure is given by (11.3). Since a
given Grassmann variable can at most appear to the first power in f(n), the
following rules suffice to calculate an arbitrary integral [Berezin 1966]:

/dni = 07 /dr]mi =1.

When computing multiple integrals one must further take into account that
the integration measures {dn;} also anticommute among themselves, as well as
with all 7;’s

[dm7d77j]+ = [dnianj]-i- =0, V,i,j. (114)
From above we infer that

oM
[nson =5

Hence the integral coincides with the left derivative.

These integration rules look very strange. But they are the appropriate
ones to allow one to obtain the path integral representation of the generating
function for gauge theories in a fixed gauge with a local effective action.

f(n).

As an example let us apply these rules to the calculation of the following
integral:

N N —
I= /Hdmdme* A (11.5)
=1

We could have also denoted the Grassmann variables by 71, ..., n2n, by setting
NN+i = 7;. But for reasons which will become clear later, we prefer the above
notation. To evaluate (11.5), we first write the integrand in the form

N
_ _ N
e § id MiAijny _ l Iefm E i—1 Aijng
i=1
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Since 77 = 0, only the first two terms in the expansion of the exponential will
contribute. Hence

- MiAijn; = = 5
e uny A (1 =1 A1i,mi, ) (1 = M2A2i,mi,) - - (1 = INANinMin ), (11.6)

where on the rhs a summation over repeated indices iy (¢ = 1,---, N) is under-
stood. Now, because of the Grassmann integration rules (11.4), the integrand
of (11.5) must involve the product of all the Grassmann variables. We therefore
only need to consider the term

Kmm = D mamnuis - iy 1IN A Az - ANy, (11.7)
i1

where we have set 7yn;, = —n;, M, to eliminate the minus signs appearing in
(11.6). The summation clearly includes only those terms for which all the
indices i1,...,ix are different. Now, the product of Grassmann variables in
(11.7) is antisymmetric under the exchange of any pair of indices iy and 7.
Hence we can write the above expression in the form

K(n.71) = mipneflz - -INTIN ) €inignin Ati Azia - ANiy s
11...IN

where €;,,...iy is the totally antisymmetric Levy-Civita tensor in IV dimensions.
Recalling the standard formula for the determinant of a matrix A, we therefore
find that

K(n,n) = (det A)nimim2mz - . . NN -

We now replace the exponential in (11.5) by this expression and obtain

N
I- [H [ dmdniin
=1

Let us summarize our result for later convenience:

det A=detA.

N mn - .. . N
/ Diim)e” 2= "4 — det A, D(in) = [ [ ditedne (11.8)
=1

For completeness sake we mention another important formula used to calculate

Green functions, although we will not need it in the following. This formula
allows one to calculate integrals of the type

N
_ _ _ = M Aigng
Ly gy i, = /D(Tlfl)ml---mmi;---m;e iy WA
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Consider the following generating functional
Zipgl = [ Dme” Ees b B, (11.9)

where all indices are understood to run from 1 to IV, and where the “sources”
{p:} and {p;} are now also anticommuting elements of the Grassmann algebra
generated by {n;, i, pi, pi . To evaluate (11.9) we first rewrite the integral as

follows:
7 A n 5. A" Yy,
R R e

where
mo= = Y Al on == ) Ay
= k

and A~' is the inverse of the matrix A. Making use of the invariance of the
integration measure under the above transformation, 2 and of (11.8), one finds
that a1

Z[p, p] = det Aezw Piliy pi,

Notice that in contrast to the bosonic case, this generating functional is pro-
portional to det A (instead of (det A)~1/2).

After this brief mathematical digression, we now turn to a simple quantum
mechanical analog of a theory with a local symmetry, quantized in a covariant
gauge.

11.3 BFYV quantization of a quantum
mechanical model

The purpose of this section is to elucidate in terms of a simple model the main

ideas going into the BFV quantization in configuration space of a theory with

a local symmetry, and to arrive at a phase space representation of the partition

function having the structure discussed in [Fradkin 1975/77, Batalin 1977].
Consider again the Lagrangian (3.52), i.e

1 1
L= §$2+a':y+§(a:—y)2 (11.10)
The absence of the velocity ¢ implies the primary constraint
p=py,=0. (11.11)

2This is ensured by the Grassmann integration rules.
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The associated canonical Hamiltonian (evaluated on the primary surface) is
given by

1 1 1
Hy = §pi—ypx+§y2—§($—y)2 (11.12)

and leads to a secondary constraint 3
T=x—p;,=0. (11.13)

Rewriting Hy in the form

1
HO:E(pi—xz)—kyT, (11.14)
we see that the variable y plays the role of a Lagrange multiplier, multiplying
the secondary constraint.

11.3.1 The gauge-fixed effective Lagrangian

The constraints (11.11) and (11.13) are evidently first class, thus signalizing
that the Lagrangian (11.10) exhibits a local symmetry. Indeed the correspond-
ing action is invariant under the infinitesimal local transformations

Sr=c(t), oy=c(t)—£t). (11.15)

In fact, it is also invariant under the finite transformation x — = + a(t), y —
y+at) — a(t), with a(f) an arbitrary function. We now wish to implement on
quantum level the following (dynamical) gauge condition, involving the time
derivative of the “Lagrange multiplier” y:

¥+ x(z,y)=0. (11.16)

This gauge condition is analogous to the Lorentz condition in the Yang-Mills
case. We implement this gauge condition following the procedure of Faddeev-
Popov, which is well known in QCD. A priori this procedure is however just
a prescription (Faddeev-Popov trick), since it departs from a divergent config-
uration space partition function, but which is known to work e.g. for QED
or QCD. Nevertheless we shall use this prescription in order to motivate the
axiomatic BFV formulation discussed in section 6.

3Following Batalin and Fradkin, we denote here first class secondary constraints by T.
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In the following we now implement the gauge condition (11.16) & la Faddeev
and Popov [Faddeev 1967]. We first define the following functional:

A= [ Dart[a(dofi—lf%x(%(t)fy(t))) , (11.17)

where Dz stands generically for the product [], dz(t), and % for the gauge
transform of z with the gauge function a(¢). Clearly Alz,y] is gauge invariant,
ie.

Al%, %] = Alz, y] .

The square brackets in Az, y] reminds us that A is a functional of z(t) and
y(t), i.e., that it depends on the time history of x and y. Next we introduce
the unit element

1=aley) [ Do (52 a0 90)

into the “naive” partition function Z = [ DzDy exp(i [ dtL). Making use
of the gauge invariance of Alxz,y|, the classical action, and the integration
measure, i.e.

S[%,%] = S[x,y] , D%D%Y= DxDy,

one is led to the following expression for the partition function,
2 =9 [ Daby M) [T6(30) + x(a(t).(0)) 5 (11.18)
t

where Q is the infinite “gauge group volume” Q = [ Da, S is the classical
action associated with the Lagrangian (11.10), S = [dt L, and where we
have redefined the fields along the way. This relabeling does not affect gauge
invariant correlation function. *

Because of the §-function in (11.18) we only need to know A[z,y] for y sat-
isfying the condition (11.16). This implies that the integration over « involves
only the infinitesimal neighbourhood of a = 0. Hence we have, using (11.15),

A7) = [ TLoetw TTs (f a 0096 = ey,

where D is the matrix °

D(t,t") = {% — 5—; + (%) + (%) (1 — %)} S(t—1t).

4We shall frequently refer to x(t), y(t), etc. as “fields”, since they are the one-dimensional
analog of the fields in the case of non-denumerable degrees of freedom.
5We have suppressed the x,y arguments in D(¢,t').
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By introducing the Grassmann valued Faddeev-Popov ghosts ¢(t) and antighosts
¢(t) with ghost numbers gh(c) = 1, gh(¢) = —1, and recalling (11.8), one can
write det D in the form

detD = Alz,y] = / DéDe ¢t J # Lo )

where

S O
Loy = €(é c)—i—caxc—i—cay(c ) .

Finally, writing the product of the J-functions in (11.18) as a Fourier transform
H5(y+X$y /Dgefdtﬁlﬂrx)

and dropping the irrelevant (infinite) factor €2, we arrive at the following form
for the partition function

= / DaDyDeDeDe ¢ ) 4 Lor (11.19)

where

Lop(x,y,2,59,€) = L(z,y, &) + £ + x(2,y)) + Lgn (11.20)

is the gauge fixed Lagrangian. For later purposes it will be convenient to write
the ghost Lagrangian igh in a form exhibiting only first order time derivatives,
by dropping an irrelevant total time derivative:

= .. 0 .

Lgp = Lgp =c(é¢—c)+e=c+e=(c—¢). (11.21)
Having fixed the gauge, the coordinate y has been promoted to a dynamical
variable at the cost of a (t-dependent) Lagrange multiplier £. But we have
lost of course the original gauge symmetry. Nevertheless, the action Sy does
exhibit a so-called BRST symmetry in the extended space, which is a remnant
of the original local symmetry. It is not difficult to obtain the corresponding

infinitesimal transformations. Let us write the BRST variation of any quantity
F in the form [Baulieu 1986]

5pF = esF | (11.22)

6We are free to introduce the (conventional) factor i in the exponent, since it amounts
to a change of variable ¢ — i¢, and hence to a multiplication of the partition function by a
complex number. This does not affect normalized correlation functions.
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where € is a global (constant) infinitesimal Grassmann valued parameter, and
s is a Grassmann odd operator. Noting that ¢®> = 0 and (¢ — ¢)? = 0, the
transformations read

str=c, sy=c—=«c,
sc=0, sc=-¢, (11.23)
s&=0.

The operator s acts from the left according to the graded product rule,
s(fg) = (sf)g + (=1)* D f(sg) (11.24)

where €(f) is the Grassmann signature of f:

e(f)=0: (f bosonic)
e(f)=1:

An alternative way of writing the BRST variation (11.22) is

(f fermionic)

ol = §F¢ | (11.25)
where the operator § now acts from the right according to the rule,

§(fg) = f(39) + (=)D (5f)g . (11.26)

The form (11.25) is encountered frequently in the literature. Note that the
BRST variations 0z and dgy are obtained from (11.15) by simply replacing
e(t) by ec(t).

A very important feature of s is that it is a nilpotent operator, i.e.,

s2=0. (11.27)

In fact, this is a central feature of BRST transformations in general. A simple
computation yields

d
0Lgs = sLgy zea(xc—kf(c—é)). (11.28)
Thus dpLgy is just a total derivative, so that the action is invariant under the
transformations (11.23), as was claimed above.

Furthermore, one readily checks, taking account of the Grassmann nature
of s, that Lyy can be written in the form

Loy =L s (a3 + x(a,9)] — o (elc— &) (11.20)
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Hence the corresponding gauge fixed Lagrangian differs (up to a total deriva-
tive) from the classical Lagrangian (11.10) by a BRST exact term, i.e. a term
that can be written in the form sF, and whose BRST variation vanishes iden-
tically by construction.

The equations of motion follow from the requirement that

)L 0L
0—5ng—/dt 5Lgf—2/dt ( qaa gf +(5Qaaaq gf) )

where § now denotes an arbitrary variation, and g, stands for any of the vari-
ables z,y, ¢, ¢. Notice the appearance of the “left partial derivatives” (labeled
by a superscript ), with the differentials dg, and dg, appearing to the left of
the derivatives. This ordering is of course only relevant for the anticommuting
ghost variables. A similar expression holds with the differentials appearing to
the right of the corresponding “right derivatives”. The vanishing of the above
variation implies the Euler-Lagrange equations of motion,

d (0WL,\  0WL,;
@ _ -0 11.30
dt < 4o ) 0qa ’ ( )

or their equivalent with right derivatives. In particular, for the ghosts we are
led to the equations

c—c—%c—a—(c—c)z ,
Ox oy dt \ dy/)

11.3.2 The conserved BRST charge in configuration space

With the BRST symmetry of the action there is associated a conserved BRST
charge. To obtain an expression for this charge we construct the correspond-
ing conserved Noether current in the standard way by computing the on-shell
BRST variation of the Lagrangian in two alternative ways. Consider first an
off-shell variation. It is given by (11.28). On the other hand, making explicit
use of the Euler-Lagrange equations of motion (11.30), one finds that the on-
shell BRST variation has the form

_ d aLgf aLgf al)Lgf oL Ly
53Lgf—dt (55 ER ~+ 6By bR + dpc e + dpc e

= di[(x—i-y)c—%(c—c)] . (11.31)
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Taking the difference between (11.28) and (11.31) one obtains on shell
iQ =0, (on-shell)
@8 =0, (on-she

where
Qe=xzc— (T +y)ec—E(c—¢) . (11.32)

@3 is called the BRST charge, which - when expressed in terms of phase space
variables - will be the generator of BRST transformations in phase-space, as
we shall see below.

11.3.3 The gauge fixed effective Hamiltonian

Our next objective is to obtain a phase-space representation of the partition
function. Since our quantum mechanical model is to exemplify a generic struc-
ture of the Hamiltonian and phase-space representation of the partition func-
tion, we shall be rather pedantic in our analysis. To obtain the phase-space
equivalent of (11.19), we first construct a “gauge fixed” Hamiltonian Hgyy as the
Legendre transform of Ly¢. Since Lyy involves also the Faddeev-Popov ghosts,
we must be careful in the ordering of Grassmann variables. In the following we
carry out a standard analysis, keeping close watch on the ordering of factors.

Let L(g,¢) be the Lagrangian in question (in the present case L — Ly¢).
Its differential is given by

ovrL — oWL
1= 3 (i i )

A corresponding statement holds where the differentials are standing to the
right of the right partial derivatives. The ¢,’s stand for any of the c-number
and Grassmann valued variables. Note that the ordering of the products is
important. Correspondingly we introduce canonical momenta conjugate to the
coordinates as left derivatives with respect to the velocities:

OWL
o

Pa =
Then

oL
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Writing dgapa = —Gadpa + d(dapa), © and making use of the Euler-Lagrange-
equations of motion (11.30), one is led to the differential

dH = (dadpa — dgape) , (11.33)

[

where

H= Z(Q(){pa - L)

is the Hamiltonian. Note again the ordering of the velocities and momenta.
This ordering is correlated with the definition of the canonical momenta which
are defined here in terms of left derivatives. If the ¢, and p, were all indepen-
dent (unconstrained) variables, then the Hamilton equations of motion could
be read off immediately from (11.33). This is however not so in the case un-
der consideration, since (11.20) describes a constrained system with primary
second class constraints £ — p, = 0 and p¢ = 0. These primary constraints
must be implemented in a functional integral for the partition function either
explicitly, or by introducing Lagrange multipliers as new integration variables.

Denote the momenta conjugate to ¢ and & by 8

108 5 o,
P = P = — . 11.34
=, 5 (11.34)

Hence the ghost number of P (P) is opposite to that of & (c); i.e. gh(P) =
—gh(P) = 1. For our model we then have

_ . 0
P=—t+cX, P=c¢—c.
dy

Implementing the primary second class constraints p, — & = 0, p¢ = 0, we
obtain for the corresponding partition function

Z = /Dxme/Dpry/DcDP/DEDP eSas (11.36)

where
ngZ/dt (po + 9py + 6P + &P — Hyy) | (11.37)

"The differential of a product is still given by d(AB) = (dA)B + A(dB), also if one is
dealing with Grassmann variables.
8We follow here the conventions of [Henneaux/Teitelboim, 1992].
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with Hyr given by,

Hyp = [aﬁpm—l—ypy—képg—l—ép—kép—[/gf} ,
(P& :vazpy)

or
Hgf:HO—P(c—i—P)—c[%c—g—);P] — PyX - (11.38)
Here Hj is the canonical Hamiltonian (11.14) associated with the classical
Lagrangian (11.10), evaluated on the associated primary constrained surface
py = 0. It is now an easy matter to show that upon performing the integrations
over p,, P and P in (11.36) one recovers (11.19) with p, playing the role of &.
Now comes an important point. Since we have integrated out the (second
class) primary constraints, the partition function takes the form of an uncon-
strained system with the integrand expressed in terms of independent phase
space variables. Hence from (11.33) the equations of motion corresponding to
a stationary action take the form °

_ a(r)Hgf b = _a(l)Hgf
8pa ’ “ 8Qa .

From (11.23) and (11.35) we obtain the BRST transformation laws in phase
space,

o (11.39)

sx=c, sy=-P, s£=0,

sc=0, sc=—py (11.40)
spp=c, spy,=0, sps=0

sP=0, sP=-T,

where T is given by (11.13). '© Note again that s is nilpotent, i.e., s* = 0.
Recalling (11.24) one readily checks that the gauge fixed Hamiltonian is BRST

9Note the appearance of the right derivative, as follows from (11.33) with H — Hgyy and
the prescribed ordering of canonical variables (which also include the ghosts).

10Tn deriving the transformation law sP = —T one must make use of the equation of
motion. From (11.35) and (11.23) we have

_ . 0 , NG
sP=s (—é+é—x) =y — (py +85) =,
9y %y
and from the equation of motion for p, we obtain

oW H, 9%x 9%x ax ax Ox
by = — 2 el _pg _9Xp X ey, 9X
Py oy telazay a2’ ) TPay tesg, TPy,

Hence sP = —T.
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invariant:
sHyr =0.

11.3.4 The BRST charge in phase space

We next construct the conserved BRST charge @, which implements the
BRST transformations in phase space. From (11.32) and (11.35) we infer that

Qs =p,P+Te. (11.41)

The Hamilton equations of motion (11.39) and transformation laws (11.40) can
also be written in Poisson bracket form, by introducing generalized Poisson
brackets. We demand that the properties of these Poisson brackets should be
those of a Berezin algebra [Berezin 1966]

{F,.G} = —(-1)""4G, F},
{(FG,HY=F{G,H} + (-1)*@D<p H}q . (11.42)

Furthermore the Hamilton equations of motion (11.39) should take the standard
form

G = {ai, Hyr}y ,  Pi={pi, Hes}
and the product rule (11.24) should be implemented correctly by the BRST
charge in terms of Poisson brackets. One is then led to the following definition
of the generalized (graded) Poisson bracket:

O F ol G oG o F
F,Gy =) (1)) [ — —(=1) ) = 11.4
or equivalently
O F oG O F oG
F — E —1)€(Qk) _ (—1)(Qr)e(Pr) 11.44

k

where (Qg, Px) denote canonically conjugate pairs. There are several ways of
rewriting this generalized Poisson bracket. In the above form the transition to
the commutator of operators is most transparent. Hence in particular we have
for the non-vanishing Poisson brackets of the (Grassmann valued) ghosts, !

(P,c} ={P,c} = 1. (11.45)

11t is common to write the Poisson brackets in this form in order to align them with the
usual Poisson brackets of commuting variables of Grassman parity zero: {p,z} = —1. For
Dirac fermions described by the Lagrangian density £ = i@y one usually has

{tha (@), ¥}, ()} = ~i0asd(@ — 7).
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In the following { , } will always denote the generalized (graded) Poisson
bracket. With this definition, one now readily verifies, that Q5 induces the
above BRST transformations according to

sF={Qs,F}, (11.46)

where F is a function of the independent variables z,y,ps,py, ¢, ¢ P, P. Ac-
cording to (11.22) this corresponds to

55]: = 6{@5, ]:}

with € to the left of the Poisson bracket. Alternatively we have (cf. (11.25),
where § was introduced),

SF={F,Qs}, (11.47)
where § acts from the right, or

55]: = {.7:, QB}G.
Furthermore, one verifies that Qg is conserved:

dQp

T {Qs,Hyy} =0.

Expressed in terms of @ the nilpotency of s takes the form

{Qs,Q8} =0. (11.48)

This is a nonempty statement since Qg is a Grassmann odd operator. Indeed,
from

0=s’F = s(sF) = s{Qgs, F} = {Q5,{Q5, F}}
one finds, upon making use of the Jacobi identity

(=)r#{F {G,H}} + cycl. perm. =0

that
{Fa {QB) QB}} =0.

Since this expression vanishes for all F' we are led to the conclusion (11.48).

which corresponds to defining the momenta via the right derivative:

o t
o= Ho— = e -
If the momenta were defined in terms of left derivatives (as was done above), we would have
7o = —it),, and the Poisson bracket would be of the form (11.45), that is, {ma(z),¥s(y)} =

_6(1135(5 - g)
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Let us now write the action (11.37) and BRST charge in a compact form
by collecting the Grassmann variables with ghost number +1 into the following
vector [Fradkin 1975/77],

P
AL
i = ( k ) |

Correspondingly we define the vector P with components canonically conjugate
to n, carrying ghost number —1,

= c
According to (11.45) their Poisson bracket is given by
{(n*, Pp} =% . (11.49)

In this notation, the gauge fixed action (11.37) takes the form

Sgr = /dt (qipi +7Pa - Hgf) ; (11.50)
where we have dropped a surface term, and where ¢° := (g, q,) and p; :=
(pe, py). Furthermore the BRST charge (11.41) becomes

Qs =n"Ga,
where
Ga=(,T) (11.51)

are the primary and secondary first class constraints (11.11) and (11.13), asso-
ciated with the classical Lagrangian (11.10).

As we shall see in the following section, @ will in general involve additional
higher ghost contributions. The appearance of G4n” as the leading term of
Q@p is quite natural, since with (11.46) it implements the classical gauge trans-
formations (11.15) with e(t) replaced by c(t). For the quantum mechanical
model this leading term is actually the only one. This feature is a consequence
of the fact that for this model the constraints are in strong involution, i.e.,
{Ga,Gp} =0.

Next we rewrite the gauge fixed Hamiltonian Hyy in the form proposed by
Fradkin, Vilkovisky and Batalin [Fradkin 1977, Batalin 1977]. It is instructive
to do this in two different ways.

a) Version 1

Let Hy be the canonical Hamiltonian (11.12) of the classical theory evaluated
on the primary constrained surface p, = 0. The gauge fixed Hamiltonian is
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given by (11.38). Cousider the Poisson algebra of the constraints (11.51). Being
a first class system this algebra is closed and reads 2

{Ga,Gp}=U{Gc =0, (11.52)

i.e., all the coefficients Uy vanish in the present case. Consider further the
Poisson algebra of the Hamiltonian Hy with the constraints, which we write in
the form

{Hy,Ga} =VZEZG5 . (11.53)

For the case in question, the only non-vanishing coefficients V2 are given by
VE=Vi=1

One readily checks that the gauge fixed Hamiltonian (11.38) can be written in
the form
Hgf = HB + {\II7QB} )

where Hp is the “BRST” Hamiltonian
Hp = Ho+ VPP =Hy+ (P +c)P, (11.54)
which is BRST invariant, and
U ="Pap?t, = (x,0) .

The BRST invariance of (11.54) can be easily verified by making use of (11.49),
the definition of V,,Z in (11.53), and of (11.46). One finds that

sHp ={QB,Hp} =0.

The Grassmann valued function ¥ with ghost number —1 is referred to in the
literature as the “fermion gauge-fixing function”. The Poisson bracket {¥, Qp}
is a so-called “BRST exact term”, whose BRST variation vanishes identically
for any ¥ because of the nilpotency of Qg, i.e. (11.48).

b) Version 2

The above decomposition of Hy¢ into a BRST invariant contribution Hz and
a BRST exact term is not unique. Below we consider an alternative way of
decomposing the gauge fixed Hamiltonian.

Let H{, be the Hamiltonian obtained from (11.14) by omitting the term yT,
i.e., the term involving the “Lagrange multiplier” y multiplying the secondary

120ur conventions for the definition of the structure functions follow most common practice
among physicists, and differ from those of Fradkin and Vilkovisky.
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constraint. This Hamiltonian also satisfies an algebra with the constraints
which is of the form,
{H),Ga} =Va'""GCp,

where the only non-vanishing coefficient VAB is given by V2'2 = 1. The algebra
of the constraints remains of course the same as before. One then readily
verifies that Hyy can again be written in the form,

Hyp = H/B + {\I’/v QB} )

where
U =Pap Y= ()
and
Hpy = Hy+n*VBPp = H) + cP.

Note that now the “Lagrange multiplier” y appears in the gauge condition
through the fermion gauge-fixing function ¥ ! Note also that the above ex-
pressions for the BRST Hamiltonian Hy and gauge fixed Hamiltonian Hy s are
both BRST invariant, as can be readily verified by making use of (11.40):

sHr ={Qp,H} =0.
Furthermore, s{¥’, @} = 0 because of the generalized Jacobi identity,

(=) s {{Fy, Fo}, Fs} + (=1)= " {{F, F3}, F1}
+ (=) {{F3, 1}, F>} =0, (11.55)

and the nilpotency of s (or equivalently (11.48)). Hence Hy and Hgyy are both
BRST invariant. But also the action (11.50) is invariant, since the kinetic
contribution to Sy is by itself BRST invariant. Indeed, let

fP = (quIA)v Wp = (pivﬁA) .

The kinetic contributing to the action density is then given by f"’w,,. Under an
infinitesimal BRST transformation

=" =6 +e{QB¢"},
wp = w;, =W, + {QB,w,} (11.56)

the kinetic contribution transforms infinitesimally as follows

) . d )
§rut, = &, + € {Qn, €} )y + e Qi) + O()
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Now, from (11.43) we have

Qs

Ow,

0
Qe = (-1 G

{QB7 é.p} =

3

where we have dropped the “left-right” labels on the partial derivatives, since
@p is a Grassmann odd operator. One then finds, upon making use of the
Grassmann nature of € to eliminate the phase factor, that

§Pwl, = EPw, + e% (Qs ~ %%fw,,) . (11.57)
Hence the action S,y is BRST invariant provided that
Qs '
<Q5 - pr”>t__oo =0. (11.58)

Finally we note, that since the transformation (11.56) is canonical, the
integration measure in (11.36) is formally also BRST invariant. Hence we
conclude that the partition function is (formally) invariant under BRST
transformations. 13

The above two versions of the quantum mechanical example illustrate in
pedantic detail some general features of the BRST formalism for quantizing
theories with a local gauge symmetry, which will be formulated axiomatically
in section 5. Before doing so it is instructive to carry out a similar analysis
for the SU(3) Yang-Mills theory in the Lorentz gauge. The so-called “alpha”-
gauges will be dealt with in appendix B.

11.4 Quantization of Yang-Mills theory in the
Lorentz gauge

As in the case of our quantum mechanical example, the BRST quantization
of the SU(3) Yang-Mills gauge theory can be carried out in configuration -
or phase space. We begin again with a discussion of the configuration space
approach, following the steps taken in our quantum mechanical model of the
previous section, and generalizing them to a system with an infinite number of
degrees of freedom.

13 As we shall see in the following chapter, this invariance may be broken by gauge anomalies
in the case of an infinite number of degrees of freedom, such as in a Quantum Field Theory.
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Let us first summarize some of the well known facts. Our starting point
will be the Yang-Mills Lagrangian density

1 174
L= —itTF,wF” , (11.59)
with
F:u,u = taF/ily )
where

. 1
[taatb] = Z,fabct(: 5 tr(tatb) = §6ab .

Here “tr” denotes the trace with respect to the internal symmetry group G, ¢,
are the generators of the group (which for SU(3) are given conventionally by
the 3 x 3 Gell-Mann matrices 3\, (a =1,...,8)), and

FSV = 8/"AZ - al/AZ + gfabcAZAlc, (1160)

is the field-strength tensor, with fu;. the structure constants of the group G.
The Yang-Mills action is invariant under the local (gauge) transformations

Ay — G4, =GA,G™ + éaa,iafl : (11.61)

where G(z) is an element of the gauge group,
G(z) = @) | (11.62)
with
Ay =Ajte, A=A .
From (11.59) we have for the momenta conjugate to A,

a a a
7T0:O, T, = Lo -

The first set of equations represent primary constraints, which we denote by

o
ba =m0 =0. (11.63)

The canonical Hamiltonian evaluated on the subspace defined by the primary
constraints is given by

1 1 .
Hy = / P [y S+ 3 S EGFED - Y / dr ATDixb | (11.64)
i,a 1,5,a i,a,b

where 14

MFor ease of reading the colour index will appear sometimes as subscript or superscript.
It will then be understood that repeated indices are always summed, unless otherwise stated.
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,Dzizb = 5(11787: - gfabcAi (1165)
is the covariant derivative. Persistence of the primary constraints leads to
secondary constraints, i.e., Gauss’s law,

T, =Dt 7wl =0. 11.66
ab’'q

The secondary constraints can be shown to satisfy the (equal time) Poisson
algebra:

{Ta(2), Ty (y)} = gfavcTe(®)0(Z — 7)) - (11.67)
All the remaining Poisson brackets of the primary and secondary constraints

vanish. Collecting the constraints into a vector

=

Ga:=(0,T) (11.68)
we have that }
{Ga(2),Gp(y)} = UfpGe(x)6(T — ) (11.69)
with
o . (Q Q
Uip = (Q g,fabc) . (11.70)
Furthermore ~
{Ho,Ga(z)} = Vi (2)Gp(x) ,
where 15

> _ Q 5ab
VEB(x)= - (Q gfabcAg(x)) . (11.72)

Note that in this theory the number of secondary constraints equals the number
of primary constraints, and that each primary constraint generates one gauge
identity. Furthermore all the constraints are first class.

i) Gauge fized effective Lagrangian

Although the following steps are just an extension to an infinite number of de-
grees of freedom of the steps followed in our quantum mechanical example, and

15 After some algebra one finds that
o 1. .
{H), To} = (D'DI) g Ff; = E[DZ,DJ}abFi”j , (11.71)

where H{ is given by the first integral in (11.64), and D’ is the matrix defined in (11.65).
But

[Di, Djlab = —gfavcFij -
Hence the rhs of (11.71) vanishes.
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can be found in any textbook on Quantum Field Theory, we shall nevertheless
present them for the readers convenience.

Consider the naive functional integral
7 = /DAHe*ifd% TRTL (11.73)

Since we wish to implement the Lorentz gauge 0" Af, = 0, we define, following
Faddeev and Popov [Faddeev 1967], the functional A[A] via

A[A]/DGH&(&“ U, (x) =1, (11.74)

where DG denotes the gauge invariant Haar-measure of the symmetry group
in question. It then follows that A[A] is also gauge invariant, i.e.

A[A] = A[%Y] . (11.75)

Introducing the identity (11.74) into the functional integral (11.73), and making
use of the property (11.75), as well as of the gauge invariance of the integration
measure and Lagrangian density,

DA=DC%, L(%4)=L(A),
we can rewrite the partition function as follows:
7 =Qg /DA A[A] Ha(aﬂAz(x))eifd“I“A) , (11.76)

where Qg is the group volume Qg = [ DG, and where we have renamed the
integration variables along the way. This renaming does not change gauge
invariant correlation functions, since they do not depend on the gauge functions
A% in (11.62). From (11.76) it follows that we only need to compute A[A] for
configurations satisfying the gauge conditions 0" Aj, = 0. In this case the
integral (11.74) will only receive contributions from gauge transformations in
the infinitesimal neighbourhood of the identity,

SAL = DhA”, (11.77)
where D’a"b is the covariant derivative
,ng = 5(lbau - gfabcAg . (1178)

Hence for gauge fields satisfying 0" Af,(z) = 0, we have (see e.g. [Itzykson

1980])
A~A] = /DAH5 (/d“x’ Mab(x,x’)A”(x’)> ,
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where
Myy(z,2') = 0, D", (A(z))6* (z — o),

or, making use of (11.8) (see footnote 6)
A[A] =det(0"D,,)

with ¢%, ¢, Grassmann valued (Faddeev-Popov) ghost and antighost fields, to
which we associate the ghost numbers

gh(c®) =1, gh(c,)=-1.

Dividing out the group volume factor in (11.76), we are thus led to the following
expression for the partition function

Z = / DA / Dé Dc H&(auAﬁ(x))eif d'oll+eaduDyye’] (11.79)

Realizing the gauge condition as a Fourier transform via a Lagrange multiplier
field, the so-called Nakanishi-Lautrup field B¢,

H(sa“A“ /DB o dte Bo@or )

one finally obtains
Zyp = / DB / DADeDce' S 4'7Cos (11.80)
where L4y is the “gauge fixed” Lagrangian

Lyf= __Fa F 4 B9, A" — (0,¢q) (DY) (11.81)

prtoa

Here we have dropped an irrelevant four-divergence. The Euler-Lagrange equa-
tions, corresponding to stationary points of the action, read

DL FY 1+ 0P B — g fupe(9"Ep)c = 0,
(D) =0, D! (9,e) =0, (11.82)
OMAL=0.

Note that upon implementing the relativistic gauge, the Lagrange multiplier
field A§ of the original Lagrangian has been promoted to a dynamical field;
i.e., the action involves a time derivative of A§.
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Although the gauge fixed Lagrangian (11.81) breaks the original gauge in-
variance (11.61), the action still possesses a global symmetry, as was first no-
ticed by Becchi, Rouet and Stora, and also independently by Tyutin [Becchi
1976]. For Af the infinitesimal BRST transformation has the form (11.77), but
with the arbitrary function A%(x) replaced by ec*(z), i.e.

SpAl = €D P (11.83)

where € is a global Grassmann valued parameter. The change in the gauge
fixed action induced by these transformations is compensated by the following
transformations of the ghost and Nakanishi-Lautrup fields:

0pC, = —€B*
opct = —egfabccbcc ,
opB® =0.

The verification of the invariance of the action involves some straightforward
algebra. It makes use of the Jacobi identity for the double commutators of
the gauge generators, which leads to the well-known relation for the structure
functions,

fabdfdce + fbcdfdae + fcadfdbe =0 s (1184)

as well as to
68Fﬁy = 6gfabch-Fﬁu )

whose verification requires some algebra. In fact, one finds, making use of the
Jacobi identity that the off-shell BRST variation of the Lagrangian density just
contributes a (vanishing) surface term to the gauge-fixed action. Thus

35Lys = €0u(B Dhyc’) (11.85)

where use has been made of (11.84). As in the previous section, it is convenient
in the following to free the BRST variation from the € parameter by defining
the operator s via (11.22).

The BRST symmetry of the action can be made manifest, once one realizes
that, up to a four-divergence, L, can be expressed as the sum of the classical
Lagrangian (11.59) and a BRST exact term, i.e. a term which can be written
in the form sF, whose BRST variation vanishes identically:

1
Log =~ FmFLY — s (20" A7) = Ou(caDiye’)

In mathematical terms it means that the gauged fixed action lies in the co-
homology of the original (not gauge fixed) classical action, which is invariant
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under the restricted BRST transformations (11.83). This turns out to be also
a general feature of quantum Lagrangians in a fixed gauge, the gauge fixing
condition being hidden in a BRST exact term.

We next obtain the conserved BRST charge associated with the BRST
symmetry. To this effect we construct the corresponding Noether current in
the standard way by computing the on-shell variation of the Lagrangian density
in two alternative ways, as already described in the previous section. The off
shell BRST variation of L4 is given by (11.85). On the other hand, the on-shell
variation can be written in the form

aﬁgf a a(l)ﬁgf c a(l)ﬁgf

Suaon-svs = 0 (s s s G st ) (180

where, as before, 9) denotes the “left derivative”, and where use has been
made of the equations of motion, which are given by an expression analogous
to (11.30), i.e.,
3, ODL B OOL, ¢ o
0(0,04) 00,

Here ©, stands generically for any of the fields Aj,c?, ¢*, B*. Expression
(11.85) is valid off and on-shell. Going on-shell in (11.85), and taking the
difference between (11.86) and (11.85), one arrives at the following (on-shell)
expression for the conserved BRST current:

TE = FM(D,)apc® — B“Dg’bcb + gfabc(a“éa)cbcc )
The corresponding time-independent charge is therefore given by
Qs = / Pagd = / 3z (c“Dj;bF;;) — BDY% ¢’ + % fabc(ﬁoéa)cbcc) . (11.87)

Q@p is the BRST charge, which - when expressed in terms of phase space vari-
ables - becomes the generator of the BRST transformations in phase space, as
we shall see further below.

it) The gauge fized Hamiltonian

Our aim is to obtain the phase-space version of the partition function (11.79).
The procedure parallels closely the one described in the previous section. We
first compute the gauge fixed Hamiltonian density via the Legendre transform
of Lyr. From (11.81) we obtain the canonical momenta conjugate to A%, c®,
¢, and B®:

3

18 =DB*, 7%=0, 7¢=F%, P,=00C,, P*=-D%". (11.88)
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The first two equations are primary constraints. The corresponding gauge fixed
Hamiltonian density is readily found to read (up to a spacial divergence) :

Hgr = Ho — B“&iA;l +Hgn
where Hgy, is the ghost Hamiltonian density,
th = (aiéa)'Dbecb - gfabcpaCbA(c) + paPa s
and Hy is given by
1 a\2 1 a2 aqyi b
HO = 5 ;(ﬂ—z) + Z ”Z{Z(F”) — ;}Aopabﬂ—i .

Taking account of the primary constraints, the phase-space version of the quan-
tum partition function now takes the form

Zyp = /DM H&(wg(x) — B“(x))H&(w%(x)) edr (11.89)
where
Sy = /d% (Atime + Bomy + Py + 6P — Hyy)

and the integral is carried out over all variables on which the integrand depends;
i.e, Du = DADBDtDrgDeDcDPDP. Notice that, as in the case of our
quantum mechanical example, the velocities always appear to the left of the
corresponding conjugate momenta. Performing the integration in (11.89) over
B“ and 7% the phase-space functional integral becomes

Zgr = / DADéDc / DrDPDP eSos (11.90)
where Sy is given by
Sgf = /d4x (A{I‘wz + P 4 o P* — ”Hgf) )
with
Hyp = Ho — 150" AL — g fapePuc® A§ — €,0iDLyc” + P, P . (11.91)
It is now an easy matter to show that by integrating out the momenta one is led

to the original functional integral in configuration space. Note that the parti-
tion function (11.90) has the canonical form characteristic of an unconstrained
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system, the “Lagrange multiplier” A§ having been promoted to a dynamical
variable.
Consider now the BRST charge. From (11.87) and (11.88) we obtain

QB = /de (Pa¢a + CaTa + gfabdpacbcd) )

where ¢, and T, are the primary and secondary constraints of the original
theory defined by £. They are given by (11.63) and (11.66), respectively. The
action Sy is invariant under the infinitesimal transformations generated by
@5, which can be written in the form of (11.46). @p has Grassmann signature
(@) = 1 and ghost number gh(Qp) = 1, and, as one can readily verify,
is nilpotent, i.e., its graded Poisson bracket with itself vanishes. The BRST
symmetry transformations induced by Qg according to (11.46), read,

sAY = —pr=D0 " sAL =Dl sB*=0,
sct = —gfabccbcc , s¢*=-—my=-B",
a a b_c a
smg =0, s =—gfwec'm; , stp=0,
SPa =0 y SPa = —Ta — gfabchCC .

In analogy to our quantum mechanical model we now introduce the following
definitions, 16
Ay . ( Pla)
o= ()

where P and & are n-component vectors, with n the number of first class pri-
mary constraints; i.e., n = 8 for SU(3). Correspondingly we define the mo-
menta canonically conjugate to the n’s:

with Poisson brackets,
{0 (2), Ps(y)} = —650(F — 7) -

Similar to the case of the quantum mechanical model, the gauge-fixed Hamil-
tonian density (11.91) can again be written in the compact form

Hgf == HB + {\I’aQB} )

16The notation for the ghosts has been chosen such as to suggest that c¢?(z) and &q(z)
are the ghost and antighost fields that appear in the configuration space formulation of the
partition function, as one is used to from textbooks on field theory, and that P%(x), Py (z)
are canonical momenta which are to be integrated over.
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where )
Hp = Ho + nAVfPB
is BRST invariant by construction, V' is the matrix with elements (11.72), and
¥ is given by
v ="Pap?, = ({0°Al(2)},0),
and carries ghost number —1.
Paralleling the quantum mechanical case, there is an alternative way of

decomposing the gauge fixed Hamiltonian density in BRST invariant contribu-
tions. One easily verifies that H,s can also be written in the form

Hgf = H;S + {\Ij/7 QB} y
where }

Hp = Hy + ' Vi Py
with H{, the Hamiltonan density evaluated on the full constrained surface,

/ 1 a\2 1 a\2
Hy = 52(7%) 7 Z(Fij) 5
i,a ©,7,a
and B ‘
V=P, = ({047 ()}, {45 (2))) -

The coefficient functions V£ are now defined by

{H(I)’ GA} = VABGB
and vanish in the present case. 17
Finally, it is an easy exercise to verify that after integrating out the mo-
menta, one is led to the Faddeev-Popov result (11.79). This does not yet prove
that the Faddeev-Popov trick leads to the correct result for the partition func-
tion in the Lorentz gauge. To show this, we need a formulation which exhibits
explicitly the freedom of choosing an arbitrary gauge. We shall discuss this
point in section 6.

11.5 Axiomatic BRST approach

We now use the insight we have gained from our examples and take BRST
invariance of the quantum Lagrangian and Hamiltonian as our fundamental

17See footnote 15.
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principle for constructing the partition function. In the following we will assume
that our system is purely first class.

The question we want to answer is: given a classical Lagrangian or Hamil-
tonian together with the constraints, what is the partition function describing
the corresponding quantum theory? If one is dealing with a purely second class
system, then the answer has been given in chapter 10. What about if one is
dealing with a first class system, i.e., a system exhibiting a local (gauge) sym-
metry? What we know about such a system is that the first class constraints
satisfy a closed Poisson algebra, and furthermore, that the Poisson bracket of
the Hamiltonian with the constraints is a linear combination of the constraints.
These properties, as well as the freedom in the choice of gauge, must manifest
themselves in the quantum partition function. Our discussion in the last two
sections, which was based on examples where the Faddeev-Popov trick is appli-
cable, has shown that the invariance of the phase-space action under a global
symmetry transformation generated by a nilpotent operator plays a central
role in the construction of the quantum theory. In fact, the BRST invariant
action contained a kinetic part involving all variables, including the ghosts and
anti-ghosts, a BRST invariant Hamiltonian, whose construction only required
the knowledge of the classical canonical Hamiltonian and its Poisson algebra
with the constraints, and a BRST exact term implementing a gauge condition.
These observations can be taken as basis for the axiomatic approach of Batalin,
Fradkin and Vilkovisky [Fradkin 1975/77, Batalin 1977], which enables one to
also quantize theories that cannot be handled by the Faddeev-Popov trick,
in very general types of gauges. The proof of the correctness of such an ax-
iomatic approach will be indirectly provided by the so-called “FV Principal
Theorem” of Fradkin and Vilkovisky which states, that the BRST invariant
partition function thus constructed is independent of the “fermion gauge-fixing
function” [Fradkin 1975/77].

11.5.1 The BRST charge and Hamiltonian for rank one
theories

In the following we shall assume that the number of (first class) secondary con-
straints equals the number of (first class) primaries, and that with each primary
there is associated a gauge identity. '® This is the case in particular for QED
and SU(N) gauge theories. Following the notation of the previous sections, we
collect the constraints associated with a classical Lagrangian L({g;},{¢;}) into
a vector é,

{GA} = ({¢a}a {Ta}) )

18 Although not stated explicitly by the authors, their formalism appears to be tuned to
this case.
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where ¢ = 1,2, - -,n, with n the number of primary constraints ¢, = 0,
and secondary constraints T, = 0. The first class constraints and Hamiltonian
satisfy an algebra of the form (11.52) and (11.53), where the structure functions
U EB and V,® may depend on the coordinates and their conjugate momenta. As
we have seen we can take for Hy the canonical Hamiltonian evaluated either on
I'p or on the full constrained surface I'. Our aim is to construct the Hamiltonian
Hp which is invariant under BRST transformations generated by a nilpotent
operator, and subject to some gauge condition implemented via a BRST exact
term. Hence one must first obtain an expression for this nilpotent operator.

i) The BRST charge

The BRST charge has Grassmann signature ¢(Qp) = 1, and carries ghost num-
ber gh(Qp)) = 1. “Fields” which do not involve the ghosts should transform in
the usual way, as determined from the classical action, but with the gauge de-
grees of freedom replaced by ghosts. These transformations leave the classical
action invariant. The quantum mechanical model and the Yang-Mills theory
studied in sections 3 and 4 suggest that in order to construct the BRST charge
and Hamiltonian, one should introduce for each primary first class constraint
¢a = 0 a ghost-antighost pair (¢%,¢,), as well as a corresponding canonically
conjugate pair (P,, P%).
As in the previous sections, it turns out convenient to define the 2n-component

vector 7] carrying ghost number 1,

nt = ( ?) : (11.92)

where P and & are n-component vectors. An arbitrary component of 77 will be
labeled by a capital letter, i.e. 7*. On the other hand we reserve small latin
letters for the components of P and ¢, i.e., P* and ¢®. Corresponding to %
we define the momentum P4 canonically conjugate to n4, i.e.,

{n*,Ps} =—6% , (11.93)

where the (generalized) Poisson brackets have been defined in (11.43). The
vector canonically conjugate to 77 carries ghost number —1 and has the form

Pa ::( ) , (11.94)

where, as already mentioned, the components of Z and P are labeled by a
lower index, i.e., ¢, and P,. Hence the number of canonically conjugate ghost

g on
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pairs (n,P4) equals the number of first class constraints. Since the BRST
charge carries Grassmann signature and ghost number 1, one is then led to the
following ansatz,

=0+ Y Z QA?Z? gt Py, Py, (1195)

nZl A1

where
QY =Gy , (11.96)

and where the tensors Q A]? 114]2’ ?,','fl ", do not depend on the ghost variables. The

order of the Polynomial in P defines the “rank” of the BRST generator. For
example, the abelian pure Maxwell theory and Yang-Mills theory have rank
zero and one, respectively.

The appearance of 4G 4 as the leading term of Qg is required, since it
implements the gauge transformations associated with the classical Lagrangian,
where the independent c-number gauge parameters are replaced by Grassmann
variables (ghosts). We will refer to (11.96) as the initial condition on @p. For
the quantum mechanical models discussed above the leading term in (11.95) is
actually the only one. This is a consequence of the fact that for this system
the constraints are in strong involution. On the other hand, the appearance of
an additional term in the case of QCD is due to the fact that the Gauss law
constraints are only in weak involution (cf. eq. (11.67)).

From the nilpotency requirement, {Qp, @g} = 0, and the knowledge of the
algebra of the first class constraints G 4, one can determine the c%efﬁcients

QB in an iterative way. For many theories of interest, Q van-
1---An41 w+1

ishes for n > 1, i.e. their rank is unity. In this case the expressmn for Qg

simplifies dramatically and we have the following theorem: '°
Theorem 1
With the initial condition
QY =nGa
and the involutive algebra 2°
{Ga, G} =USRG0o , (11.97)
191n the case of a field theory, the labels A, B, - - - will include also a corresponding spacial

coordinate (unless the coordinate dependence is displayed explicitly), and sums over A, B - - -
will include spacial integrations over corresponding coordinates.

20In contrast to [Fradkin 1975] we follow here the more familiar convention for defining the
structure functions.
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the BRST charge for a theory of rank one is given by 2!

1
Qs =n1"Ga+ §7DCUACB77ATIB : (11.98)

The above conditions are satisfied, in particular, for SU(N) Yang-Mills theo-
ries. We leave the proof of this theorem for Appendix B.

it) The gauged fixed BRST Hamiltonian

As we have already pointed out, the usual requirement of gauge invariance for
an observable O is replaced within the gauge fixed formalism by the requirement
of BRST invariance,

{Q5,0}=0. (11.99)

We are interested in particular in the case where O is the BRST-Hamiltonian
Hp. This Hamiltonian can only differ from the Hamiltonian associated with
the classical theory (which is in involution with the first class constraints) by
terms involving ghost variables. Furthermore it must have vanishing Grass-
mann signature and carry ghost number zero. We are thus led to the following
Ansatz for the BRST Hamiltonian:

HB = H + Z Z HEiEZT]AlT]AWﬁBlﬁBn 9
nZl A1~~~Bl~~~

where the tensors ’Hfijj:f” only depend on ¢ and p. For the case where Qg is

n

of rank one, we then have the following theorem:
Theorem 2

For Qp of rank one, and H(q,p) satisfying the involutive algebra
{H,GA} =VEGp, (11.100)

with VB (q,p) subject to the condition that the completely antisymmetric part
of {VB, USE} with respect to any pair of upper (lower) indices vanishes, the
BRST Hamiltonian is given by

Hg=H +7*VEPp . (11.101)

We leave the proof for Appendix C.

21This BRST charge is referred to as the minimal BRST charge (of rank one), in contrast
to a non-minimal BRST charge constructed in an even larger space. For an example see
section 7.
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As we have seen in our examples, we can choose for H either Hy, the canon-
ical Hamiltonian on the primary surface I'p, or H{), the canonical Hamiltonian
on the fully constrained surface I'.

iti) BRST Cohomology: The unitarizing Hamiltonian Hy

Once Hp has been constructed, the corresponding action
Se= [ dt (¢'pi-+ " Pa - Ha)

is BRST invariant. But this cannot be the entire story, since this action does
not involve any gauge fixing term, but makes only use of the classical Hamil-
tonian, the algebraic properties of the constraints (11.97), and the involutive
algebra (11.100). In fact, whereas the construction of the BRST charge via
the ansatz (11.95) can be shown to be unique up to canonical transformations
[Henneaux/Teitelboim 1992], the above construction of the BRST Hamiltonian
is not unique. Thus we can always add to Hg a BRST exact term {¥, Q}, with
U an arbitrary function with Grassmann signature e(¥) = 1 and ghost number
gh(¥) = —1, without changing the conditions underlying its construction. It
turns out that a particular choice of ¥ also implies a particular choice of gauge,
as we have already seen in our examples. 22 For this reason ¥ is referred to in
the literature as the “fermion gauge fixing function”. The corresponding mod-
ified Hamiltonian is the so-called “unitarizing Hamiltonian” in the language of
[Batalin 1977], and can be identified with the gauge-fixed Hamiltonian Hy; in
our examples. We are thus led to the following BRST invariant and unitarizing
Hamiltonian

Hy = Hg+{V,Qp} . (11.102)

Note that Hy is just the extension of the BRST invariant Hamiltonian by
a BRST exact term. It is quite remarkable that the corresponding quantum
partition function is insensitive to different choices of ¥. This is the content of
a central theorem by Fradkin and Vilkovisky [Fradkin 1977]:

11.5.2 FV Principal Theorem

The path integral

t o CAs -
% dt(¢*pa+1"*Pa—Hu (¢,p,1,P))

Ty = / DyDpDyDPe o (11.103)

22Note that ¥ = 0 is also a possible choice.
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with the “unitarizing” Hamiltonian
Hy = Hg+{V,Q5}, (11.104)

{@s,Hp} =0, {Q5Qs}=0,
and with Qp satisfying the boundary condition

to

3@5 aQB

i t1

=0

is independent of the gauge fixing function ¥ = ¥(q,p,n, P), carrying Grass-
mann signature ¢(V) =1 and ghost number gh(¥) = —1.

Note that this boundary condition is nothing but (11.58) for finite ¢; and to.
It ensures the BRST invariance of the kinetic contribution to the action. Note
also that the so-called “unitarizing Hamiltonian” corresponds to the gauge fixed
Hamiltonian in our examples. We leave the proof of this important theorem
for Appendix D. By imposing “inititial conditions” on the BRST charge and
Hamiltonian, one makes contact with the gauge theory of interest.

From the FV theorem, and theorems 1 and 2, it follows in particular, that
for theories of rank one the following statement holds:

Let G4 und H be an irreducible set of functions of the phase space variables
{qa}, {pa}, with the involutive algebra

{Ga.Gr} =UfsGe
{H,GA} =VEGp, (11.105)

and with V2(q,p) subject to the condition that the completely antisymmetric
part of {VB, UgE} with respect to any pair of upper (lower) indices vanishes.
Then the following choice of Hg and Qg

Hp=H + nAVfﬁB , (11.106)
Qs = Gan™ + PCUABW n”
ensures the U independence of the functional integral (11.103).

The FV principle theorem provides us with the structure of the partition
function which ensures that Zy is actually independent of W. This does not
ensure however that it is the correct quantum partition function associated with
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a classical Lagrangian, characterized by an involutive algebra (11.105). For this
to be the case one must show that there exists a choice for ¥ such that BRST
invariant correlators of operators satisfying (11.99) map onto corresponding
gauge invariant correlators in a physical gauge where the correct path integral
representation is known. This cannot be shown in general, but must be checked
in each case separately. Before demonstrating this for the case of the SU(3)
Yang-Mills theory, let us however first obtain a more explicit expression for
the unitarizing Hamiltonian for theories of rank one and “fermion gauge fixing
functions” W linear in the ghosts.

11.5.3 A large class of gauges

For fermion gauge fixing functions linear in the ghosts, the general structure is
fixed by recalling that ¥ carries ghost number gh(¥) = —1:

U =Pay?(q,p) .

Our choice of ¥ in our quantum mechanical and Yang-Mills examples fall into
this category. With this choice we have

{0,Q5} = Pa{v*, Qs} +v*{Pa,Qs} .

For a theory of rank one (see (11.106))
1 _
(v, Qs} = {v4,Goln” + S {0 UgeIn"n P

and
_ _ 1 _ _
{Pa,Qs} = Gu{Pan"} + SURcAPa,n"n"}Pp , (11.107)

or

{ﬁA, R} =-Ga+ ﬁDUEBnB .

Here we made use of the antisymmetry of USp in A and B. Hence {¥,Qg} is
given by

_ 1_ _ _
{¥,Qs} = Pa{v:", Gu}n"+5Pa{y, Upoln™n“Pp—Gap =PeUgpun® .

Inserting this expression in (11.102), we obtain for the unitarizing Hamiltonian
Hy

_ 1_ _ _
Hy = Hg =Gt +Pa{?, Goln” + 5 Pa{v?, Ugcln"n Pp —PoULpv n”
(11.108)
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where for a theory of rank one, Hp is given by (11.106). In particular, for ¢
and p (i.e. field) independent structure functions U¢ this expression reduces
to

Hy = Hg+Pa{v?, GeIn? — G —PcUSvn” i (U5 q,p independent)

(11.109)
Note that the information about the theory of interest is embodied in H (con-
tained in Hg), as well as in algebraic properties associated with the constrained
structure, while the freedom in the choice of gauge is contained entirely in the
BRST exact term, i.e., in the last four terms of (11.108).

11.5.4 Connecting Zg with the quantum partition func-
tion in a physical gauge. The SU(N) Yang-Mills
theory

Let us now come to the important question, whether a given partition func-
tion, having the structure dictated by the FV principal theorem, is the correct
quantum partition function corresponding to a given classical Lagrangian. As
we have already mentioned this must be checked in each case separately.

As an example we consider the SU(N) Yang-Mills theory described by the
Lagrangian (11.59) and canonical Hamiltonian (11.64). Choose ¢ in (11.108)
to be of the form

YA = (Y(A),0), (11.110)
where ¥ and 0 are (N2 — 1)-component vectors in “colour space”, depending
only on the spacial components of the gauge fields. Below we shall simply
denote them by x®(z). Since the structure functions U§p, defined in (11.70),
are field independent in this case, we have from (11.109), (11.110) and (11.68),
(11.70) and (11.72), 23

Hy = Ho+ [ &z n*VEPp — /d3x X

+ [ Pad®y ca(x){x (), Ts(y) }" (y)

with the constraints (11.68). Taking Hp to be the canonical Hamiltonian
(11.64), the corresponding structure functions VP are given by the matrix
(11.72). Then Hy takes the form

Hy = Ho— / B (18 — PP + gfapePuc’ AS)

+ [ ey e (@), T ) (11.111)

23Recall footnote 19.
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Thus Hy is a function of Aj, 7j;, the ghost variables ¢?, ¢, and their canonically
conjugate momenta, P, and P®. The unitarizing action is therefore given by

Sy :/d% (Alims 4+ P + Py —Hy ) (11.112)

with the kinetic term ordered in the form “velocity x momentum”. This leaves
us with the problem of choosing X“(ff). But let us first briefly demonstrate
how the FV principal theorem leads, for an appropriately chosen fermion gauge
fixing function ¥, to the Faddeev-Popov result for the Yang-Mills theory in the
Lorentz gauge [Henneaux 1985].

Given a fermion gauge fixing function of the form (11.110) one can perform
the integrations over P and P in the BFV partition function. This partition
function is given by,

Z= / DADrDeDe e J 4 elAlimi—Hotx"mg— [ d*y 2a(@){x" (@) 1)} () Ay

(11.113)
where

Z= / DPDPe S A wlea P t (=" =P g farec® AT)]

Choosing ,
xX* =0"47 , (11.114)

and performing the integration over P?, (11.113) becomes
Z = / DADrDeDe ¢ ] "o lAimi-Hot @ AN~ @)D’ 710 & (11.115)

where
Z = /DP [10 (P + DY) ¢l J diwta P (11.116)

Here DY, is the zeroth component of the covariant derivative (11.78), and we
have made a partial integration along the way. Hence after integrating over P*

we arrive at
~ - 4 a0 b
7 e*lfd z ¢*Dg,e .

This factor combines in (11.115) with the exponential and leads to the replace-
ment (9;¢,)D’ycb by (9,64)D . Finally, carrying out also the 7, ¢ and ¢
integrations, one recovers the partition function in the Lorentz gauge as ob-
tained using the Faddeev-Popov trick, i.e., eq. (11.80).

Our result does not yet imply that the Faddeev-Popov result correctly de-
scribes the SU(N) Yang-Mills theory. For this we must still demonstrate that
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for gauge invariant correlation functions, the above partition function is equiv-
alent to the well known partition function in the Coulomb gauge. This we now
show.

Consider once more the partition function in the form (11.103). Since ac-
cording to the FV theorem this partition function does not depend on the
choice of the fermion gauge fixing function ¥, we can replace x® by [Faddeev
1977]

a 1.
"= —9"A¢(x) , (11.117)
€
where ¢ is an arbitrary parameter. By the FV theorem the partition function

will not depend on «.

The next step consists in making a change of variables. Thus introducing

the variables, " = —71'0, and ¢® = %c”, the partition function (11.113) remains

unchanged, except for the kinetic contribution A?ng, which becomes multiplied
by e, and an irrelevant e-dependent factor multiplying the partition function.
Hence with the choice (11.117) in (11.113) one is led to the following equivalent
form for the partition function,

/DM i [ dia[cAdm+ Al n? —Ho+ AGDE, w+0; Al wit —8;2,D “"C/h]Z'[c' q
)

where Dy = DADn D7 DéDc’, and

= /DP H5 (Pa 4 Engc/b) e—ifd‘meaaOéa

‘H' is the Hamiltonian density evaluated on the full constrained surface T,
1 a 1 a
Ho = 3 Z(ﬂ'z )2+ 1 Z(FU)Q :

Since the ¢*’s are Grassmann valued, the Jacobian of the above transformation

’

equals unity. Taking the limit ¢ — 0, and integrating over AY, 7T£)“, c® Cq, W€
are then left with the partition function

Z@M_/aumnéaﬂ H&yw ) det(9; DLy )e! S 4' (Aumi=H

(11.118)

or

Zepa = | DADR[Tat1: o [T a0 ) detfc v ) Th(y)pe' ) 45 ant =)

where x“ is given by (11.114).
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Expression (11.118) is the well known partition function in the Coulomb
gauge. Hence, by making use of the FV-theorem and some scaling arguments,
we have, at least formally, shown that the Faddeev-Popov prescription for
obtaining the QCD path integral in the Lorentz gauge is in fact correct.

11.6 Equivalence of the SD and MCS models

In this section we consider once more the self dual (SD) model [Townsend
1984], defined by the Lagrangian (7.34). Since the Lagrangian describes a
purely second class system, the starting point for a BRST formulation must
be its classical first class embedded version discussed in chapter 7. Having
constructed the FV-partition function, we then make use of the freedom in the
choice of gauge to prove the equivalence of the SD-model with the Maxwell-
Chern-Simons (MCS) theory within its gauge invariant sector [Banerjee 1997b].
This, as we shall see, is not completely straightforward, but involves some subtle
steps.

In the case of a first class system, obtained via BFT embedding from a
theory with second class constraints, we are just given a Hamiltonian H and
a set of constraints which are all in strong involution. Since we have a priori
no Lagrangian associated with the embedded model, we can therefore not dis-
tinguish between primary and secondary constraints. Hence we cannot simply
make use of previously obtained results. But the general principles on which
the construction of the quantum partition function rests, such as the nilpotency
of the BRST charge as generator of the BRST symmetry, and the general FV
form of the partition function (11.103) are still valid.

The partiton function (11.103) was based on the so-called minimal BRST
operator obtained in the phase space of the original variables, ghosts and
antighosts. The BRST operator is however only unique in the sense, that
the cohomology always contains the observables of the theory. Its representa-
tion however depends on the choice of the underlying phase-space, which need
not be identical with the above mentioned minimal phase-space, as long as it
does not change the algebra of the observables. It turns out that in certain
cases, quantization of the theory requires an extension of this original phase
space (see comment later on).

Our starting point for proving the above stated equivalence between the SD-
model and the MCS-theory is the first class embedded version of the self dual
(SD) model discussed in subsection 4.3 of chapter 7. There we have seen that
the original four second class constraints were converted into a set of four first
class constraints by introducing four fields ¢®, one for each constraint, satisfying
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the simplectic algebra (7.1). The new first class constraints, obtained from the
second class constraints 0, we denoted by Qy, (e =0,1,2,3) and are given by
(7.41). The new Hamiltonian H, in strong involution with the constraints ,,
was shown to have the form (7.42). Since this Hamiltonian and the first class
constraints are in strong involution, it follows that the corresponding structure
functions defined by equations analogous to (11.105) all vanish. Hence in this
case the BRST Hamiltonian Hp equals H, so that the corresponding unitarizing
Hamiltonian is

Hy = ﬁ+/d2x {U(2),Q5} , (11.119)
where,

H= /d2 ( F3 + F2—mF093> , (11.120)

with FO = f0 4+ ¢? and fi = f? + ¢'.

Our aim is now to construct a gauge invariant partition function having the
structure dictated by the FV-theorem (11.103), and having the property that in
two appropriately chosen gauges it reduces to either the partition function of the
SD-model, or to that of the MCS theory. For this it turns out to be necessary to
double the gauge degrees of freedom. The corresponding additional generators
we denote by 7, (o = 1,...,4), and are assumed to be in strong involution
with the remaining variables. Being generators of an additional symmetry, we
group them together with the Q.’s into the vector

Ga = {7}, {0W}) . (11.121)

Having introduced the 7,’s, we must also introduce the corresponding conju-
gate variables A%, in order to conform with the FV-theorem. Proceeding as in
the case of the Maxwell theory we introduce the vectors

A _ pe S . Co

with Poisson brackets given by (11.93). The freedom in choosing a gauge in
the FV functional integral is then realized via a BRST exact term involving
the “non-minimal” BRST charge @5 of the simple form

B:/d2$TI /d2 Qoc® +7raP") .

With the introduction of the new canonical pair, (A\*, 7o), we must also include
a corresponding term A*7, in the kinetic contribution to the FV action in order
to conform with the FV theorem.
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Next we must choose a gauge fixing function ¥(z) in (11.119). This function
should carry ghost number gh(¥) = —1. We therefore make the following
ansatz, to be justified a posteriori,

W(x) =Pap’, phi= (X" A7),
where x® is a function of the fields f#(x) and ¢”(x) to be fixed below. Hence

/ P {U(z), Qs) = / Pd?y eo(2){x* (@), 05(9)} e (4)

- /d%[/\aﬁa + o X® — P, PY].

The PP term, arising from our above extension of phase space, is important in
order to make the F'V partition function below well defined, and was in fact one
motivation for extending our space. Since our algebra of constraints is strongly
involutive, it cannot arise from the BRST Hamiltonian Hg = H.

Choosing for our canonically conjugate auxiliary fields in the kinetic term
to be ¢* and ¢Pws,, (a = 1,2), the FV-partition function takes the form

Zpy = / DfDrD¢DAD7DeDeDPDP ¢SV (11.123)

where 24
Su= [ [Fmct 50 msd? + AT+ 8Pt 2al? = Hal 1+ 6%, 401
—Ca{X", Q3" + X0 + FaX™ — PaP?) (11.124)

and Ho(fO, f!) is defined in (7.38). Note the factor 1/2 in the second term
on the rhs, since we are summing over all « and 5. As we will see below,
the term 7, x® will give rise to a gauge condition y® = 0 after an appropriate
scaling of the integration variables. This was another reason for working in a
non-minimal space.

Doing the P and P integration we are left with

Zpy = / DfDrDDAD7et ] (it 3¢ wapd’ +1%7a) (11.125)

X /DEDceif(755-7’”0(f0+¢3;fi+¢i)76a{Xw:Qfg}cﬁ+>‘(y0a+7}a>(w) .

24In order to keep the expressions as simple as possible, we adopt the following conven-
tion: if the integrand involves also non-local expressions, then a simple integration sign will
also stand for multiple integrations associated with multiple summations over fields in non-
local expressions. The dimensionality of the (non-specified) measure will be clear from the
(Hamiltonian, or action) content. Thus, for example in (11.124), f&a{xa, Qg}cﬁ stands for

[ dzdPyca(z){x*(x), 2s(y)}e? ().
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We now proceed as in the Yang-Mills case, and make the replacement y¢ —
%X"‘. The corresponding partition function does not depend on e. Next we
make the change of variables ¢, = e¢,, 7 = e7’*. The Jacobian for this
transformation is unity (recall that the Jacobians differ for Grassmann vari-
ables from the usual ones). Taking the limit € — 0 in the functional integral,
and performing the integrations over all Grassmann variables and “Lagrange
mutipliers” 7/, and A%, one is left with the following gauge fixed partition

function
zk _/DwaD(b H5 o])det{x®, Qs}
w o J(Frmutor wa/mft%o(f%&,f”fwi)) . (11.126)

This partition function is the starting point for proving the claimed equivalence.

Equivalence of Zpy and Zsp

Let us choose x* = Q,, where , are the second class constraints (7.36)
and (7.37). Looking back at the expressions for the first class constraints (7.41),

we see that )
[1s1206100] = [ 5[0

Hence the ¢-integration in (11.126) can be trivially performed and we obtain,
aside from an irrelevant multiplicative constant,

3 R
Zsp — /Dfm (T 6192a])det {Qa, Qs}e’/ Colim—tolD) - (11.127)
a=0

which is the partition function of the SD-model. Hence the partition function
of this model is a particular gauge fixed version of the FV-partition function,
thus proving the equivalence of the SD-model with the theory associated with
Zpy in (11.123) within the gauge invariant sector.

Equivalence of Zpy and Zjpcs

We now make again use of our freedom of gauge choice to prove in turn the
equivalence of the theory defined by (11.126), and the MCS theory defined by
the Lagrangian (7.54) within the BRST invariant and gauge invariant sectors,
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respectively. Consider the following alternative choice of gauge conditions in
(11.126):

1
X03:f1+—a2f0:0,
m

X'=¢"+ %8%0 =0 (i=12), (11.128)
X3 3:f2—i81f0:0.
m

Note that these conditions imply that
Oif' =0, €;0'¢) =0. (11.129)

Hence it is a Coulomb like gauge. In the following we shall make extensive use
of those properties. Implementing the constraint 23 = 0 in (11.120), one is led
to the following expression for the Hamiltonian density

51 Lo i
H= §(f0 +¢°)° + S+ ¢')?
which because of (11.128) can also be written in the form
y 1 o L L og2.0
H= o — (€i;0" f7)? —§ffz‘—w¢v¢ ;

where we have dropped a surface term. One then finds, after performing the
integrations over the momenta and the ¢*’s in (11.126), and dropping any
surface contributions, that

gf—/umwfpﬂ e, 1)

X 67:‘[(131. m¢0€ijalaofj 2m2 ¢0V2¢0+2m F”f 80fJ 2m2 (6778 fJ) +f f]

where we have dropped the constant determinant det{)_(a,Qg}. The above
expression can also be rewritten as

gf —/D,u ) (¢ +6i;0°0° 1 5 )2m2 (64 2z 0 f") (11.130)

[ e (000 7) o (w0 o0 ) -

2m2 (€i;0° fJ) +5m F17]0 80]”'1’2712 fovzfo]

)

where

D(f,6) = DfDén []87 + e )

1,T
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Making use of the relation
€€k = 0051 — 031k
valid in two dimensions, one finds - upon making use of (11.129) that

1

53 (emalaofﬂ) (eklakaof) U fiavf;

. 3
_ Oig ., 2 02 40
_2m2F "Foi + 2m2f Vef' + st
where “s.t.” stands for “surface term”, and

FHY = a/tfu _ aufp. .

Furthermore we have that
Lo = L g o L o L iy
2m " am " 4m " am Y o
and because of the gauge conditions on f% in (11.128)

1 .
——EoiijF” + s.t.

1 ) .
Wfovzf0 =—mf' (e f0) = o

Here €,ux, (11,7, A = 0,1,2) is the e-tensor in three dimensions, with €p12 = 1.
Performing the integration over ¢° and combining the various contributions in
(11.130) one finds that

gf, —/DA H5 mAl—l—ezjajA exp( /d T LMCS) , (11.131)

where Lyscs is the Lagrangian density of the Maxwell-Chern-Simons theory
Lycs = ——]:'“']:,w + 3 T ArF

with A* = %f” and FH* = gAY — Q¥ A*. This, we claim, is the partition
function of the MCS theory in the gauge A’ 4 %eijﬁiA():O

The MCS theory is a theory in 3 space-time dimensions with the following
first class constraints:

=20, 8iwi+%eij6%j =0.

We denote this set by €, =0 (¢ = 0,1,2). The Hamiltonian density is given
by

1 1 .. ) . 2 . o
HJWCS S 57_1"2 + ZF”FZ‘j — Aoal’fri — %qﬂriAJ - %AiAl — %EijAoalAJ 5
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where summation over repeated indices is understood. Introducing a set of
gauge conditions x* = 0, (u = 0, 1, 2) the partition function for this now second
class system is given by

Zues = [ DAD [[otnol []0 (0'mi + Freiso' 47)

x T 0 (A)] det{y, @, et | & Arm—tares)

H,x

Hog

Let us assume that the x*’s do not depend on the canonical momenta, and that
they depend linearly on the “potentials” A#. Then the determinant is just a
constant. We can then perform the momentum integrations and obtain

,x

Comparing this expression with (11.131) we conclude that the MCS theory in
the gauge A'+ L ¢;;07 A® = 0, and the second class self dual model described by
the partition function (11.127), are just two gauge fixed versions of the BRST
invariant FV-partition function (11.126), with the action given by (11.124). 2°

11.7 The physical Hilbert space. Some remarks

So far our discussion has been carried out entirely within the functional ap-
proach. We conclude this chapter with some remarks about the Hilbert space
underlying the partition function (11.103).

The Faddeev-Popov ghost charge Qg is associated with the rigid symmetry
transformation [Kugo 1979

c —ec® ; ¢, e .

Its Poisson brackets of ¢* and ¢, with the ghost charge are given by

{Ca7 Qgh} = Cay {an Qgh} = —Cq

where -
Qgn = c"Py — ¢, P*.
Furthermore

{Hp,Qqn} =0, {Qn,Qs}=1

25For an alternative proof, starting from a “master Lagrangian” see [Banerjee 1995b].
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These relations state that Qg and Hp carry ghost numbers one and zero re-
spectively. After mapping the generalized Poisson brackets onto commutators
and anti-commutators of the corresponding operators, physical states are ob-
tained upon i) eliminating BRST equivalent states, ii) requiring the absence of
ghosts in the physical spectrum and iii) eliminating zero norm states. The first
condition requires that

Qslphys) =0, (11.132)

where QB is now an operator in Hilbert space. Hence physical states are BRST
invariant. Similarly the absence of ghost states in the physical spectrum is
implemented by the requirement

Qqnlphys) =0 . (11.133)

The space defined by (11.132) and (11.133) still contains zero norm states. Let
Vo be the subspace of zero-norm states. Clearly the norm of any state of the
form

W) = QW)

vanishes because of the nilpotency of Qs, ie., Q% = (0. This property is referred
to as BRST cohomology. The zero norm states have no effect on physical
processes, i.e. |¥) and |¥) + Qp|®) are not distinguishable when calculating
correlators of BRST invariant operators, if |¥ > fulfills the conditions (11.132)
and (11.133). After eliminating also the zero norm states, the physical S-matrix
Sphys can be defined consistently in this (positive norm) Hilbert space, and the
unitarity of Sphys can be proven [Kugo 1979], i.e.,

ST

phys =1

Sphys = SphysST

phys



Chapter 12

Field-Antifield
Quantization

12.1 Introduction

In the preceding chapters we have systematically developed a Hamiltonian for-
malism leading us to the quantum phase space partition function in a general
gauge. The main drawbacks of this formulation are twofold: i) One generally
wants to formulate the Feynman rules in configuration space. ii) The Hamilto-
nian formulation is not manifestly covariant, so that it is not clear which gauge
fixing condition in phase space (or which fermion gauge fixing function) implies
a covariant choice of gauge in the Lagrangian formulation.

The field-antifield approach of Batalin and Vilkovisky (BV) to the quanti-
zation of theories with a local symmetry [Batalin 1981/83a,d/84] solves both
of these problems. In this formulation the solution of the so-called master
equation is the configuration-space counterpart of the Fradkin-Vilkovisky (FV)
phase-space action. The equivalence of the Hamiltonian BFV formalism and
the BV field-antifield formalisms has been studied e.g. in [Fisch 1989, Grigo-
ryan 1991, De Jonghe 1993]. The present chapter is intended as an introduction
to the central ideas of this formalism, which we shall motivate by starting from
the FV representation of the partition function discussed in chapter 11. For
an extensive discussion of the field-antifield formalism, the reader is referred to
[Henneaux 1990b, Gomis 1995].

In the following we first present the axiomatic approach of Batalin and
Vilkovisky, and then present a proof for systems under some restrictive condi-
tions.
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12.2 Axiomatic field-antifield formalism

The field-antifield formalism is usually presented without immediate motivation
in an axiomatic way, the justification of the procedure relying ultimately on
the observation that the field-antifield action, obtained by solving the so-called
master equation in field-antifield space, embodies the full gauge structure of
the classical action in question. ! In this approach to quantization one departs
from the classical configuration-space action Sg[q], which is a functional of the
coordinates ¢*, i = 1,---,n, and is invariant under a set of gauge transforma-
tions,

5qi(t):/dt’Rg(t,t’)ea(t’), a=1,---,mg, (12.1)

where the R!’s are in general local functions of the (time-dependent) coordi-
nates, and of explicit time. Suppose that one has found all local symmetry
transformations, and that the R!’s are linearly independent (i.e., possess no
right zero modes), then the theory is said to be irreducible, and we are led to
mo independent Noether identities, 2

) .
/dt'éqij,)Rg(t',t) =0, a=1,-,mp. (12.2)
If on the other hand the matrix R’, possesses mg right zero modes, then the
theory is said to be reducible, and the number of arbitrary gauge parameters
is less than mg. 3

In the following we restrict ourselves to the irreducible case. For every gauge
parameter € we then introduce a ghost field ¢*. The complete set of fields we
denote by ¥* := (¢*, c®). Note that no anti-ghosts have been introduced at this
stage. Following Batalin and Vilkovisky [Batalin 1981] one now introduces for
every field ¥ an antifield 97, with opposite statistics to that of 9¢,

5(19€) =¢, €U))=e+1 (mod?2),

and ghost number
gh(9}) = —gh(¥) — 1.

1See the reviews by Henneaux and Gomis [Henneaux 1990b, Gomis 1995].
2Note that we can always add to the rhs of (12.1) terms of the form

0Ser s
! c gt (4!
/ a5 T t',1)

with T% = —TJ% (bosonic case), without altering the Noether identity (12.2). Such terms
do not contribute to §S.; and are called “trivial” gauge transformations. They do not lead
to conserved currents.

3For a discussion of this case confer e.g. [Gomis 1995].
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In this space of fields and antifields one defines an odd symplectic structure
called antibracket [Zin-Justin 1975, Batalin 1981]: 4

- s g s g
)= [ a (W(t) THGRTAD wu)) ’ (123)

§5(m)
5 50
‘S;T denote the right- and left-functional derivatives. The summation over ¢
includes an integration over spacial coordinates in the case of a field theory.
Recall that for bosonic (B) and fermionic (F) functionals of bosonic (fermionic)
variables b (f) we have,

where f and g are in general functionals of the fields and antifields, and

SOF s F SOF s

5f ~ &f ' b b
0) (r) 0) (r)
0B __s0B - sUB 608 (12.4)
5f 5f ob ob

The antibracket has the following properties:
i) Grassmann signature

€(fg) = €f T€g+1 (mod 2)

ii) Commutative and assocative properties:

(g7 f) = _(_1)(6'f+1)(6g+1)(f7 g) )
(fg.h)=f(g.h)+ (=) TV (f h)g, (12.5)
(f,gh) = (f,9)h+ (1) Dg(f h) .

iii) Jacobi identity

(=)D (f, ), ) + (~1) D (g, ), )
(DI () g =0 (126)

An important property of the antibracket is, that in analogy to the Poisson
bracket in phase space, the infinitesimal transformation ¥¢ — ¢ + ¢(9*, F),
v — V) + (¥}, F), with € an infinitesimal bosonic parameter, F' an arbitrary
function of ¥* and 9%, and €(F) = 1, gh(F) = —1, maintains the canonical

4Functional derivatives will be understood to be partial derivatives when acting on ordi-
nary functions.
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structure (9¢,95) = 6¢ up to order O(e?). ® From the definition (12.3) one
readily verifies that for bosonic functionals B

s"B VB
BB_2/dt&9Z 050
and for fermionic functionals F,
(F,F)=0.
Furthermore
((f, 1) ) =

for any f, bosonic or fermionic.
Consider now a bosonic functional S+, 9*] with the dimensions of an action,
obeying the so-called classical master equation:

(5,5)=0, (12.7)
with the boundary condition
S[0, 9" ]px=0 = Salq] -

Consider further the following transformation of 9 and ¥} induced by S:

s0t = (04, 8), 05 =(9;,S), (=1,---,N. (12.8)

Under these transformations S is invariant, since it is a solution to the master
equation (12.7). Furthermore, S can be regarded as a nilpotent operator in
the antibracket sense, just as the BRST charge @3 is nilpotent in the Poisson
bracket sense: {Qp,Qp} = 0.

Let us collect the fields and antifields into 24 = (9¥¢,9}). By defining the

matrix
fAB o 0 56}@
=160

fAB — _fBA

with the symmetry property

3

5In the case where F' is an I type generating function, depending on © and the trans-
formed antifield ¥ with
=0 OFs « OF>
WV =—, 9 =—,
% - ot
the canonical structure of the antibrackets turns out to be preserved exactly [Troost 1990],

o (98,9%,) = by, (9°,9Y) = (95,97%,) = 0.
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we can write the antibracket (f, g) in the form of an odd symplectic structure:

0= falotew s
82B(t)

Since €45 only connects antifields with fields, we also have the following relation
A8 £ 0 — (—1)(atDlest) — 1 (12.9)

Assuming that a solution to (12.7) has been found, we can right-differentiate
(12.7) with respect to z©(t):

/d §Mg ¢ AB s sOg
8zA(t) 52C(t) 2B ()

L (_1yccs s stng B sOg } B
526 (1) 24(¢) §2B(t) )

Making use of

s stnNg 1yea O sng
820(1) 624 — © T 62A) 02C(t)
and
s shg O gng

520(1) 02A(t) ~ 32A(t) 620(t)
we obtain, using (12.9),

5 smMg
52()(55 2/dt

)RA(t t)=0, A,B=1,---,2N,

with

eAc O snNg
320 () 62B(t) "

These identities are the analog of the gauge identities (12.2), stating the invari-

ance of the field-antifield action under the transformations

Aty = /dt’Rg}(t,t’)eB(t’) .

Thus it appears that S possesses 2N gauge degrees of freedom. Not all of
them are however independent. Of particular interest are the so-called proper
solutions to the master equation, where the number of true gauge degrees of
freedom is just N, with N the number of star-variables. This, in fact, is
the maximum number of possible gauge degrees of freedom [Gomis 1995]. In
this case IV gauge degrees of freedom can be eliminated by imposing IV gauge

RE 1) = (12.10)
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conditions. This allows one to eliminate the N antifields in favour of the ¥*’s,
leading to a well defined partition function in the original space of fields.

The so-called proper solutions to the master equation contain all the infor-
mation about the gauge algebra associated with S.;. ¢ A particularly simple
solution is obtained in the case of irreducible theories of rank one with a closed
gauge algebra and constant structure functions. As discussed in subsection 5 of
chapter 2, a transformation of the coordinates of the form (12.1) is a symmetry
of the action, if the coefficient functions R (t) satisfy (12.2). Or, absorbing
the time dependences - as was also done in subsection 5 of chapter 2 - into
the discrete indices ((i,t) — ¢; (i,@) — a, etc.), with summations implying a
corresponding integration over time, we have

5Scl i
ot ¢

0. (12.11)

This is a particularily useful notation if the matrix R?, is non-local in time.
Furthermore, up to trivial gauge transformations - the closed gauge algebra
(2.42) translates into the following algebra for the matrix elements R’ , 7

SR . ORL ,
o pi B pj _ pi gy
500 Rj 7 R, =R\ f.5 - (12.12)
Let us now construct the solution to the master equation. Assume that S.; is
invariant under the transformations \é{qi = R c®, with R! satisfying (12.11),
and the ¢*’s Grassmann valued. According to (12.8) \éqi should also be given
by (¢, 9). The field-antifield action is therefore of the form

S = S + ¢ RLc™ + Saq,c,ct] . (12.13)
With this ansatz 55

Vv o o cl i« _

5S¢ = (Su, S) = o R, c 0,

because of (12.11). Let
S1 =8+ ql*Rgc“ .

Then (5, 5) = (51, 51)+(S1, S2)+(S2, S1)+(S2, S2). A straightforward algebra
yields

(S1,51) = ¢ ( 5qj‘RJﬂ - WfRZ) e,

6See the review by Henneaux and Gomis [Henneaux 1990b, Gomis 1995].
"We take the generators to be those of a bosonic theory.
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or making use of (12.12),
(51,81) =¢qf WﬁRQCaCﬂ .

o

In the case of an abelian gauge algebra, fzﬁ =0, and S would be given by the
first two terms in (12.13). In the non-abelian case the contributions to (.5, .5)
arising from the presence of S in (12.13) must cancel with (S;,S571), if S is
to be a solution to the master equation. Now Ss must carry vanishing ghost
number and vanishing Grassmann parity. Furthermore it must be a function
of ¢f and the fields ¢®, in order to give a non-vanishing contribution to (S, .5).
Since the ghost number of ¢, is —2, the simplest ansatz is of the form
1
Sy = _Efgﬁc;cacﬂ ,
where the fzﬁ’s are constants. A bit of algebra shows that by choosing fgﬂ =
fas » and making use of
(fl‘pfg,yco‘cﬁc”Y =0,
following from the Jacobi identity for the structure functions, i.e.,
A po A g6 A pd
apfxy T 1oy fra + [lafrs =0,
the field-antifield action
4 1
S’ = Suld + (aRee - peafse’e)  (214)
is a solution to the classical master equation (12.7). Note that the first term
under the integral only requires the knowledge of the symmetries of the clas-
sical action, while the second term reflects a non-trivial algebra of the gauge
generators.
From (12.1) and the above solution for S one sees that (12.14) can also be
written in the form v Y
S =Sa+ (¢s5¢" + cisc”) (12.15)
where .
\s/qi =R'c, 5c = —§f§‘,yc”7.

We recognize in these transformations the BRST symmetry transformations
of the effective action associated with a classical Lagrangian, for which the
generators R’ satisfy the algebra (12.12).

The solution to the master equation is not unique. Indeed, since (12.14)
does not contain the antighosts ¢, we can always trivially add a term of the
form ¢ B to (12.14), without violating (12.7):

Slg,;q%,¢*] = Slg, ¢, ¢%, ¢, B] = Salg + (¢} 4" + 5™ + 4 B%) .
(12.16)
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This solution continues to be proper. B* will turn out to play the role of the
gauge fixing Nakanishi-Lautrup field. The last term in (12.16) will in fact be
important when constructing the quantum action in a fixed gauge. Note that
at this point S does not depend on the antighosts familiar from the Faddeev-
Popov trick for implementing a gauge condition. Indeed, the dependence on
Co enters indirectly via the gauge fixing, which is realized in [Batalin 1981],
seemingly ad hoc, by eliminating the antifields in favour of the fields according
to 8

*

R PR TR
Y= Gqa CoT o 0Co

(12.17)

Here ¥y [q, ¢, ¢] is some functional of the fields, with Grassmann parity e(¥ ) =
1 and ghost number gh(¥ ) = —1, properly chosen, such that the correspond-
ing gauge fixed action Sy is non-degenerate. The antighosts ¢, are needed for
constructing a gauge fixing fermion with ghost number gh(¥) = —1. Imple-
menting (12.17) in (12.16) yields the gauge fixed Lagrangian action

8, 6T, 6T,

S ¢; Bl =8 BJ.
af [qa C, Gy ] [Qa C, Gy (Sq 9 50 ) (SE 9 ]

The corresponding partition function then reads,

A / DB / DqDeDé ¢'Serla:e:e Bl
Example
Consider the classical action,

Loy, . 1 2
Sa = [ dt 5% + zy + E(x —v) (12.18)

which is invariant under the infinitesimal transformations
dr=¢€, dy=e—¢. (12.19)

In this example the classical symmetry alone determines already the field-
antifield action, which is linear in the antifields. With e in (12.19) replaced
by ¢, we have that

v )
st=c, sy=c—=¢c.

81n the literature the notation ¥ is used for the gauge fixing fermion. We use ¥y, for the
Lagrange gauge fixing fermion in order to distinguish it from the Hamiltonian gauge fixing
fermion Wy in the following section.
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Hence according to (12.15) the field-antifield action is given by

S=8u+ /dt [z*c+y*(c — &) + /dt &'B. (12.20)
One readily checks that S is a solution to the classical master equation. From
(12.8) we deduce the remaining transformation laws that leave S[¢, 9] invari-

ant, and hence are nilpotent in the antibracket sense:

Vo ..
sr=r+y—r+vy,

Vo, .
syt =—i4z—y,
S¢=0, $B=0,
S5e=B. s&=0.

)

We eliminate the star variables by introducing an appropriate set of gauge
conditions via (12.17). With the gauge fixing fermion ¥, = [dte(x + ¢), the
star variables are evaluated to be

0
=X

X

. ox
*—__ P
y_ C+Cay7

Substituting these expressions into (12.20) yields, after a partial integration,
the gauge fixed action

., Ox o, Ox .
— S+ )+ +eZerBu+y))
Sgf = Sei /dt (c(c é) cay (c—¢) ComC (y X))

in agreement with (11.20) and (11.21). One readily checks that (Sgf,S) = 0.

12.3 Constructive proof of the field-antifield
formalism for a restricted class of theories

The solution (12.14) is linear in the antifields. This is a characteristic of first
rank theories with constant structure constants. For these types of theories the
equivalence of the above axiomatic field-antifield approach to the systematic
FV Hamiltonian approach of chapter 11 has been discussed starting either from
the field-antifield action, or from the BFV Hamiltonian formulation [Batlle
1989/90, Dresse 1991, Grigoryan 1991, De Jonghe 1993, Rothe 2008]. Since
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this book is primarily concerned with Hamiltonian methods, we will take, in
the following, the latter path [Rothe 2008].

Starting from the Fradkin-Vilkovisky (FV) phase space action, we first show
that this action can be obtained as a solution to a Hamiltonian master equation
in phase space, analogous to (12.7). At this stage there will be no restriction
whatsoever on the gauge theory considered. This suggests that an analogous
statement should hold on Lagrangian level. To actually find the corresponding
Lagrangian version of the master equation in the BV formulation, we must
however be able to perform the momentum integrations. Since this cannot
be done in general, it restricts the class of gauge theories that can be studied
generically.

We now begin with the first part of the above mentioned program, which
does not involve any restrictions on the type of theories considered. It merely
makes use of the BRST invariance of the phase space action under transforma-
tions generated by a nilpotent charge.

12.3.1 From the FV-phase-space action to the
Hamiltonian master equation

Consider the FV (unitarized) action in (11.103), with Hy given by (11.104),
ie.,

SU[q7pa,’77,ﬁ] = /dt (qlpz + ,’.7A75A - HB(q7pa,’77,ﬁ) + {\II7QB}) ’

with Hp the BRST Hamiltonian, @ the nilpotent BRST charge, and ¥ an
arbitrary “fermion gauge-fixing function” ? depending on the phase-space vari-
ables ¢, p;, N4, P4. In what follows it will be convenient to write the BRST
exact contribution in the form:

ov ., ov ov ovr -

{V,Q5} = (a—qi{ql, Qs} + a—pi{pi, QB}) + (577—A{77A7 Qs} + ﬁ{'PA; QB})

(12.21)

where { ,} is the graded Poisson bracket (11.43), and where we made use of

the fact that, according to (12.4), there is not distinction between left- and
right-derivatives for fermionic functionals.

The gauge fixing fermion ¥ is an a priori arbitrary function of the fields

with Grassmann parity ¢(¥) = 1 and ghost number gh(¥) = —1, reflecting the

9In comparison with (11.104) we have changed the sign of the BRST exact term, in order
to facilitate comparison with the literature.
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arbitrariness in the choice of gauge. Let us consider the partial derivatives of
U as new variables:

vy OV i 00
55w Y m
nz(t)zanaT\IEt), PrA(t) = agjl(t)' (12.22)

The above derivatives are functions of ¢*, p;, n* and P4. For later convenience
it is useful to consider the fermion gauge fixing function to be a functional of
these variables. We denote it by ¥y (the subscript H stands for “Hamilto-
nian”):

Vilg,p,n, P) = /dt\I’(Q(t),P(t)m(t),ﬁ(t))- (12.23)

Then the definitions (12.22) are replaced by expressions involving functional
derivatives as follows:

* _ 5\IJH *i o (S\I/H
qi(t)_W’ p (ﬂ—w,
ma(t) = % PA(l) = % , (12.24)

Since Wy carries Grassmann signature and ghost number 1 and —1, respec-
tively, the Grassmann signature and ghost number of a “star”-variable ¢* is
related to that of ¢ by

(@) =¢€(p)+1 (mod?2),
gh(¢*) = —gh(¢) — 1.

Thus in particular we have that gh(n) = —gh(P) = 1; gh(q*) = gh(p*) =
—1; gh(n*) = =2; gh(P*) =0,

Viewed as a function of the above variables, the FV-action - we denote it
by S - takes the form

SH[Q7pan7755q*7p*an*775*]:/dt(q7p7+77A75A_HB(qap7na75)+qz({q7aQB}
0" {pi, Q) + ma{n”, Qu} + P {Pa, Qs}) (12.25)

Let us denote by {6} and {0} } the sets {q’, p;,n, Pa} and {qF, p**, 0}, P},

and write Sy in the form

Sula,p,n, Piq*,p* ", P*] = /dt (¢'pi + 71" Pa— st(q,p,n775))+/dt 0;36"
(12.26)
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where 50¢ is the BRST variation of §¢, with 5f defined generically by

where f[f] is an arbitrary functional of . This definition follows quite naturally
from the decomposition (12.26). 19 The ordering of the factors in the kinetic
terms corresponds to the definiton of the canonical momenta in terms of left
derivatives. Note also that the variables ¢° include all variables (dynamical or
not) of the original Lagrangian. Thus in the case of the Maxwell theory, it
would include all components of A" and the corresponding canonically conju-
gate momenta. In a fixed gauge, i.e. for a given Wy, the variables {0}} are
given functions of {#°}. On the other hand, if the action (12.26) is regarded as
a function of the independent variables ¢*, p;, n* and P, and their respective
antifields ¢, p*?, n% and P*4, then - as we now prove - (12.26) is found to
satisfy the so-called classical master equation,

(Su,Sm) =0, (12.28)

with the “antibracket” (f,g) defined as in (12.3) with ¥* — 0, 95 — 6}, and
having the properties (12.5) and (12.6). Recall that ¢ labels the phase-space
degrees of freedom, which in the case of fields will also include the spacial
coordinates. In this case the sum over ¢ is understood to include an integration
over the spacial coordinates.

The proof of (12.28) is based on the BRST invariance of the first integral
in (12.26), and the Jacobi identity (12.6), implying {{¥, @}, Qp} = 0, where
¥ is an arbitrary function of the phase space variables [Rothe 2008].

Proof of the Hamiltonian master equation

Consider the antibracket

5(r)5H 5(l)5H 5(r)5H 5(l)5H
(S5 = [ ((W(t) 0:0) 9601 59%)) | (1229)

Since Sy is a Grassmann even functional, and #¢ and 07 have opposite Grass-
mann signature, it follows from (12.4) that

5(r)5H 5(l)5H 5(r)5H 5(l)5H

56; o0t~ o6C o6

10This is the BRST variation as it is usually defined in the literature. The corresponding
infinitesimal transformations are obtained by multiplying this expression by a global infinites-
imal Grassmann valued parameter e from the right. This is equivalent to the BRST variation
ogf = e{Qp, f}€ introduced in chapter 11, where e is multiplying the expression from the
left.
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Hence (12.29) takes the simpler form

(SH,SH):2/dt S0 55 () (12.30)

Let us now decompose (12.26) as follows:

S = Sulf] + Al0,0"]

where
Sp = /dt (4'pi +7*Pa — Hs(q,p,n, P))

is the BRST invariant action, and
A= /dt 0;{0°,Qp} = /dt 0;50° .
Hence (12.30) is given by

(Sh, Sx) = / dt ngf (1)

_2/dt [5925% ‘t) + 29;(A) 50°(t )} .

The first integral vanishes since Sp is BRST invariant. The second integral is
just the BRST variation of A, with respect to 6,

/dt 0;5{0°, Q) = /dt 0;{{0",Qs},Qs} ,

which, upon making use of the Jacobi identity, vanishes because of the nilpo-
tency of @p.

We have thus shown that the BRST invariance of S and the nilpotency
of Qp imply that the action Sp, considered as a function of the fields and
antifields, satisfies the Hamiltonian master equation (12.28). For this to be the
case, the linear dependence of Sy on the antifields has played an important
role.

S can be regarded as the generator of a symmetry of the antifield-action
in the antibracket sense. Indeed, from (12.26) and (12.27), we have

5(1)5H

—_ [pt

(6%, Sy) =

It thus follows, in particular, that the BRST invariant unitarized (gauge-fixed)

action 5T
H
Syl0] = Sulb, W]
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satisfies

(Svu,Su)=0.

Hence Sy is invariant under transformations generated by Sy in the antibracket
sense. Extending the variation (12.31) to include the antifields, we define a
general variation induced by Sy on a functional f of #¢ and 07 by

Sf=(fSn) . (12.32)

In particular we have that
507 = (07, Sn) - (12.33)

From (12.32) and (12.28) we then conclude that the complete set of transfor-
mations are also a symmetry of Sy.

Example

Consider again our quantum mechanical model defined by the action (12.18),
with primary and secondary first class constraints ¢ = py, and T' = x — p,,
respectively. The BRST charge is given by

Qs =Gan =pyn' + (z —p)n” .
From (12.21) and (12.22) we then obtain !
{0, Qs} = —a™” +y*n' — pin® = Pipy = Pi(z — pa).

Hence Sy in (12.26) takes the form

Lo S e e
Su = / d (5[(1%% — @pa) + (py§ — yby)] + 0 PL+ 77 P2 — HB>
+/dt (—==*n* +y™n' — pin® — Pipy, — Ps(z —ps)) (12.34)

where
1

Hg = 5(p; = 2%) +n°P
is the BRST Hamiltonian. One now checks, making use of (12.5), that the

Hamiltonian master equation is satisfied. Indeed, as expected from similar

HRecall that {n?,Pp} = —54.
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considerations in earlier chapters, the kinetic part of the action (12.34) is found
to be invariant under the transformations (12.32):

\ vV
2 1
ST = —1n", sy=mn,

\
Spz =—1", Spy =0,

\2
st =0, s =0,

\V
sP1=—-py, SPa=p;—2x.

Explicitly one finds

v 1 . . . . s .95 1dQs

SH (5[(1%% — aps) + (Pyd — ypy)) + 7' P1+ n27>2) =5
The same is true for the last group of terms in (12.34), after making use of the
additional transformation laws

VS .

sPr=n",
}9/755:7.72_,’72a
\S/x*:pa:_x—’—,ﬁ;a

Vv .

Sy*:pya

V*__ . *
Spr___x+pw_P2a

Vo x . 75*
Spy =Y + 1>
following from (12.33). One finds

v = = dQs
S( — o’ +y*nt = pin® — Pipy — Pi(x —px)) =
as well as y
SHB =0.
One checks that the above transformation laws are nilpotent as expected. The
change in the action induced by the complete set of variations is thus given by

v 3 dQp
L L
s9 2/ dt

so that indeed (Sg, Sp) = 0. Hence (12.34) is a solution to the Hamiltonian
master equation.
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12.3.2 Transition to configuration space

We now come to the second part of our program mentioned at the end of sec-
tion 1, i.e., establishing the Lagrangian counterpart to the Hamiltonian master
equation (12.28). We expect that the Lagrangian BRST symmetry is again
generated by some nilpotent operator, and that the symmetry transformations
in configuration space are just the “pullbacks” of the BRST transformations in
phase space.

Consider the FV phase space partition function (11.103) associated with
the action (12.25) in a fixed gauge, with the star-variables given by (12.24),

_ _ ow 4
o= o [ o 1o(s - 42) (- 52)
it v v

(S\I/H — 5\I/H iS P g*.n*.P*
xH&(nZ——A)é(P*A——_A>el alamPs q* " Pr] (12.35)
W on 5P

where Sy is given by (12.26). As already pointed out, the transition to the
Lagrangian formulation cannot be effected in the general case. Assumptions
must be made, which, however, include many cases of physical interest. The
class of systems we shall consider are gauge theories of rank one with only
first class constraints, where each primary constraint gives rise to just one
secondary constraint. Hence the number of gauge identities, and therefore
also gauge parameters, equals the number of primaries (or secondaries). The
SU(N) Yang-Mills theory is of this type. Our example in section 5 of the
previous chapter has shown however, that this is not necessarily a “must”.

To keep the discussion as simple and transparent as possible, we will for the
moment consider systems with a finite number of degrees of freedom. Suppose
we are given the classical Hamiltonian H(g,p) and the first class constraints
G 4. The primary constraints we denote by ¢, ; they are assumed each to give
rise to just one secondary (first class) constraint 7,. In the following it is
convenient to define the latter in the strong sense by

{H,da} =Ts (secondary constraints) . (12.36)

For a gauge theory of rank one the BRST charge and Hamiltonian are given
by (see chapter 11)

1=
Qs =Gan* + §7DAU§CUBT]C (12.37)
and B )
Hg(q,p,n,P) = H(q,p) + n*V,"Ps , (12.38)

with G4 = {¢a, Tw} the first class constraints, and V&, U{} the corresponding
structure functions defined by (11.105).
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In order to make the transition to configuration space, which requires us to
perform all momentum integrations, we will make a number of assumptions,
which can however be sometimes relaxed in some explicit models:

i) The constraints G 4(¢,p) are at most linear in the momenta p;.

ii) Each primary constraint gives rise to a secondary constraint according

to (12.36), and the algebra of the secondaries T, with themselves and with H,
closes on itself,

{H,To} =h Ty, {Ta.Ts} = f15T, (12.39)

with structure functions which do not depend on the momenta p;. '2

iii) The “fermion gauge fixing functional” ¥y is independent of the mo-
menta p;, and the momenta P* and P, defined in (11.122); i.e.,

Uy = \I'H[q,c,é].

Note also that i) is not really a fundamental restriction, since we are allowed
to evaluate BRST invariant quantities in any gauge, i.e. for any choice of V.
Hence 4ii) is just a convenient choice of gauge.

An immediate consequence of the above choice for ¥y is that
pr=P:=P=0 (12.40)
and as a consequence of assumption ) we have from (12.38) that
Hp = H + P*P, + *h P .

We remark here that the P*P,-term, whose presence follows immediately from
the definition of the secondary constraints (12.36), is crucial for what follows.

The following assumption simplifies the presentation but is not essential.
We assume that the primary constraints are of the form '3

Ga =pa =0 ; (Oé:].,...,N),

and that the secondary constraints T;, are linear in the momenta, but do not
depend on the p,’s. This is the case if we choose H to be the canonical Hamil-
tonian evaluated on the primary surface. Then the constraints, Ty, defined in

12 As we have seen in chapter 11, the structure functions of the pure Maxwell and Yang-Mills
theories satisfy these requirements.

131f the Lagrangian depends linearly on the velocities ¢, then this can always be achieved
by a redefinition of variables.
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(12.36), do not depend on the p,’s, With this asumption, and the restrictions
i) above, the BRST charge (12.37) is given by

1 _
Qp = P%pg + T, + §f1ﬂpvcacﬂ . (12.41)

Furthermore, making use of the definitions (11.122), the partition function
(12.35) takes the explicit form

_ T T
Zy = / DqDpDeDeDPDP / Dg*De*De* [ [ 6 <cg — 55 A ) B (cm 9 1 )
CO(
a,t

0Cq

« ezfdt[q,i 3q' +casc +c*“scq]

)

where we have implemented (12.40), and where from (12.27) and (12.41) we
have that

§q% =P~ ,

4,0 aaTa

5¢% =c ,

I OPpa

1

Ao oY ,B

s¢% =—5fg,c7¢", (12.43)
§Ea = —Pa

Since with our above assumptions these expressions do not depend on p, and

P,, '* we can perform the integration over P, in (12.42). This yields a 0-
function which fixes P“ as a function of the coordinates and their time deriva-
tives (pull-back of the Legendre transformation):

P* — Dgyc? (12.44)

where B
Dgs(q) = 0500 + h°%(q)

and
BaB(Q) = hﬁa(Q) ) (12.45)

with h® defined in (12.39). Hence from (12.44) and (12.43)

8¢ = Dgsc’ . (12.46)

14Recall that T, was assumed to depend at most linearly on the momenta pg.
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After performing also the integration over the momenta p,, we are then left
with the following expression for the partition function in configuration space

o
zL —/HDpa/DchDc/Dq*DE*Dc H5< d H)
Sk (c M/H) X H5 ( — 5;6/}1) eiSelaedat.ehetipal (19 47)
a,t o

15

where
= * * =k . * = Vv (0% * Vv a * Vv (e
Srlg, e, ¢ q%, ¢, ¢ = /dt (L(q,q)—i—(q(l +Ca)Sq¥+q sq*+csc

— (@ = e (12.48)

and $0¢ is the “pullback” of 30’ to the configuration space level:

\gq(l — §q(l

$¢% = Dgyc? (12.49)
$¢% = 3¢ ,

V_ P

§Cq = 8Cq

L(q,q) is the classical Lagrangian. Let us now introduce the following “La-
grangian fermion gauge fixing functional”,

Uilged = Unlg,e,d — /dt Coi® | (12.50)

in accordance with our assumption that ¥z does not depend on the momenta.
Then (12.47) can be written in the form

v v

7L = / DB / DgDcDé / Dg*De*De [0 <q; - %q? ) ¢ <cg - %CL)
it v a,t @

< H(S ( 5\IJL> eifdtSL[q,c,E;q*,c*,é*;B] : (1251)

with

Slg,c,¢q*,c*,c; Bl = Sqlq] + /dt (quqi + c:;\s/co‘ + E*O‘Ba) . (12.52)

15The momentum pq in (12.48) plays the role of —Bq in (12.16). We have left it in this
form, in order to emphasize the meaning of the fields B, appearing in the literature.
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where we have now set p, = —B, in order to follow the notation in the liter-

ature, and where the antifields are now defined in terms of ¥y, as in (12.17):
16

* 5\I’L[Q9]
19@ - 519£ .

For a given functional W, [] this corresponds to fixing the gauge [Batalin 1981].
Note that from the structure of (12.52) it follows trivially that

(12.53)

5¢'=(¢',5), 5™ =(c,9),

where the bracket (f,g), with f and g functions of 8¢ and 6x,, is defined in
(12.3).

Upon carrying out the integrations over the antifields in (12.51), these be-
come fixed functions of ¢;, ¢®, and ¢,. Choosing ¥y in (12.50) to be

Uy = /dt caXx“(q), (12.54)

we have 5 5
ox dx .
* __ = * _ = =
Q(z - Cﬁ aqa ’ q()/ - Cﬂ aqa + coz I

* Q. __ iyes
ca—O, & =X —q ,

and finally obtain
Zy = / DB / DyDeDe ¢t J @ (L) =002 Do 4o (6 T} +(x"=4%) B |

Note that the B,’s are the Lagrange multipliers implementing the dynamical
gauge conditions,
q'(l - Xa =0 )

which involves the time derivative of ¢“.

Under the various assumptions stated above, we see that, analogous to the
Hamiltonian action Sy, the Lagrangian action (12.52) is a linear function of
the antifields and of the form (12.16). In general, the action may contain higher
orders in the antifields. Y

Notice that for the above class of gauges ¢, = 0, so that sc® does not
enter, and only knowledge of the symmetry of the classical action is required
for constructing the gauge fixed partition function ZZL.

The following example shows that the requirements i) and #) need not
necessarily be satisfied for obtaining the representation (12.51).

16We have also dispensed of a subscript “L” on S in order to follow the notation in the
literature.
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Ezample: The Nambu-Goto model revisited

In the following we reconsider the Nambu-Goto model of the bosonic string in
the form of the action given in (5.34) where, for convenience, we set A = \!

and pu = A%
l L2 n 1oy

As was seen in chapter 5, it is a first class theory with two primary and two
secondary constraints, of which one of the secondaries involves the phase space
momentum quadratically. Hence the model falls outside the class of models we
have considered so far. As we shall demonstrate, the unitarized Hamiltonian
nevertheless leads to a partition function in configuration space which is of the
BV form. 7

We denote the primary constraints by ¢, = 0 (o = 1,2). Then

L (a:172)a

where m, are the momenta conjugate to the fields \*. The two secondary
constraints read

1
Ty := §(p2—|—a:'2):0, Th:=p-2' =0,

where z# = 2#(o,7) and 2/ = dya*. In terms of these the canonical Hamilto-
nian on I'p reads (cf. (5.37))
Hy = / do AT,

which is a “zero” Hamiltonian, characteristic of reparametrization invariant
theories. The secondary constraints satisfy the closed algebra (see (5.36))

{T1(0),T1(0")} = Ta(0)0,6(0 — 0') — Ta(0")Dyi (0 — ') |
{T\(0),Ta(c")} = T1(0)0,6(0 — 0') — T (0")0y6(0 — ') |
{T2(0),Tx(c")} = T2(0)0,6(0 — 0') — Ta(0")Dyr (0 — o) .

This algebra can be written in the form (11.97),

(La(o). Talo")} = [ do” w0 07507 )T, ")

17Tn the following we adapt the notation to that of chapter 11.
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where
u? (o,0",0")=6(0" — 0)0y6(c — ') = 6(¢" — 0")Dsi6(0" — ),
uiy(o,0’,0") =8(0" — 0)0y6(0c — ') — 6(0” — 0")0s6(c" — o) (12.55)
u3y(0,0',0")=6(0" —0)0y6(c — ') — (0" —0")0,:6(c" — o),

with ud,(0/,0;0") = —ul,(0,0’;0"). The primary constraints have vanishing

Poisson brackets with all constraints.
The structure functions V defined in (11.100) can be read off from the
Poisson brackets written in the form

(Ho, 6o (o)} = / do 6,260 — o' YTu(o) , (12.56)

(Ho, Ta(0)} = / do v8(0, 0"\ Th(o") -

A simple calculation yields

{Ho, T} = —(MN'0,To 4 20, N Ty 4+ N20,T1 + 20,)°TY) ,
{Ho, To} = —(MN'0p Ty + 20, N T1 + N20, T + 20,\*T3) .

Hence

v g

" ") == (N(0)0s +20,X*(0)) 6(c — o)

(o, v3 (
2 (0,0") == (A\'(0)0s + 280)\1(0)) 5(oc—d').

o
(o (
Note, that the derivatives appearing in the structure functions do not reflect a
momentum dependence of the structure functions. Hence the structure func-

tions satisfy the restrictive conditions ii) of the last section. In fact, we have a
theory of rank one, and therefore have for the BRST charge (see (11.98)),

g,
g,

11 o
'[}12 , O .

1-
Qs :/ (Pa¢a + T, + §P7ulﬂcacﬂ>
= / do (Paﬂ'a + Ty + Pi(ct0,¢% + ?0,c') + Pa(ctO,ct + 028[702)) ,
where in the first expression the integral sign stands for a single or multiple
integral, as the case may be, and we have identified ¢, with 7, in the second

integral.
Assuming the Hamiltonian gauge fixing fermion to be of the form

Uy = /dodr CaX*(x, N) (12.57)
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we have that 7* = pX = ¢, = P* = P** = 0, and the unitarized Hamiltonian
(11.102) reads,

Hy :/da)\o‘Ta — /do [(0:X2c" — N20,¢" 4+ 0.\ ¢® + N0, Py
+ (0sA2¢% = X205 4+ 0p M ¢! — N0y ) P] + /da PP,
- / dofih b + NLEA® + 63, ] | (12.58)
where the star-variables have been defined in (12.24) in terms of the Hamil-

tonian gauge fixing fermion functional ¥y, and where we have for the BRST
transformations generated by @z,

srt = {a#,Qp} = c'pt + 20 " | (12.59)
5Cq = {EaaQB} = Tqa ,
and
4\ = po (12.60)

Note that we have made manifest the PP term arising from the Poisson bracket
(12.56). It plays a central role to get the transformation laws (12.60) for the
fields A® in configuration space. Indeed, performing the P, integration in the
functional integral,

7= / DaDpDADr / DeDeDPDP ¢ J dodrleptA*ma+ Pt Pa—Hu]
(12.61)
we are led to the delta functions,
S[P! — (9-c' — A20,¢! + 9, 0%ct — N0, c* + 0, \ c?)],
(5[P2 —(07¢% = N20,¢% 4 0, N2 c? — N O,ct + &7)\101)] .
Doing next the P* integrations we thus recover with (12.60) the transformation

laws (5.39) and (5.40), with o replaced by ¢” and p, identified with the
momentum canonically conjugate to z*:

Al = (<9Tc1 — N2t + 9,02t — MO, ? + 8(,/\102) ,

SN2 = (0,02 — X205 + 0,A2¢% — Ay + D,ANcY) (12.62)
Joining the A7, term in (12.61) to ¢**§¢, in (12.58), and making use of (12.60)
and $¢, = —m, one is then led to the partition function

Z:/Da:DpD)\DEDc eifd”dT['*‘P—A—;(P2+<T,2)—A2P*”’]

% ez’fdadT [o], 82" + (A5 +Ea)8A" — (" =A%) 74 .



246 Field-Antifield Quantization

Introducing the Lagrangian gauge fixing fermion

Uy, =Vygy —/dUdT Ca\® (1263)

where Uy is given by (12.57), the above partition function can be put into the
form

Z = / DaxDpDADm / DéDe ¢t J dodrlir=3r (42" ~Xipa']

5 eif dodr [z} 82" +N* XY —C" Y mq]

where the antifields, now labeled by an asterix, are computed with respect to
the Lagrangian gauge-fixing function.

We now assume y not to depend on 7, and the ghosts. The m-integration
then yields the delta function [], 6[A* — x®]. In order to perform the p inte-

gration one must take account of the p dependence of §z# (cf. eq. (12.59)).
One finds

2
7 = / DzDADcDe [] 6[A* — x“Je’

x,a=1
where

S = Sng + / dodr [z},82% + \550°]

and
2

Sk = ! [i(afxﬂ) - A—(&,x“)] + 2(dpat) (12.64)
Al A1

is the “pullback” of the z*-symmetry transformation for the Nambu-Goto ac-
tion, which in phase space is given by (12.59). Here we have made use of the
Grassmann character of the ghosts to set (¢')? = 0, in order to drop a term
quadratic in xy,. We conclude that we have recovered the BV form of the par-
tition function. This is remarkable, since this time the secondary constraint
T1 is quadratic in the momenta, and therefore falls outside of our asumptions
leading from the phase-space FV partition function to the final form (12.51) of
the BV partition function.

In order to make contact with the Faddeev-Popov method, we must perform
the remaining ghost integrations, taking account of the ghost dependence of
Ay and z7. Making use of (12.64) and (12.62) we can write

\Y \Y
* N * o _ = a B
T, s + AL s A _caMﬂc ,
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where M is calculated in the gauge (12.63). We leave it to the reader to write
down the explicit form for Mg. Our final result thus reads

2
Z:/Da:D/\ H S(AY — x®) det M en6
zr,a=1

where det M is the Faddeev-Popov determinant associated with the symmetry
transformations (12.62) and (12.64) in configurations space in the gauge A\* —
x(z,\) = 0.

Elevating the master equation to an axiomatic level, one can now seek
solutions also for models that do not satisfy our assumptions. In that case
higher order terms in the antifields may turn out to be present.

12.4 The Lagrangian master equation

In the previous section we have seen that on Hamiltonian level the action
(12.26) considered as a function of the phase space variables ¢, p, 7, P and their
“anti”-partners, satisfies the master equation (12.28), without any restrictions
on the structure functions V.2, U#, and fermion gauge fixing function .
This is a consequence of the linear dependence of the action (12.25) on the
antifields. Furthermore, the transformations of the phase space variables gen-
erated by the BRST charge left the gauge-fixed phase space action invariant,
irrespective of the choice of gauge fixing functional contained in a BRST exact
term.

In what follows we shall drop the subscript on S, in order to conform to the
notation in the literature. On the configuration space level we again consider
two types of actions: the field-antifield action S[¢,9*], where ¢ := (g, ¢, ¢), and
the gauged fixed action
oy
50

Motivated by our Hamiltonian analysis in the last section and the form of
the action (12.52), we are led to introduce the Lagrangian antibracket (12.3)
and the following variation of a functional F[¢, 9],

S,s[9] = S[V, (12.65)

SF = (F,S) . (12.66)

It then follows that the variation of S vanishes if S satisfies the master equation
(5,9)=0, (12.67)

which is the analog of (12.28). Furthermore it follows - after making use of the

Jacobi identity - that $is nilpotent, i.e.

Y= (F9),5) =0,
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Of particular interest are nilpotent transformations which leave the gauge
fized action (12.65) invariant. As we shall show below, they are given by

oS
Sg0t = (9°,8),y = (W) , (12.68)
L/ gf

where the subscrlpt “gf’ stands for “gauge fixed”; i.e. the bracket is to be
evaluated at ¥; = 8191’ . Since

(r)
Zq,fw]Z/dté LYyt

eq. (12.68) generalizes to

sufld] = (f,8)s - (12.69)

We next verify that S,y is indeed invariant under the transformations
(12.68), if S is a solution to the master equation.
Consider the case where f in (12.69) is given by Sg¢. Then

M8y (018
(Sys, S) z/dt 9<> .
sfr=)af 50t () \ovs(t) )
68y (808 +/dt’ 5(rg 5 /6w,
§0L(t)  \0vi(t) ) ¢ SUR(H) ) 45 00E(E) \OOk(t) )
Hence

s >5 W [ O0S

Now,

(12.70)
where -
o' oy,
o (0 = 550y (61%@')) (2
The second term on the rhs of (12.70) vanishes. The proof of this rests on the
Grassmann signature of 665* and 66198* , as well as on the property
K5t = (1)« KD (1) (12.72)

We thus finally arrive at the statement that

1
(Sgr:S)gf = 5(57 Sas - (12.73)
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Hence, if (S,5) = 0, then S, is invariant under the transformations (12.68).
The condition of BRST invariance of the gauge fixed action has thus been
translated into the classical master equation for the field-antifield action.

Note that if S[¢,9*] is a linear functional of the anti-fields, then the BRST
variations that leave the gauge fixed action invariant do not depend on the
choice of gauge (i.e. on ¥yp,).

We complete the above analysis by demonstrating that the operator \é\p
defined in (12.68), and more generally in (12.69), is nilpotent on shell, i.e., that

\éq,\éq, f[Y] = 0. To this effect consider a functional f[1J], depending only on the
¥¥’s. From (12.69) it follows that

gq/?f = ((f,9)g:5)gf -

The rhs is given by

s f rss
(£, 8)as, >f=/dt<w <6ﬂz)gf’s>gf'

Making use of

(XY, 9) =X(Y,5)+ (-1)*vY(X,9),
(see (12.5)), one verifies that

(r)
(. 8)0r:S)as = [ a1 (5508 ) (@O, Sur. S (1274

crege [ 68 s0Os
+/dt/dt’—1”z( - ) h t,t’( " ) ;
e ), 0 G ),

5 5 f
)= s (5 )

hgk(t,t/) = (—1)6’9k6’95hk4(t/,t) .

where

and

Making use of this symmetry one finds, after some algebra, that the second
term on the rhs of (12.74) vanishes, so that

V2 () V2
T = (S8 = [ (F) Vv (1275

v2
It therefore remains to be shown that sg9¢ = 0.
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Consider the double bracket ((9,9),f,5)ys. We evidently have

2 s g
\‘é‘yﬁZZ((ﬁ S)gf7S) f= (( 519*) ’S>
gf

- [ sy (57),,| ),

Noting that (5;9)*3) ; depends on ¥ also implicitly through the gauge fixing,
£’y

this expression can also be written in the form
V2 §) FIOKS sOg
9= [ at 12.
o= [ (55 (619* ) <6ﬂz<t>)]gf (1276)
it s /shg 5 Sy, s
t ' .
[ o |Gz () o () (s ),
Next we rewrite the W dependent term using the identity
6 S, ¢ §ns 5 g 5 50y,
= . 12.
JU+’ ( A ) /dt <619* )gf YA <619’“(t)> (12.77)
After some rearrangements of factors and functional derivatives, we obtain
ol () (58, - B (52)
Jok JUk’ 05 (t) of JU+’ A of '

Inserting this expression into (12.76) one finds after some further manipulations
that,

Sa 00 = (0%, (S, 5))gf+§k:(_1)wk / dt [(532()@ (5;;45 )> @ﬂ)ks(i{)}gf '

(12.78)

. . . v2
Hence, if S is a solution to the master equation, then $49¥¢ = 0 on the mass

659"[ = 0. From (12.75) it follows that the same applies to

shell, i.e. when
v 2
Sy f[ﬂ]-

The main task in constructing a gauge fixed BRST invariant action thus
consists in obtaining a solution to the classical master equation. In practice
this solution is generated iteratively by making the ansatz

S[9,9*] = Sald] + Ar[¥, 9]
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and expanding Ay, in powers of the 9¥*’s and ¥} ’s, subject to the condition that
it has even Grassmann parity and vanishing ghost number. Let us examine
under what conditions the solution is of the above form with

Ap[9,9*] = /dt 95 (0%, S) .

We have

OYIY MA;
(S,5) = 2/dt [(Zﬁfigc)l st (t) + fSW(A)L 50°(t)

with $9¢ the pullback of §9¢ in phase space. The first term on the rhs vanishes
since S, is BRST invariant. The second term can be written as ((19¢,9), S)
provided S is linear in the antifields, in which case it reduces to 3((¥, (S, 5)))
after use of Jacob’s identity. Hence (S, S) = 0 is a solution in this case. Notice
however that contrary to the case of phase-space discussed before, the condition
of “linearity” is not guaranteed.

Ezxample: The Yang-Mills theory

The SU(3) Yang-Mills theory is an example satisfying all the assumptions i)
- ii1) made in the previous section. Hence we can immediately translate the
partition function (12.51) to the case of the Yang-Mills theory:

e om0 ) 1 -5

1,a,T

—xa 5\IIL iS[A,c,c;A* ,c*,c*;B]
Xg5<c*(x)_m>e c,c c*,c ’

where
4 1 wY mha axV o «V a —*a
S=[du _ZF“ Fi, + A sAR +cqsc® + B, | . (12.79)

Notice that there is no é-term, which, as we have already pointed out, only
makes its appearance through the choice of fermion gauge fixing function. The

variations gAﬁ are determined by the symmetry of the classical action,

SAP =DH | (12.80)

where D", is the covariant derivative (11.78). This is also evident from our

analysis in the previous section. Less evident is the variation sc®. Its variation
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is the analog in (12.43) with fg replaced by the structure constants of SU(3).
Thus '8

$co = —%fabccbcc , (12.81)
and, as always,
$B,=0. (12.82)
Inserting these expressions in (12.79) one is led to
S = /d4 FSV Fr + A*“D" — —fabcc*cbc”—kc*“B ) (12.83)

One explicitly checks that this action satisfies the master equation.

Note that the non-abelian structure of the YM-theory has induced a term
bilinear in the ghost fields, carrying vanishing Grassmann parity and ghost
number. This term will not contribute in gauges where ¥j, (carrying ghost
number —1) depends linearly on the Grassmann valued variables, and therefore
linearly on the antighosts ¢®.

Next consider the gauge fixed action. The Lorentz gauge J,A4% = 0 is
evidently implemented by choosing for our Lagrangian “gauge fixing fermion”
the following expression, linear in ¢,,

v, = / 0 o, (2)0P A% (z)

The star-variables are then fixed as functions of A#, ¢* and ¢&,:

At this stage the antighosts have made their appearance, while the ghosts ¢ are
already present before having fixed the gauge. One is then led to the familiar
Faddeev-Popov result (11.79) for the partition function in the Lorentz gauge.

The so-called “a-gauges” of 't Hooft are realized by the following choice of
\I/LZ

/dxc (" 4s(0) — 2B°()) -

The gauge fixed YM-action then takes the form:

LV a = L o a L a a
a_/d“ ( —FIVF —8ﬂcaD;bcb—(§B -0t AM)B> .

18Recall from our analysis in the previous section that variations of configuration space

_ v
variables that do not depend on the momenta 7¢, P% and P, translate directly into s-
variations in the field-antifield action.
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This action is again invariant under the above mentioned transformations. But
by integrating out the “Nakanishi-Lautrup field” B®, the gauge fixed partition
function becomes

= / DADéEDc ¢S« |
where
Sy = / dz ( —FIF%, — (0uta)Dlyc + o (8“A“) ) :

This action is invariant under the BRST variations

vV
nwo__ /L b
sAL =D ¢,

Vo oa b c
sc :__fabccc ’
2

v 1
- L a
scaz—a(a‘ A%

which exhibit explicitly a gauge dependence through the parameter a.

12.5 The quantum master equation

In chapter 11 we have shown that the phase-space partition function of Fradkin
and Vilkovisky is independent of the fermion gauge fixing function. This par-
tition function was our starting point in section 3 for making the transition to
configuration space. Hence the configuration space partition function (12.51)
we arrived at should formally also exhibit this independence. It must however
be kept in mind that this partition function was derived under a number of
restrictive conditions, and in particular for a restricted class of fermion gauge
fixing functions. As we now show, taking the independence of the partition
function on the fermion gauge fixing function as our fundamental principle, we
arrive in general at a modified (quantum) master equation.

For the sake of clarity we shall compactify our notation in the remaining
part of this chapter. Any index labeling a field will be understood to include
also the time variable. Thus ¢,(t) will be simply denoted by ¢, and

Z/dmz ;/dt/dm;

Let us write the partition function (12.51) in the compact form (we drop from
here on the superscript L on Zlﬁ)

Zw_/DﬁDﬁ*H5<q9€ ‘iWL) Wl:/meﬁwww], (12.84)



254 Field-Antifield Quantization

where the gauge fixed action is given by

o
Wyl =W |9, —=| . (12.85)
09
We have replaced S by W in anticipation of new results, and have introduced
Planck’s constant in order to keep track of quantum effects. Consider an in-

finitesimal change ¥ — U + AVU;. Recalling (12.4) we then have

i SMAWL (60w
Z — Zy ™~ — DY n W
vhas &y n;/ ( 59" )( 59 >f ’

or )
Awa = Z@H‘A@D — Zw ~ %/D’L? G%W’J’(A\I/L,W)gf . (1286)
Making use of 19
S5 5(g 5 f
° (fg) = —1yevees LT 12.

and of the fact that AW has Grassmann parity e = 1, we obtain for the change
in the partition function, after a partial integration,

i (§OW,\ [(6OW 6t /5w ;
() (5, (), )
h 09 09} of 09 00} of

where we have made use of the fact that W, does not depend on the antifields.
Defining the action of A on W by

- 5 rsOW
AW = %: <5 <W)gf , (12.88)

Important relations between partial derivatives used here and in the following are:
s s
e =L
0 69
§(r) §(Mg 5§
P 1 9€0p, —__ 4
spe 9 = f(WJr( )
5 1) NOF IO
F(f(9) = =
0t of
(T) M p s
5_ ) P §
59t 5f vt

NI Hyer &)
59t \ 59k =1 29¢ 619’“

where in the last equation we have made use of the fact that eay

ApZy=—~ /DﬁA\IJL
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we conclude that if Z,; is not to depend on ¥ (gauge independence), then
W(4¥,9*) must be a solution to

PhAW = (W, W), (12.89)
This is not yet the “quantum master equation” in the form given in the liter-

ature. In fact the lhs of (12.89), as well as the rhs can be further simplified.
Consider first the lhs:

s /5w s rsOWw s sOW "

cas T ax - Y2 T + K/

st < 7y > f st ( 09 > ~ 6197, ( 09 > e ’
g 4 gf

where the matrix K é,r e) has been defined in (12.71), with the symmetry property
(12.72). Hence

- . 5 /5 N
AW = Z(_l)‘ﬁﬁ_lw <5192 W) = [AOPW'FZAg’l?Klg’Z)]gf (12.90)
Vi af N

where

5 5
— €, 1
Aop = E (—1)coct 507 30 (12.91)
¢

and

s /5
A(,T) — (-1 €9, +1 -
ee =S Ga' )

with the symmetry property
AL) = —(=1)e0 AL) (12.92)

Because of the symmetry properties (12.72) and (12.92), the sum on the rhs of
(12.90) vanishes, so that

AW = (AgyW)gs. (12.93)
Finally let us rewrite the rhs of (12.89). It can be written in the form

sWy, sOW
(Ww’ W)gf = Z ( 59° ) ( 5192 >
¢ af

MW sOwN oW 5w
:ZK 507 ) +Z(619* ) W(&ﬁ;)
¢ 9f e/ gf

0

()
007 ) ¢ ’
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or after taking proper account of the phases,

(W¢,W)gf_§z|:( 59¢ >< 507 )_( v >< 69* )]gf

14

SOW SOW
—_1)ev,+1 (r)
*Z{( Y ( 57} )K” ( 59; )]f

Y74
that is
1 1 corton Footry —(r o
(W W)as = 5(W. W)y + 5 3 (=1) 1% [K}}Bé} +K§4,)Béz,)} (12.94)
Y74
where

SIWw SIW
Byrp = (1) T1 :
ee=(-1) (5192/) (5192>
gf af

Making use of the symmetry property (12.72), and of
BY) = —(=1)w BY) |

one then finds that the sum on the rhs of (12.94) vanishes. Hence, analogous
to (12.73), we have

(W, W)as = 5 (W, W)y (12.95)

Since the gauge fixing function is arbitrary, this leaves us with the quantum
master equation written in form:

1
ihAgW = 3 (W, W), (12.96)

where A,, has been defined in (12.91).
Equation (12.96) must hold if we are dealing with a true gauge theory on
quantum level. It is frequently written also in the equivalent form

Aopeﬁw =0.

12.5.1 An alternative derivation of the quantum
master equation

It is instructive to derive the quantum master equation in an alternative way.
Consider the infinitesimal variable transformation

~ 1
0 =0t =9+ ﬁ(ﬁf, W), AU, (12.97)
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where AV is in general a global Grassmann valued functional of the fields,
independent of (space) time. If AU did not depend on the fields, and if
(W, W) = 0, then (12.97) would be a BRST transformation on Lagrangian
level. 20 Consider the identity

zw:/péef-iww[ﬁl
_ / DO J[9) eAWelo+ @O0, a01] (12.98)

where J[¥] is the Jacobian of the transformation (12.97). To calculate the
Jacobian we must compute the determinant of the matrix 2!

1O
vk

1
o+ ﬁAﬁ

with

o0 5Ow sOW SAT

Y €9, €Eg* L

kT 5ok (W) AU+ (=1) "% ( 50* ) SOk
£ af L 9f

where we have made use of (12.4). For A{ infinitesimal, the determinant is
given by
det(l1+A)~1+TrA.

Taking into account that for bosons (fermions) the Jacobian is given by the
determinant (inverse determinant) of (1 + A), 22 we conclude that

1 s sOw SOWYN  §AT,
123 e | (220) A
TS+ 73 (1) [w ( 503 ) “L( 503 ) 507
14 gf 9f

1 8 5OW SAY, (§OW
SPIEL o Lyl YN
+hzléﬂf < 507 ) LT ( 507 >
‘ t 7/ gf t 7/ gf

20The following argumentation does not depend on whether the quantum theory is anoma-
lous or not.

21Recall that the “time” has been absorbed into the “discrete” indices labeling the fields.

22 A simple argument demonstrates this. Consider in particular the case of one variable:

v =bv.

/dUIU/:/JdU(bU).

Using the Grassmann rules for integration, we conclude that J = 1/b. Note that Tr A includes
the integration over time.

Hence
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or

J[9] ~ (1 n % [(AW)A\I/L (AT, W)ng , (12.99)

where we have used the Grassmann nature of AUy, as well as (12.4) in order
to eliminate the phase (—1)¢.

Note that for AWy, — ¢, (AU, W) =0, and J[0] ~ 1 + (AW )e. Hence a
non-invariance of the functional measure under BRST transformations is tied
to a non-vanishing AW, or (A,,W)y;.

Inserting the Jacobian (12.99) into the rhs of (12.98), one is led to first
order in AW to the identity

) 1 ~
/Dﬁesz[ﬂ]ﬁ |:(AopW_(Ww7W)) fA\I/L_(A\I’L;W)gf ~0.
g

Accordng to (12.86) the last contribution in this expression is nothing but
1Ay Zy. We therefore conclude that if AyZy = 0, ie., if Zy is not to depend
on the gauge fixing function, then equation (12.89) must hold. The remaining
steps leading to (12.96) are just as described before.

From (12.99) we also notice, that if (AW, W)er = iAyZy = 0, then a
violation of the classical master equation is connected with a non-invariance of
the integration measure under transformations of the form (12.97).

The presence of i in the quantum master equation signalizes that the vi-
olation of the classical master equation is of quantum nature, and suggests a
solution in the form of a power series in h. One is thus led to the Ansatz

W = S[0,0*] + Y WP My[0,0%] . (12.100)
P

Substituting this expression into the quantum master equation (12.96), and
comparing powers in /i, one arrives at an (infinite) set of coupled equations:

(5,9)=0,
(My, S) = i, 8, (12.101)

. 1,
(Mp, S) = ilopMp—1 — 5252%(Mq, My—g), p>2.

The first equation states that the “classical” contribution S[i¥,9*] is classically
BRST invariant, with S the generator of BRST transformations.

Batalin and Vilkovisky have shown that the classical master equation always
has a solution. If on the other hand one cannot find a local solution to the
coupled set of equations above, this signalizes the existence of a gauge anomaly
[Troost 1990]. We shall say more about this in section 6.
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12.5.2 Gauge invariant correlation functions

Let us now turn to the condition which correlation functions must satisfy in or-
der to be independent of the choice of the gauge fixing fermion ¥y. Within the
field-antifield formalism correlation functions are computed from the following
integral

<X >y= /D19D19* IR (192 - 5—L> X[9,9*]erWIO0]
4

501
:/DﬁXw[ﬂ]e%WwW] , (12.102)
where 50,
Xyld) = X[, 5]

The change in < X >y induced by ¥, — Uy + AWV is given by

<X >ytayp — < X >y= /Dﬁ |:AwX¢ + 1X¢AwW¢:| e%W“’

h
where, generically, Fy[0] = F[0, g’e ], and
_ 5(\I/L + A\I’L) ovy,
Awa—vaT] _F[ﬁaa—ﬁ]

B (5(T>F) <6A\I/L>
= - -
595 ), \ 00

Note that we have expressed the changes Ay Xy and Ay W, in terms of right
derivatives. This turns out to be convenient. After performing a partial inte-
gration, making use of (12.87), one obtains

s | f6MX
_ — _ 9, +1
<X >yprayp —< X >y /Dﬁ( 1)“oe S5t [( 507 > AV,
5 sMWw
DyY(—1)et? Xy —— Wl AWy,
/ C ot l 1”( 50; )gfer L

In carrying out the following partial differentiations, the reader should remem-
ber, when applying the Grassmann differentiation rules, that all the above
derivatives operate from the right. One then readily finds that

<X>1/;+A1/1 —-< X >p= /Dﬁ AV, |:X¢, (AW-F %(Ww,W)gf)] C%W"’

~ ) i
+ /Dﬁ AV [AX+ 7 (X, Wy) + (Xw,W))gf] en W (12.103)
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where A is defined in (12.88). Hence the t-independence of a correlator X
requires that

AW + h(Ww,W)gf =0,

AX + %[(X, Wy) + (Xy, W))yr =0 (12.104)

These expressions can be further simplified. Consider the rhs of (12.104).
§IX §IXN 60 6wy sOW
X = — - ) — | == -
(X, Wgs Zl( 59° )‘Lz(wz)wé(&?k) ( 595 )
L k gf 9f
and

s X sOW sO 16w\ (0OW
(X, Wy )os Z((w*)fl( 5195)+§k:W(619’“)(519;)

L

gf

Hence

s X . . SOW
[(X¢5W)+(X7 Wl/))]gf = | (X, W)gf + Z ( SU* ) [Klgé) B Klgé)] ( 59% )
Lk k ¢
' 9f

where K,EZ) has been defined in (12.71) and

O 75w
w_9 L
Kl = 5g% (w ) '

But Kli;) = K,il’e). Hence
[(XUH W) + (X7 Ww)]gf = (X7 W)gf :

This also holds for X replaced by any other function F. Condition (12.104) on
X (9, 9*) thus reduces to

AX + 2 (X, W)ys =
Now, we have seen that AF = (A,,F),s for arbitrary F(9,9*). Further-

more, the ¥y, of the “gf” surface ¥; — %‘5% = 0 is completely arbitrary. Hence

we conclude that the quantum field-antifield action W, and the “observables”
X (9, 9*) must be solutions to

AW+ (W, W) =0, Ap,X + (X, W) = (12.105)

2h h



12.6 The chiral Schwinger model 261

These are the conditions that X in (12.102) and W must satisfy in order to
yield an expectation value which does not depend on the gauge choice.

A bonafide (gauge invariant) operator X satisfying (12.105) is not trivial
to construct. Similarly as in the case of W, let us expand X in a power series
of h:

X =Xo+ ) hX,. (12.106)
q=1

Inserting this expression, as well as (12.100), into (12.105), one is led to the
following iterative sheme:

(X0,5)=0
(Xo, Ml) + (Xl, S) = iAopXo (12.107)
p—1
Z(XWMP*Q) + (X07Mp) + (X;D’ S) :iAopofl i p>2.
q=1

This concludes the very detailed proofs of results usually just stated in the
literature.

The following example is meant to provide some insight into the significance
and role of the quantum master equation, and its solution.

12.6 Anomalous gauge theories. The chiral
Schwinger model

The field-antifield formalism discussed above was applied to Lagrangians with
a local symmetry, and whose quantum partition function also respects this
symmetry. Anomalous gauge theories, where the gauge invariance is broken on
quantum level, do a priori not fall into this class. If the theory can however
be embedded on quantum level into a gauge theory, then the field-antifield
formalism can again be applied to this embedded theory. If there exists a
gauge in which the partition function of the embedded formulation reduces to
that of the anomalous theory, then gauge invariant observables can be set into
one to one correspondence with the observables of the anomalous theory.

In the following we do not embarque on a general discussion of anomalous
gauge theories within the BV framework, since it falls outside the scope of
this book. For an elaborate discussion of this subject we refer the reader to
[Troost 1990], [De Jonghe 1993] and [Gomis 1993/94/95]. Here we merely
use the chiral Schwinger model (CSM) as a toy model in order to get some
insight into the problem. The starting point for our analysis will be a gauge
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invariant embedded version thereof. According to our discussion carried out
in the previous sections, we should find that, irrespective of the embedding
procedure, the corresponding field-antifield action is a solution to the quantum
master equation.

In the following we shall consider two embedded formulations of the chiral
Schwinger model. In the approach to be discussed first, the partition function of
the embedded theory is expressed in terms of the original fields and an auxiliary
bosonic field #(z). In this case, both, the functional integration measure and
the action are not invariant under local transformations, but the corresponding
partition function is. According to our discussion in section 12.5.1 the non-
invariance of the functional integration measure should manifest itself in a non-
vanishing contribution A,,W in (12.96). This contribution should be closely
connected to the gauge anomaly. In the second approach the fermionic action
is replaced by an equivalent bosonic action (bosonization). In this case the
corresponding gauge invariant partition function is expressed entirely in terms
of bosonic fields, and both, the measure and the embedded action are gauge
invariant. We now present the details.

The chiral Schwinger model (CSM) corresponds to electrodynamics of mass-
less fermions in 141 dimensions, in which only one of the chiralities of the

fermions couples to the gauge field. It is defined by the classical action 23
1 _
Sterm = /d% [—ZF"’”FW + " (0, + 2v/meA, PL) | | (12.108)
where 1
Pr, = 5(1 —5)

is the projector on the left hand modes. This action is invariant under the
(infinitesimal) chiral gauge transformation

SAR(z) = Lora()

S(z) = 2i/TPpi(z)a(z) | (12.109)

Sh(x) = —2iv/mY(z) Pra(x),

where Pr = %(1 + 75). This is not the case for the partition function,

Z= / DA* / Dty Dep e?Srerml Al (12.110)

23We set h = 1. The factor 2,/7 multiplying the charge e has been introduced in order to
conform to the conventions of chapter 15 of [Abdalla 2001]. For a comprehensive discussion
of the chiral Schwinger model and the material of this section we refer the reader to this
chapter.
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since the fermion functional integration measure is not invariant under this
transformation. In fact, under the chiral gauge transformation (12.109), the
measure transforms as follows [Abdalla 2001],

DDy — e’ el DDy | (12.111)
where a1[A, o] is the functional

a4, a] = /d2x B(a —1)ouadta+eA*((a —1)0, + Ou)a| ,  (12.112)
(éu = €,,0”, €01 = 1) with the following 1-cocycle property,

a[A+ éaﬁ,a—ﬁ] =o[A,a] —au[4, 5] . (12.113)

The parameter o in (12.112) is the Jackiw-Rajaraman parameter [Jackiw 1985],
reflecting an ambiguity in defining the fermionic measure. This non-invariance
of the fermionic measure becomes manifest upon performing the integration
over the fermion fields in (12.110). One finds

7 = /DA" WA [ A T F Y F (12.114)
where W) [A] = In det (i) + 2v/meAPL), and given by 24
ae? e? =1 ~
W4 = 2 /d% AnA, - 5//14”(8” F8)50" + )4, (12115)

Note that this expression is non-local in the gauge fields and manifestly exhibits
the breaking of gauge invariance on quantum level. In fact, the gauge transform
of W[A] and oy are related by

WEA+ é@a] —WWHIA] = ay[A,q].

Since the partition function (12.114) is not gauge invariant, it does not admit
a BV representation. In order to apply the field-antifield formalism we shall
thus have to turn the theory first into a first class theory, by embedding the
system into an extended space involving an additional scalar field 6(z). The
transformation law (12.111) for the fermionic measure, and the cocycle property
(12.113), suggest the following form for the embedded action:

S TA 4, 1h,0] = Spepm + 1A, 0] (12.116)

ferm

24We use here a compact notation for the non-local second integral.
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The corresponding partition function
Zemb — / DADODY D eHSrermtarldo]) (12.117)

is invariant under the variations (12.109), together with
50 = —a . (12.118)

Indeed, the non-invariance of the fermionic measure in (12.111) is compensated
by the corresponding change in «4[A, 6], as seen from (12.113):

daq[A, 0] = —au[A, q] .

In the gauge 6§ = 0, (12.117) reduces to the anomalous partition function
(12.110) of interest.

The 6 dependent term «j[A, 6] in (12.116) is generally referred to as the
“Wess-Zumino action” for the abelian model in question. The introduction
of additional gauge degrees of freedom to arrive at a gauge invariant partition
function for anomalous gauge theories was first considered by Wess and Zumino
[Wess 1971], and further explored by Faddeev and Shatashvili [Faddeev 1986],
and by Harada and Tsutsui [Harada 1987]. Within the present context it was
also introduced in [Gomis 1994, Braga 1993] from more general point of views,
in order to obtain a local solution to the quantum master equation in the
extended space.

While the action and functional integration measure DD both break
the above gauge invariance, the partition function (12.117) does not. We are
therefore allowed to use a gauge- fixing procedure & la BV. Correspondingly we
write for the embedded gauge fixed field-antifield partition function,

Zeph = /DBD@DA/D@M/DEDC eWolAw.0.c06:B8] (19 119)
where

v v — V- v v
Wy = S;Zﬁ%+/d2x[‘4; sSAF Y s+ s +0* 50+ sc+ Be)gs -
As always we have included a term Bé* for gauge fixing purposes.

The explicit form for the gauge fixed expression is obtained by choosing a
“fermion gauge fixing function”, ¥;”, and gauge fixing the antifields according
to

YO T PR 7
nTSAR 50 0 ¢ T e
R 27 R | 77

¢()¢_ 51/Ja I woz - 5,[;& ) c = (SC .
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Since the classical Lagrangian describes a rank-one theory with an abelian

gauge structure, we expect that Sc= 0, and that the remaining BRST transfor-
mations are completely determined by the symmetry transformations (12.109)
and (12.118). Hence

Wy = S;Zﬁ?n + / d’z [A;éé)”’c—i— 2i\/mY* Pripe — 2in/Tp Ppip*c — 0% c+ Be* g5

(12.120)
Note that in the gauge § = 0, corresponding to the choice U, = [d?z &
of the gauge fixing fermion, A*,1)*,+* and c¢* vanish, while #* = ¢. Since
[ DéDc exp{—i [ d*z &(x)c(x)} is just a constant, we thus recover in this gauge
the original partition function (12.110).

12.6.1 Quantum Master equation and the anomaly

Consider now the antibracket (W, W), where W is the non-gauge fixed field-
antifield action in the embedding space.

1 _

W = S;’e’ﬁ:ﬂ + /d2x [A% =0"c + 2iy/mp* Ppipe — 2in/m Pry)*c — 0*c 4+ Be'] .
e

For (W, W) one finds after a partial integration, that

%(W, W) = / (20T, PLode + ((a — 12,0 + 8,000

- 2\/7_”;7HPL8/L WC) - 2\/7_71z7MPLC811w
+ 2iempy" P A, (c) + 2iemipy* Pr A, pe

+(a— 100+ e((a — 19" A, + 5MA/‘)]C} :
Noting that 8”5H = 0, one obtains
%(W, W) = e / P ow)[(a — 1)0" + 5] A(x) .
Comparing this with (12.96) we are led to the identification (presently, i = 1)
iAW = /d% c(z)A(z) (12.121)

where A is the so-called consistent anomaly,

A(z) = e[(a —1)d, + 8, A*(x), (12.122)
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which expresses the failure of the covariant conservation of the chiral current.
Opdep () = Al).

The computation of the singular lhs of (12.121) is actually ambiguous, and
leads to various forms of the anomaly, depending on the regularization proce-
dure [Braga 1991]. The consensus is however, that it should be given by the
consistent anomaly. Hence, as expected, the field-antifield partition function
of the embedded CSM satisfies the quantum master equation, although neither
the embedded action (12.120), nor the measure are gauge invariant. This is
consistent with our analysis in section 5, which only demanded the partition
function not to depend on the choice of gauge.

As already pointed out, a non-vanishing A,,W is expected to be tied to
a non-invariance of the integration measure under BRST transformations. In-
deed, for a transformation of the form (12.97), with AU, a constant Grassmann
valued infinitesimal parameter €, the Jacobian in (12.99), written in exponential

form, becomes (for i = 1)
J =~ eerpW

or with (12.121),
J~ e—iefdzmc(fc)/l(m) .

Noting that for the Grassmann valued ¢ we have 0,,c0*c = 0, we see that this
Jacobian is in agreement with (12.111) upon setting a@ = ec. Hence neither
(W, W) nor A,,W vanish in the present case, while the quantum master equa-
tion is satisfied. Thus, in this embedded formulation, the anomaly of the CSM
manifests itself through a non-vanishing A,,W, i.e. a non-trivial Jacobian.

For the case where the gauge fixing fermion functional ¥, is independent of
0, we can perform the integration over 6 in (12.119), and are led to the gauge
fixed partition function

Z - / DADB / DwDZZDCDC ei(sfe%m'i’kll)

% ef d2x [A} L0V c+2i/Tp* Pripe—2iy/mh PRip* c+Be*]gf (12.123)
where
My = 62// (0= 1), + 3] A" [ ———) [(a = 1), + 5] A"
1 — 2 a i i (a—l)lj a v v
(12.124)

This partition function only involves the gauge potentials, fermion fields, ghosts
and corresponding antifields, but not the embedding 6 field. M; is closely
connected with «q[A, 6], the logarithm of the Jacobian associated with the
gauge non-invariance of the fermionic measure. Indeed, one checks that under
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the gauge transformation §A* = %8"’@, M; transforms as 6M; = —a3[A, a].
Note that M; is non-local in the fields.

Let us decompose the argument of the exponential in (12.123) in the form

W[A7/¢)71Z)7Ca 57 A*ad}*ad_}*aC*7é*] = S[AMZMZ%C, 57 A*ad}*ad_}*aC*7é*] + MI[A] )
(12.125)
where

1 -
S = Sterm + /dza:[A;ga”’c + 2i\/mp* Prabe — 2i/m) Prep*c + Be*]

satisfies the classical master equation (S, S) = 0. A simple computation shows
that

(M1, S) = e / P o(z) [(a— 1), + J,]A(x) . (12.126)

Furthermore, since M7 does not depend on the antifields, we have that
iAopS = iAW = /de c(x)A(z) ,

where A is the anomaly (12.122). Hence
(My,8) =iApS.

Recalling that an iterative solution to the quantum master equation is given
by (12.101), where only the first two equations are relevant in the present case,
since M7 does not depend on the antifields, we conclude that the field-antifield
action (12.125) is a solution to the quantum master equation in the original
configuration space, including the ghosts. In this space it is however non-local.
The absence of a local, but existence of a non-local solution to the quantum
master equation has been taken in the literature to be a signature for a true
anomaly, which cannot be eliminated by local counter terms [Troost 1990].

Note that in the computation of (Mj,S) from (12.124), gauge invariant
terms did not contribute. The solution to (12.126) is thus not unique. As was
observed by Batalin and Vilkovisky, we can always add gauge invariant terms
to M; without affecting this equation.

The operator A,, in (12.121) is a very singular operator. Its action on W
can be computed as a short distance limit using a Fujikawa [Fujikawa 1979] or
Pauli Villars regularization [Troost 1990]. With the knowledge of (12.121) one
could have proceeded directly by solving the quantum master equation. We
would have thereby arrived at the non-local solution (12.125), with M; given
by (12.124).
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Our above analysis has shown that in the presence of a gauge anomaly
the quantum master equation for the CSM has no local solution in the orig-
inal space of fields. A local solution of the quantum master equation could
however be obtained in an extended space; this solution involves the classical
(gauge invariant) action S¢; and a (non-gauge invariant) “Wess-Zumino action”
compensating the effects of the non-nvariance of the integration measure un-
der BRST transformations. This action was just the BFT embedded effective
quantum action.

Bosonized Chiral Schwinger model

It is interesting to compare the above embedded formulation of the CSM
with the embedded version of its bosonized formulation. In this formulation
the classical gauge invariance is of course again broken on quantum level, which
now manifests itself in the action only.

Let us begin with the bosonization step. 2> The factor WA appearing
in the partition function (12.114), with W) given by (12.115), can be rewritten
as a Gaussian integral over a scalar field ¢ (bosonization),

Z= / DADgeiSvosl 401 (12.127)
where Spos is now the local action [Jackiw 1985]

Shos[A / d2 F“”F,,u + = ae2A AP+ (8”(;5)2 + eAM (0, — ,)¢

(12.128)
The action (12.128) describes a second class constrained system [Girotti 1986],
reflecting the breaking of gauge invariance. Again, this system does not admit a
priori a BV representation of the partition function. In order to apply the field-
antifield formalism we shall thus have to turn it first into a first class system
by embedding it into an extended space, following either the BFT procedure
of chapter 7 (see section 15.4.4 of [Abdalla 2001]), or the procedure described
in chapter 14 of that reference). The result is the equivalent effective action

SEmP[A, ¢, 0] = Spos[A, ¢] + a1[A, 0], (12.129)

which replaces (12.116). A little bit of algebra shows that this action is invariant
under the extended gauge transformations

0A* (x) = é&,,,oz(a:), 0p(x) = —a(x), 60(x) =a(z). (12.130)

25For a more detailed study of the bosonized CSM see e.g. [Abdalla 2001].
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Thus after bosonization and BFT embedding, both - the action and functional
integration measure DAD@D@ - are invariant under the above transformation,
while in the embedded fermionic formulation both, the measure and action
separately broke the gauge symmetry of the partition function. We can thus
write for the corresponding bosonized (gauge fixed) BV partition function,

7= /DB/DAD(;SDG/DEDC WA B0.e.6 AT.070%.c" e Blys (12 13])

with .
W= Siztl4,0.60) + [ Paldi ot gre— e+ B,
€

where, in line with our discussion in section 2, we have included a term Bc*
required for gauge fixing purposes. The antifields are again expressed in terms
of the fields through functional derivatives of the “fermion gauge fixing func-
tional” ¥y. One readily checks that in this bosonized form, W satisfies the
quantum master equation, but also the classical master equation, (W, W) = 0,
which is consistent with A,,W = 0. The fields A,, ¢ in the second class for-
mulation correspond to the gauge invariants Aﬁ =A,+ %8,&, ¢! =¢—0in
the embedded formulation [Girotti 1989).

We therefore see that the existence of a quantum anomaly is not neces-
sarily signalized by a non vanishing A,,W. 26 Of course, by choosing the
gauge § = 0, corresponding to the gauge fixing functional ¥, = [d?z ¢f,
we return to the partition function (12.127), which violates gauge invariance
through the “classical” action. On the other hand, in the fermionic formulation
discussed before, the violation is of quantum nature, since it is linked to the
non-invariance of the fermionic measure, which is classically invariant. It is
here where the anomaly manifests itself directly in that Ay, W # 0.

It is interesting to see what happens if we integrate (12.131) over 6, assuming
the gauge fixing fermion not to depend on 6. The result is the partition function

Z= /DB/DAD¢/DEDC e WlAG.emAn,0%ch 2 Blys

where now

W =S + M;[A] (12.132)
with )
S = Shos + /d2x [Aﬁgﬁ”c — ¢*c+ Be¥]

and M; given by the non-local expression (12.124). A simple computation
shows that again (W,W) = 0, in accordance with the fact that A,,W in

26 That AopW = 0 in this case is of course expected from our analysis in section 12.5.1,
since the measure is now gauge invariant.
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(12.91) vanishes trivially, since W does not involve any terms bilinear in the
fields and corresponding antifields.

Let us summarize our findings. In both, the embedded fermionic and
bosonic gauge invariant formulations, the quantum master equation is satis-
fied. There exists however a feature which distinguishes the two cases. In the
bosonized case, where the action as well as integration measure are gauge in-
variant, Ay, W = 0 and the classical master equation holds. On the other hand,
in the embedded fermionic case, where both the measure and action are not
gauge invariant, the quantum master equation is satisfied with A,,W # 0, and
with Ay, W given in terms of an integral over the consistent anomaly. This,
in turn, is directly related to the non-invariance of the fermionic measure un-
der chiral transformations. Hence a vanishing or non-vanishing contribution
AopW to the quantum master equation does not tell us whether the theory has
a gauge anomaly or not. Common to both cases is however, that the solution
to the quantum master equation obtained after integrating out the auxiliary
embedding field in the partition function, is non-local. Also common to both
formulations is that the original action is modified by a Wess-Zumino term.
Both features are believed to be characteristic for theories, whose classical
gauge invariance is broken by quantum effects.



Appendix A

Local Symmetries and
Singular Lagrangians

In this appendix we recapitulate some well-known facts about how local sym-
metries are reflected in the existence of Ward identities and conservation laws.
We will say nothing about how these symmetries can actually be detected.
The following discussion is quite general, and involves only well-known facts.
The presentation follows closely a review given in [Costa 1988], based on the
pioneering work of Bergmann [Bergmann 1949]. Our main purpose is to show
that any theory with a local symmetry implies a singular Lagrangian in the
sense stated in chapter 2.

A.1 Local symmetry transformations

Let L(p,0p,&) be a Lagrangian density depending on a set of fields ¢(§) :=
{©A(€)} and their first field derivatives, Oy := {9,p}. Here ¢ stands for the

set {¢*} (u=1,---,r). The Euler-Lagrange equations of motion
oL oL
— 0, =0 Al
307~ 50,07) Ay

follow from the usual variational principle

55]g] = 6 /V T L(0(€),00(6),6) =0 .

EA =

where V' is a r-dimensional volume, and S denotes the variation of S due to
an arbitrary virtual displacement in the fields,

P(€) = ¢ (€) = (&) + 3™ (6) (A.2)
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subject to the boundary condition
530A|3V =0.

Since the variation does not involve a change in the £, it is also referred to
as a vertical variation. This variation commutes with the derivative operation:
00, — 0,0 = 0. The quantity E4 in (A.1) is the Euler derivative of L. If
the change in ¢ can be absorbed by a corresponding transformation of the
arguments £* of ¢, i.e., if

PO =), =819, (A.3)

then the transformation ¢(£) — $(€) is equivalent to a mere transformation of
the argument. A more general class of transformations of this type, which also
mixes the fields, are for instance rotations which are realized in the form

() =UBR)Y®(RTY),

(&) =UBR)YP(E) , £ =Re,

where R~! = RT and U4, is a unitary representation of the rotation group.
Consider now more general transformations,

{20} = {1}, £=£(9),

which may, or may not, be of the above type. If this transformation is invertible,
then there exists a Lagrangian £ = L(p(€), 0p(€), €) such that

/V &€ L(p(E), Dp(€),€) = / € £(3(8).05(6).6) . (A4)

\%4

If 6plpy = 0 implies 6p|5; = 0, then the variation of the rhs leads to the
equations of motion } }

oL ~ oL

8~A— © 5 ~A :Oa (A5)

¢ 9(0,p")

which are fully equivalent to (A.1). Such a transformation will in general change
the form of the equations of motion. If the form remains unchanged one speaks
of a symmetry-transformation. As seen from (A.5), a sufficient condition for
this to be the case is that the functional form of £ and L is the same. Then
the equality (A.4) implies that

dE -
J <8—§> L(@,05,8) — L(p,09,§) = O A", (A.6)
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where on the rhs 0, acts on &, including any implicit dependence of A on &
through the fields, and where J(9¢/0€) is the Jacobian for the transformation
of the measure drf — d"¢. For simplicity we have suppressed the argument 5
of the fields ¢. In the following we assume that the symmetry transformation
in question belongs to a continuous group of transformations connected to the
identity. In this case it is sufficient to consider infinitesimal transformations.

Let us introduce in addition to the virtual vertical displacement § defined
n (A.2), the following more general variation OF, which also includes a trans-
formation of the coordinates £ — £(§),

F(§) = F(§) = F(§) +0F(6) - (A7)
The two variations § and 0 are related by
OF(§) = 6F (&) + (0, F(€))6E".

In particular one has

3™ (€) = 6™ (€) + (9™ (€))0¢"
5(0,0™(€)) = 0.00™(€) + (9, 0,0™ (€))6¢” (A.8)

where we have made use of
00, — 0,0 = 0. (A.9)

On the other hand, the variation § does not commute with the partial deriva-
tives. Instead we have that

0(0up™) = 0u(69™) = (9,™) 806" . (A.10)
Since for an infinitesimal transformation connected to the identity

o
o¢v

~ 54 4 9,06"

one has for the Jacobian

oi
J <8_§> ~ 1+ 0,68" .

Hence for an infinitesimal symmetry transformation it follows from (A.6) that

(14 0u08") L + dp, 00 + 6(Dp), & + 66) — L(p, 09, &) = O, A", (A1)
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where the explicit form of A depends on the given Lagrangian. Expanded to
first order, (A.11) can be written in terms of d-variations in the form

YV a L 4 OL e
oL
L0 + 506 = 0,
or
A oL A
yn

Here 0, L denotes the derivative with respect to &, including the implicit &-
dependence of the fields p. Hence (A.12) takes the form

E4d0 +8,0p" =0 (A.13)
where
oL
Spt = LOEH + —=——dp" — AM | A.l4
P D0 ¢ (A.14)

and d¢p is defined, according to (A.7) and (A.8) in terms of the general variation
dby !
0p(&) = pH(E(E) — ¥ (&) = (Bup™(9)) 08"

with 6§ = é — ¢, We emphasize that (A.13) is an identity which holds for
arbitrary fields ¢ (€), if the variations 6¢* and §p? (€) are such that the action
is invariant. This is true for both, global and local symmetries.

A.2 Bianchi identities and singular Lagrangians

A well-known theory with a non-trivial local symmetry is the SU(N) Yang-
Mills theory, where an infinitesimal gauge transformation of the potentials Aj
(a the colour) has the form

1
AL — A%+ fapeASe” — ;8,,,6“

14

INote that it was important to write (A.11) in terms of §-variations in order to make use
of (A.9).
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Thus the variaton of the fields involves terms linear in the {-dependent param-
eters €% and their derivatives. We are thus led to consider local transformations
of the form
6€}L:X;L€l(€)7 lzla"'7Na
50" (€) = D' (&) + UMD, (€), A=1,---, Ny, (A.15)

which include the case of conformal primary fields. 2

5£}L:X?€l(£)7 l:]-a"'7Na
St (&) =/ () + U0, (€), A=1,---,N,. (A.16)

Correspondingly, A* and §p* will be of the form

AP =N (€) + B 0uE (&)
Spt = Gle (&) + 1" DL (€) - (A.17)
Here &7, \I'ZA“, Mgl B, A1 will in general be functions of ¢ and . Fur-

thermore, x} may depend on . Substituting (A.15) into (A.14) and compar-
ing powers in Je one is led to a relation among the above coefficient functions,

oL
=P B A18
M l 8(8}LQDB) l ( )

On the other hand, substituting (A.17) into (A.13) and comparing coefficients
of 00¢, one is led to the identities

TMEL 4 4+ 0,4 =0 (A.19)

with
nv

AW = —APH (A.20)
Note that on the space of solutions (E4 = 0) it follows from (A.19) that

Ji' =0, (on — shell) ,

or using (A.20),
Oujl' =0 (on — shell) .

Taking again account of the antisymmetry of v** in u and v, the identity (A.19)
leads to
8t = =0, (V" Ea) , (of f — shell). (A.21)

2For non-abelian SU(N) gauge transformations we have, with A — (a,u), | — b and
@A — Af, that @ — & = fapc AL and U — WPt = —Lgpgnv.
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Consider now a global transformation, i.e. with ¢’ independent of £&. Then
(A.13) becomes
(D Fa+ 0,5 =0.

Hence we conclude that
O Ep = 050" (A.22)

so that (A.21) takes the form
O Ea — 0,(V M EA) =0, (of f shell) . (A.23)
Equivalently, using (A.22), we have the conservation law
2,01 =0,
where
O = UM, + I

The identities (A.23) are known as the generalized Bianchi identities.

In the following we shall assume that £ is second order in the field deriva-
tives. Then the Bianchi identities (A.23) imply a singular Lagrangian in the
sense that the 4 = v = 0 component of the tensor

0?L

wo _
Was = 50,000(0,7P)

(A.24)

viewed as a matrix W (Hessian) with elements labeled by the pair (A, B), has
eigenvectors with vanishing eigenvalue. In particular the determinant of W%
vanishes. Indeed, it is not hard to see that, if the Lagrangian is of the form 3

]' v
L= SWEL()0up 0.9 = V(p) , (A.25)

then either ¥ = {U/%) or W) = {®{'}, appearing in the transformation

law (A.15) for the fields ¢*, are such eigenvectors. Thus consider the Euler
derivative (A.1). With (A.25) it has the form

oL owhy,

Eq= 2=
A Op4 ApC

0,0° 0" — WhTL(9)0,0,0" . (A.26)

Insert this expression in the Bianchi identity (A.23) and consider the terms
involving different products of field derivatives of different orders. Since (A.23)
is an identity, the corresponding coefficients, which are only functions of the

3Note that the contribution to £ involving Wg% is just the kinetic term.
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fields, must vanish. Consider the contribution proportional to 9,0, 0y, This
leads to the identities
vl =0 (A.27)

where the bracket denotes symmetrization. We thus have in particular that
owWe% =o0. (A.28)

From here it follows that unless the vectors 7" = {¥19} vanish for all /, there
exists at least one eigenvector of W with vanishing eigenvalue, implying a
singular matrix W3%. 1In this case the corresponding Lagrangian is said to
be “singular”, or “degenerate”. This matrix is just the Hessian introduced
in chapter 2, i.e. (2.2). On the other hand, suppose that (A.28) possesses
only the trivial solution W' = 0. Since this equation holds in an arbitrary
Lorentz frame, this implies that all \I/f“’s must vanish. Consequently, for a
non-trivial symmetry transformation (A.15), there must exist at least one [ for
which not all the components of <I>;4 (labeled by A) vanish. But by considering
the contribution to (A.23) proportional to the second derivatives in the fields
one is led to the identity ®7'W7 = 0, and in particular to

AWE%L =0. (A.29)

Hence, if \I!f“ = 0 for all A, p and [, then for a non-trivial symmetry trans-
formation of the fields, there exists at least one value of [ for which not all
components of ®;' (labeled by A) vanish. From (A.27) and (A.28) we there-
fore conclude that there exists at least one eigenvector of the Hessian matrix
W9% with vanishing eigenvalue. Thus if the action is invariant under a local
symmetry transformation of the fields, then this implies a singular Lagrangian
[Bergmann 1949]. This is the main statement we wanted to arrive at.
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The BRST Charge of Rank
One

In the following we prove that the BRST charge for theories of rank one is
given by (11.98). For simplicity of notation we set @z = Q. We now make the
ansatz

Q = QO + Z QBlmBn (Q7pa 77)7531 T ,ﬁBn ) (Bl)

with the “initial” condition
QO = WAGA ) (BQ)

where {G4 = 0} is the set of first class constraints. The coefficient functions
QB1Bn can depend on the coordinates g;, momenta p; and on the Grassmann
valued variables 7*. P4 and n* satisfy the graded Poisson algebra

{77A775A} = _6§

Since @ carries Grassmann signature and ghost number 1, the coefficient func-
tions QP1 "B will be polynomials of order O(n 4+ 1) in the n-variables. Hence
with

e(QB By =n 41 (mod2), gh(QP " Br)y=n+1

they will be of the form

By,---B, _ nBi---Bj, A An
QP = Qyyar, (@p)n e

The inital condition (B.2) ensures that the BRST symmetry transformations
implemented on the non-ghost variables are properly realized with the infinites-
imal parameters replaced by n?.
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Assume @) to be of rank one:
Q=CQo+ QA75A . (B.3)

Taking account of the fact that Qo (Q4) has Grassmann parity ¢ = 1 (e = 0)
we have for the graded Poisson bracket {Q, @},

{Q,Q} = ({Qo, Qo} +29*{Qo, Pa})
+2 ({Qo, @8} + Q* P4, O8}) P + Pa{Q*, QF}P5.

The above expression has been ordered in ascending powers of P. Each term
must vanish separately if @ is nilpotent. Making use of the expression for
Qo, and of the algebra of the constraints (11.97), one is led to the following
conditions for Q4:

i (0" Ufen® — QQA) Ga=0,
ah AN _
( 0,94} — QF % ) Pa=0, (B.4)

) Z {QA oBYPp =

(J>

From i) we immediately deduce that
A_ 1 poa ¢
Q" = PY Upen™ - (B.5)
Inserting this expression in i) we are led to the requirement

0?0 ({Ga, UBe} — USpUfe) = 0. (B.6)

That this equation is, in fact, identically satisfied, follows from the following
Jacobi identity:

J={Ga,{Gp,Gc}} + cycl. perm =0 . (B.7)
Thus making use of the algebra of constraints we have that
{Ga,U5-GpY + cycl. perm. of ABC =0,

or

({Ga,UBc} —UEcUR,) Gp + cycl. perm. of ABC =0 . (B.8)

Contracting this expression with n4n®n¢ and making use of the linear indepen-
dence of the constraint functions G4 we retrieve (B.6), which is thus satisfied
identically.
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From (B.8) we obtain two further useful expressions which will be needed
to show that i) holds. Thus contracting this expression with n” from the left
and 7 from the right one readily verifies that

{GA, UENCY = —2{Gen®,UBY — UL, UEnC — 20808, (B.9)
where .
Up =n°Udy . (B.10)
By further contracting the identity (B.9) with n from the left we obtain
{Gn, U0} = ~UL0UEN” (B.11)
where
Gn=Gan™ .

Finally we show that i) in (B.4) also holds identically.

We first note that because of the antisymmetry of the Poisson bracket in
{94, @B}, and the definition (B.5), the proof of i) is equivalent to show-
ing that . .
{Usn®,Usn"Y=0. (B.12)
Indeed, consider the following Jacobi identity
j = {UéBv {ch GD}} + {Gc, {GD, USB}} + {GDa {UéBa GC}} =0.

Contract this expression from the left with nZn5n“nP. This leads to

J={Ugn" {Gn,Gn}} +2{Gn,{Gn,Uzn"}} = 0. (B.13)

Note that { , } always stands for the graded Poisson bracket. Making use of
the algebra of constraints and of (B.11) this expression becomes

{U&n°, UBnPYGp + {080, GpYUENY — 2{Gn, TSN} = 0.
Making further use of (B.9) one then finds that
{Usn", USnP}Go+2U8gUEn P UnP +205UE URnP —2{Gn, UEn U5 = 0.
Because of (B.11) the last contribution reduces to —2U§ﬁgﬁgnc which can-

cels the third term. What concerns the second term, this contribution vanishes
because of the antisymmetry of U‘C4E in C' and E. Hence we conclude that

{Ufn", UpnPyGe =0,
which implies (B.12) because of the linear independence of the constraints.

Concluding, we have verified, that with @4 given by (B.5), all the conditions
(B.4) are satisfied. Hence (B.3) is a nilpotent operator.
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BRST Hamiltonian of Rank
One

In the following we construct the BRST Hamiltonian for a theory of rank one
and show that it is given by (11.101). As in the case of the BRST charge,
we make an ansatz in terms of polynomials in P4. Since Hp carries vanishing
Grassmann signature and ghost number, this ansatz is of the form

Hp=H + Z’HBI'”B“ (¢,p,m)Ps, -+ Ps, ,

where H either stands for the canonical Hamiltonian evaluated on the primary
surface I'p, or on the full constrained surface T', and where H 515~ are tensors
in the Grassmann valued n-variables,

“Ba _ pgBiBa .
HOv B = B (g o)t ot

carrying ghost number and Grassmann parity n. Assume Hp to be of rank
one: B
Hp=H + HAPA s
where
HA = HgnB .
Then the requirement that Hz be BRST invariant, i.e. {Q, Hg} = 0, with Q
given by (B.3), leads to the following equation
({Ha GA}UA - HAGA)
+({H, Q") — (M. Gpln® + 1P {Pp, Q") — (M, Pp} Q") Pa
- 753{7'[3, QA}75A =0.
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The expression is ordered in ascending powers of P. Hence we are led to the
following conditions:

i) {H,Galn* —H Ga=0,
i) ({H,Q") — {(H",Gp}n® + HP{Pp, Q") — {(H", Pp}QP) Pa =0,
iii)  Pa{H*, QPP =0. (C.1)
Making use of the algebra (11.100), condition %) immediately leads to
HA =nPVg . (C.2)

Consider now condition ). Written out explicitly, using (B.5) and (C.2), one
finds that

1
(50" {H, Ugctn® —n{Ve, Geln® —n“VEUppn®”

+ %Vé“UgDnCnD]PA =0. (C.3)
Consider further the following Jacobi identity
{Ga,{GB,H}} + cycl. perm. =0 .
Making use of the algebra of the constraints (11.97) one finds that
2P {VE, Gatn™ + 2P UGV + P {H, U + 0P URsVEn* = 0.

The left hand side of this identity is proportional to the quantity appearing
within brackets in (C.3). Hence we conclude that condition ) is satisfied
identically. This is not the case for condition iii) in (C.1). By inserting the
expressions (C.2) and (B.5) in (C.1), i) is seen to be equivalent to the require-
ment stated in theorem 2 in section 11.5.



Appendix D

The FV Principal Theorem

In this appendix we prove that the partition function

Zy = /Dwa ¢ fttlz dt [€'we—Hi(€w)—{¥.Q5})

(D.1)

where £ and w stand for the collection of coordinates and conjugate momenta,
including ghosts, does not depend on ¥(£,w), if the following conditions hold:

i) @p is a nilpotent operator carrying ghost number +1, i.e.,

{Q5,Qs}=0; gh(Qp) =1.

ii) Qg fulfills the boundary condition

ta
(55) el -0

iii) The Poisson bracket of Hp with Qg vanishes,

{Qp,Hp} =0.

Proof

Consider the partition function (D.1) and the change of variables

¢ =t =¢' +EQp, 'Y,

we — W = we + {QB,we},

(D.5)
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where € is an infinitesimal Grassmann valued functional of {¢‘} and {w,}:

¢, w] = —i/ ’ dr A¥(&(T),w(r)) . (D.6)

ty

Here A¥(£,w) is an arbitrary infinitesimal Grassmann valued function of the
coordinates and momenta with ghost number —1. Under this change of vari-
ables Zy remains unchanged. Furthermore, the argument of the exponential
in (D.1) remains invariant. Indeed, consider first the change in Hp induced by
(D.5). One readily verifies that

HB(£7(D) = HB(f,OJ) + E{QBa HB} + O(E2) .
The second term on the rhs vanishes because of (D.4), by assumption, so that
Hyp(€,&) = Hp(€,w) -

Consider next the BRST exact term in (D.1),

{0, Q5}(E @) = {¥,Q8} (¢ w) + €{Qs, {¥,Q5}} + OE) .

Again, the second term on the rhs vanishes because of (D.2) and the Jacobi
identity. Furthermore, if condition ii) holds, then the kinetic term contribution
to the action is also invariant under the transformations (D.5), as we have
already shown in chapter 11, since € does not depend on time. Hence we
conclude that the action in (D.1) is invariant under the transformation (D.5).
This is not the case for the integration measure, since € in (D.6) depends on the
coordinates and momenta, so that the transformation (D.5) is not canonical.
This is the crucial observation.

Let us compute the Jacobian of the (infinitesimal) transformation. To sim-
plify our expressions let us collect the coordinates £¢ and momenta wy at a fixed
time into a vector 7j(t):

ﬁ: (615' : '7§N7w17' : 'awN) .

Let us think for the moment of time to be discretized. For an infinitesimal
transformation of variables,

577£ = g{Qﬂ?ﬁ} 5

we then have

[Tdne=7"T]d. (D7)
£ £
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where “time” has now been absorbed into the label “¢”. For an infinitesimal
transformation with mixed bosonic and fermionic variables the “superjacobian”
J is given by !

5(1) 57713)

_]__|_Z fn ,

where 01p = 7jg — 1¢. or
. ONS
-1+ D [ Q. €9) + m(e{Q,ww] ,

since e¢, = €,,. Writing out the graded Poisson brackets, defined in (11.43),
and performing the differentiations, J takes the form,

[ W /600Q s0 /5MQ
To1r) e g () o ()]

g 5 g 5
+> (—1)% {—5 €070 | (g 22€0 Q]

e 5wy Swy o0&l

Making use of

0 15MQp 1) 80 /6MQg

s () =i, (e
we see that the first sum in the above expression for J vanishes. Since Q5 and
€ have both Grassmann signature —1, one then finds that

5@ e 5@ e
%1—5 —1)%¢ ¢ ~1— €} .
e Mk o R, rer| 1~ 002

Returning to continuous time, the Jacobian J for the transformation of the
functional measure in (D.1) is given by

to . [t2
le_'_/ dt{A\II,QB}zelftldt{A\p’QB},

t1

where we made use of the fact that {AV, Qp} = {Qp, AV}, since AV and Qp
are both Grassmann valued. Hence, upon making the change of variables (D.7)

1The phase in the sum takes into account that for fermions the Jacobian is actually the
inverse of the usual bosonic one. See also in this connection the comments in subsection 5.1
of chapter 12.



286 The FV Principal Theorem

in the measure, and making use of the invariance of Hg({,w) and the BRST
exact term, the partition function (D.1) takes the following form :

Iy = /DéDGJ eiifdt{A‘I’vQB}(f,@) @ifttf dt (€= Hp(£5)~{¥.Qs))

Combining the two exponentials we are thus left with the statement
Zy = Zviaw -

This completes the proof.



Appendix E

BRST Quantization of
SU (3) Yang-Mills Theory
in a-gauges

In this appendix we perform a BRST analysis of the SU(N) Yang-Mills theory,
analogous to that described in section 4 of chapter 11, by implementing the so-
called a-gauges. In contrast to the case discussed in that section, the a-gauges
cannot be realized as a single gauge condition on the fields. Nevertheless, the
phase space representation of the partition function can again be cast into the
form of (11.103) with Hy given by (11.104) together with (11.106).

Consider the following class of covariant gauge conditions:

oM A (x) = A"(x) = 0.

Following again the Faddeev-Popov procedure described in section 4 of chapter
11, we are led to the following form for the partition function,

Z = / DAT[8(0" Al (x) — A (a))e! | Velrea0 DI

where £ is given by (11.59). The trick, due to 't Hooft, consists in averaging

. 4, E .
this expression over A\*(x) with a Gaussian weight elf 4w o making use of
the fact that gauge invariant correlation functions (i.e., observables) do not
depend on A\*(z). One is then led to

Z= /DA i d's Los (E.1)
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with the gauge fixed Lagrangian density

a v 1 a _
Lop = —{FFL + 5o S04 AL — (0e)Diy, (E2)

where we have dropped an irrelevant four-divergence. Here DY, is the covariant
derivative defined in (11.65) and Fjj, the field strength tensor (11.60). The
partition function (E.1) describes an unconstrained system.

The Euler—Lagrange equations, corresponding to stationary points of the
action, read

" 1 v a v—
Dszlf’ + —8 (0 A%) — gfapc(0"C)cc =0

Oy (Dabc )=0, D! (d,e) =0, (E.3)

which now replace (11.82). Note that there is no equivalent equation to oMAj =
0. Note also that the Ag field has now been promoted to a dynamical (propagat-
ing) field. Although the Lagrangian (E.2) breaks the original gauge invariance,
the associated action still possesses a BRST symmetry. The corresponding
infinitesimal transformations of the fields read

(5BAZ = eDzbcb ,
55Ca = —¢ <6'A > , (E.4)

Q
opct = —e%fabccbcC .

The verification of the invariance of the action under this transformation in-
volves some tedious, but straightforward algebra, and makes use of the Jacobi
identity.

i) The BRST Charge in configuration space

We next obtain the conserved BRST charge which will generate the BRST
transformations in phase space. Following the same procedure as described in
section 4 of chapter 11, one finds that the conserved BRST current reads,

0-A°
T = FDbcb 4 2 f pe(01Cq )bt — < )Dg’bcb

!
Hence the corresponding conserved BRST-charge in configuration space is given
by
Qp = /d?’xjg = /d?’x <FOZDZbc - —(8 A“)DO cb—l— fabc(aoca)

(E.5)
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So far our discussion was carried out in configuration space. We next con-
struct the Hamiltonian and the phase space representation of the BRST charge.

it) Hamiltonian

To obtain the phase space version of (E.1) we first construct the BRST Hamil-
tonian from Lg¢ by a Legendre transformation. The canonical momenta con-
jugate to the fields A9, A?  ¢® and ¢, are given respectively by

@Ay, = FY
P, :aoca , P*=-D0%¢ . (E.6)
One then finds for the Hamiltonian
Hy = Hy + / Az [Py P — gfapePac’ Ay — (0" ALYl + (0520)Dlpc’]  (E.T)
where
Hy = /d x [27r07r0 + ;Wfﬂa + FZF{? ASD! b
is the canonical Hamiltonian.

i11) BRST charge in phase space

Consider the expression (E.5). Expressed in terms of the canonical variables
(E.6), it takes the form

Qs = /d3 DZ ) + 7y P — gfabcpacbc

One verifies that with (11.70) Qg can be written in the form (11.98). With
the generalized Poisson brackets defined by (11.43), one readily verifies that
{QB,QB} = 0, (or on operator level, the nilpotency of the BRST charge:

= 0). The BRST transformations of the fields written in Poisson bracket
form read

sAS ={Qp, AL} =D |
sct = {QB7 Ca} = _%fabccbcC 5 (ES)
—a 1 a
:{QB7C }:_ :_a(auAﬂ) )

where we have defined the operator s by (11.22). From (E.6) and (E.8) one
then finds that the corresponding variations in the momenta are given by

sty =0,
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a b d
ST =gfabd7fibc : o
3
SPa = —'Dabﬂ'i — gfadebC y
$P*=0.

These are symmetries of the Hamilton equations of motion (i.e., on shell sym-
metries).

iv) BRST form of the unitarizing Hamiltonian

One now verifies that the unitarizing Hamiltonian (E.7) can also be written in
the form

HU:H+/d3x (nAV14B7SB+{\Ij7QB}) ’

where H is either the canonical Hamiltonian Hy of the classical theory, evalu-
ated on the primary constrained surface, or the canonical Hamiltonian H| eval-
uated on the full constrained surface. V£ are the structure functions (11.72)
if H = H, or vanish if H = H’. Thus for example, with the following choice
for the “fermion gauge fixing function”,

U=, (0" A — %778) + P,AL
one finds that

. . 6% . _ _
{U(2),Qp} = —Ca0;Dyc” — 78 (9"AG — 576) — AYDL, 7l + Py P4 g fape AL P, .
Hence, upon taking into account the fact that the structure functions V£ vanish
if H = H{, and that the canonical Hamiltonian density of the SU(3) Yang-Mills
theory evaluated on the full constraint surface is given by

1 1 y
H = 3™omo + I
we conclude that, although the so-called “a-gauges” cannot be realized as con-

ditions on the fields, the partition function has the form appearing in the
FV-princpal theorem (11.103).
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