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The effect of the gauge transformation in the action principle for Hamiltonian gauge systems
formulated in terms of noncanonical symplectic structures is studied and, particularly, the compatibility
between gauge conditions and boundary conditions is analyzed. It is shown that the complete set of
commuting observables at the time boundary is now fixed by the boundary term and the symplectic
structure. The theory is applied to two nontrivial models having SL(2, R) and SU(2) gauge symmetries,
respectively, whose extended phase spaces are endowed with new interactions produced by noncanonical

symplectic structures.
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L. INTRODUCTION

Hamiltonian systems with constraints, in the sense in-
troduced by Dirac, are described by an action principle of
the form [1,2] (summation convention over repeated in-
dices is used throughout)

Slq', pin A% A% = sz(pic'li —H = Ay, — Ax,)dr,
Tl

)

i=1,...,N, where H is taken to be a first-class
Hamiltonian and the ’s are first-class constraints, while
the x’s are second class, i.e., [3]

{’)/w yb} = Cabc’)/c + TabaBonX[)’) (23)
{Ya’ /\/a} = Caab’)/b + Caaﬁ/\/ﬂr (2b)
{H) '}/a} = Vthb + Vuaﬁ/\/a/\/ﬁ» (2C)
{H! /\/a} = Vabe + VaBX,B' (2d)
Also,
{Xa’ X,B} = CaIB’ det(caﬁ) # 0. (3)

The Poisson brackets in Egs. (2) and (3),
af dg  df ag

{f’ g} = i - i’
dq' dp; 9p; dq

are computed with respect to the canonical symplectic
structure

4

QO =dp; Adq'. %)

The Hamiltonian action (1) is obtained from a Lagrangian
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action through the systematic implementation of Dirac’s
method, i.e., the starting point is a Lagrangian action from
which the momenta p; canonically conjugate to the con-
figuration variables ¢’ are defined. From the definition of
the momenta, primary constraints usually arise which are
evolved until all the constraints are obtained, which are
then classified into first class and second class. By con-
struction, the canonical symplectic structure (5) plays a
central role in Dirac’s method.

Nevertheless, the action (1) is not the most general
action allowed to describe a constrained Hamiltonian sys-
tem. In fact, constrained dynamical systems with a finite
number of degrees of freedom can be written in a
Hamiltonian form by means of the dynamical equations

H
i = () 4 pa Do |y Xa
ax” ax? ax?
oH
= o*(x)—L,  uv=12....2N, (6)
ax”
where Hp=H + A%y, + A%y, is the extended
Hamiltonian and
YaX) =0, Xolx) =0, @)

are the constraints, which define the constraint surface >,
embedded in the extended phase space I'. I is a symplectic
manifold endowed with the symplectic structure

) (x)dx* A dx”, (8)

=3 @
where (x#) are the coordinates that locally label the points
of I, which is considered as a single entity, i.e., I’ need not
be necessarily interpreted as the cotangent bundle of a
configuration space C. Now, instead of Egs. (2) and (3),
the following equations hold:
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Yo Voto = Coy Ve + TP Xaxp: (9a)
(Yo Xato = Caa’vb + CaaPxp (9b)
{H, Yalo = VPve + VP xaXp (9¢)
{H, XoYo = Vs + VP xg (9d)
Also,
Xo Xpto = Cap det(Cop) # 0, (10)

where the Poisson brackets involved in Egs. (9) and (10)
are computed using the symplectic structure w on I':

af

dg
8w = — o (x .
{f. ¢} Py (x) —=

Jax

The dynamical equations of motion (6) and the constraints
(7) can be obtained from the action principle

Y

S[x#, A9, A?] = [ (0,05 — Hpdr,  (12)

with @ = df where 6 = 6 ,(x)dx" is the symplectic po-
tential 1-form.

Once the differences between these two approaches to
Hamiltonian systems have been recalled, the problem
studied in this paper is set down. In Refs. [4—6] the issue
of the change of the action of Eq. (1) due to the change of
the canonical variables induced by the gauge transforma-
tion generated by the first-class constraints was analyzed.
There, the analysis was restricted to infinitesimal gauge
transformations. Later on, the analysis was extended to
include the full change of the action induced by finite
gauge transformations [7], which are relevant both classi-
cally and quantum mechanically because the latter include
also the ‘““large” gauge transformations that are not in-
cluded in the infinitesimal procedure developed in
Refs. [4-6]. Moreover, the infinitesimal case was also
developed in Ref. [7], where some new aspects of this
case were reported, among others the differential equation
that the boundary term must satisfy in order to have gauge-
invariant actions. In all these papers, the analysis was
carried out by using the action (1), i.e., the extended phase
space I" is endowed with canonical symplectic structures
from the very beginning. Moreover, the analysis has been
applied to general relativity formulated in terms of
Ashtekar variables and Polyakov’s action defined on mani-
folds M having the topology M = 3 X R with 3 com-
pact and without a space boundary [8,9].

In this paper, the issue of the gauge invariance of the
action principle is analyzed for an action of the form (12).
This topic is relevant for the path integral quantization of
gauge systems [3—6,10], when new interactions are intro-
duced through the noncanonical symplectic structure.

II. THEORETICAL FRAMEWORK

The gauge invariance of the action can be analyzed from
two viewpoints depending on how the action (12) is inter-
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preted: as a Hamiltonian action or as a Lagrangian action.
These two possible interpretations of the action lead to two
alternative approaches. In this paper the action will be
interpreted as a Hamiltonian one, and in the Concluding
Remarks section some comments regarding the
Lagrangian viewpoint will be made.

Therefore, it is assumed that the action (12) has the
Hamiltonian form from the very beginning. For the sake
of completeness, a function B(x, 7) will be added at the
time boundary

Sp = S[x*, A7] = B(x, )|, (13)

just to choose the variables that are going to be fixed at 74

and 7,. The change of the action (13) under the infinitesi-

mal gauge transformation of the x’s,

G
v )

Ssx'u = {x'u’ Sa’ya}w = wMV(x)a_
X

(14)
where G := g%y, and &“ are the infinitesimal gauge pa-
rameters, and the infinitesimal gauge transformations of
the Lagrange multipliers 6 A% and 6,1 is

6,55 = frz[(ﬁaﬁ#)xﬂ + 6,63 —6,H — y,0,A°

- /\aaaya - Xa(sa)‘a - )‘aasXa]dT - 6gB|;?
(15)

Integrating by parts the term 6, 6,x*, by plugging (6) and

00 G
586'M ={0#,G}w = B g _—
dx« dxP (16)
. GHM oH
= = _# yap " E
9# {0//«’ HE}w X w ax,g ,

into the right-hand side of 6,5 and using w,,, = 9,60, —
d,0,, leads to

8,55 = f HHp Ghy — 8.H — 748,07 — A“3,,
Ti

— Xa0:AY — A*8 xoldT + (0,8.x* — 8.B)|7.
(17)

Using (9) to write explicitly the right-hand side of § H =
{H, G}, = ¢{H, y,}., + v.{H, €°}, and inserting the re-
sult (and doing the same for 6.y, and 6, x,), leads to

SSSB = f 2|:8a{I{E: Ya}w - 8a(vab’yb + Vaa'g/\/aﬁ)
- )‘asb(cgbc')/c + Taba'BXaX,B) + Aasa(caabyb
+ Caaﬁ/\/ﬁ) - ’yg(ss)ta - Xa(SaAa]dT
+(0,8,x* — 8,B)|2. (18)

On the other hand, if the Lagrange multipliers A“ are
simultaneously transformed as [3]
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d a
B, AY ==+ ABPC, 7+ AT Cyt — 8V

T (19)
8. A% = A°eT, Py — eV, *Pyp + )\BstbB“,
then
T de?
58SB = ] 2<8a{HE’ Ya}w ~ Ya i>d7
s dr

+(0,8,x* — 8,B)|2. (20)

Integrating by parts the second integrand leads to

6853 = [Tz(sa{HEr ')/a}w + sa'}./a)dT
T
+(0,8,x* — G — 8,B)|7

) J
- [ ¢ Y04z 4 (0,8,x% — G —{B, G},)|
aT

71

21

Assuming that the y’s do not depend explicitly on 7,
% =0." So, by using (14), finally

2

8,50 = [ 0,090 (957~ G~ B.Gh |

T

"2
Yo (22)

71

is the change of the action (13) at first order in the gauge
parameters € induced by the gauge transformation of the
dynamical variables generated by the first-class constraints
v.- Equation (22) clearly expresses the fact that there are
five objects which contribute to the boundary term (22): the
symplectic potential § = 6, (x)dx*, the inverse of the
symplectic structure w*”, the gauge parameters &“, the
first-class constraints y,,, and the boundary term —B|72.

Some remarks follow:

(1) if B in (13) does not depend explicitly on 7, B(x),
then its contribution to the action (13) and therefore
to the boundary term (22) can be absorbed by choos-
ing the new symplectic potential ¢, (x) =
6, — dB/dx* [the symplectic potential, by hy-
pothesis, does not depend explicitly on 7; see
Eq. (12)].
in the previous approaches to the subject [5—7], the
discussion about the objects that contribute to the
boundary term was focused on the dependency of
the first-class constraints vy,, the gauge parameters,
and the boundary term —B|7?, simply because the
symplectic structure and the potential were fixed
and tied to canonical coordinates from the very

2

! Alternatively, the 7-dependence of the 7’s can be handled by
parametrizing the theory and considering (7, p,) as new varia-
bles thus enlarging the phase space as it was done in the
canonical case [11].
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beginning. Thus the roles of the symplectic potential
and the symplectic structure were not fully
appreciated.

Equation (22) was obtained allowing the possibility
that the gauge parameters & could depend on the
phase space variables x: 8.F(x) ={F, G}, =
e{F, y,}w + valF, €%},. Usually, however, the
gauge parameters are allowed to depend on 7 only
and so 6.F ={F, G}, = &%{F, y,}. In this last
case, Eq. (22) is unaltered and reduces to

8,55 = (o400 (0.0 — )

d
X7l = v, )
ax”

3

)

(23)

71

Under this assumption, the boundary term vanishes
because either (a) the gauge parameters vanish at the
time boundaries, (1) = 0 = &%(7,), (b) the terms
inside the curly brackets vanish at the time bounda-
ries, or (¢) a combination of both (a) and (b).
regarding the particular case given in Eq. (23) where
the gauge parameters depend on 7 only, if the gauge
transformation is allowed at the time boundaries,
g%(7,) # 0 # £%(7}), then the boundary term can
vanish even for first-class constraints y, quadratic in
the variables x* provided that an appropriate choice
for the geometrical objects (6, B, ", and y,) is
made, i.e., gauge-invariant actions S;,, can be con-
structed by properly handling these geometrical ob-
jects. (See the examples in the next section.)
if the original choice of the gauge potential 6, and
the function B is such that the action is not gauge
invariant, it is still possible to add another function
at the time boundary in such a way that the new
action is invariant (assuming that w*” and 7y, have
been fixed).
note that the complete set of commuting observables
fixed at the time boundaries 7, and 7, depend not
just on the boundary term B but also on the sym-
plectic structure, a property not fully appreciated
when a canonical symplectic structure is used.
Coming back to the general discussion, once the gauge
invariance of the action has been analyzed, it just remains
to say some words about the compatibility between the
gauge conditions and the boundary conditions. Note that
good gauge conditions must take into account the sym-
plectic structure in the sense that the matrix of their
Poisson brackets with the first-class constraints must
have a nonvanishing determinant. Like in the case when
symplectic structures and symplectic potentials having the
canonical form are employed [4—7], the boundary condi-
tions of the action (13) might not be compatible with the
choice of a particular gauge condition without it mattering
if the action is invariant or if it is not. If this were the case,
the procedure for how to achieve such compatibility is

“

(&)

(6)
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essentially the same as that discussed in Refs. [4—7]. For
the benefit of the readers, such a procedure is applied to the
examples contained in the next section.

Finally, for the sake of completeness, Noether’s theorem
is discussed. If the action (13) transforms (without using
the equations of motion) at first order as

T d
6SB = f

under the infinitesimal transformations

x'B(7") = x* (1) + SxH, Ma(rh)y = A7) + 5)¢4,
Ne(r!) = A%(7) + 5)¢, =714 6T, (25)

then the corresponding Noether’s condition gTLM/Sx” +
8L SN + 2L 50 + L (AL 5x+ + L1867 — F) =0 with
Sxt = Sxt + dx” 57 (and so on for the other variables)
and L' = (0# Byjpr — 8B —H— Ay, — A%x, be-
comes

ax/‘

0HE\ z ~ -
(a)MV)'C” — W’f)ﬁx“ — Y,0A% — x,0A%

d
+%((a, -
d7'<<“

and so, if the equations of motion (6) and the first- and
second-class constraints are satisfied,

£>c§x“ + L1671 — jf) =0, (26)
x/-L

0= <0M _;x—i>SXM - F

OB 0Hg
* [(" B W)‘” ox

is constant along evolution in 7. It is understood that all
terms in the right-hand side of the last equation are eval-
uated on the surface of first- and second-class constraints.

OB
- E:|5T 27)

III. EXAMPLES THAT INVOLVE NONCANONICAL
SYMPLECTIC STRUCTURES

In this section, the ideas developed in Sec. II are applied
to two nontrivial models. In both cases, the extended phase
space is I' = R®, and its points are labeled by (x#) =
(', X% .., x8) = (ul, u?, v, V2, py, po 7y, 7). The sym-
plectic geometry on I' = [RS is given by the nondegenerate
closed 2-form o = —w Ldx* Adx” = dp, A du' +
dpy A du? + dmy A dv' + d772 Adv? + 0dp, Adp, +
¢d; A d,. Equivalently, the inverse of the noncanoni-
cal symplectic structure is
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(@h*) = {a, x°}

0O 6 0 0 1000
-6 0 0 0 01 00
0O 0 0 ¢ 001 0

o 0o —-¢ 0 00 01

_—10000000’(28)
0O -1 0 0 000 O
0O 0 -1 0 000 O
0O 0 O —-100 00

where 6 and ¢ are fixed constant real parameters. The
difference between the two models comes from the con-
crete form for the constraints that the phase space variables
must satisfy in each case.

One of the lessons learned from these models is that
gauge-invariant actions can be built in spite of the fact that
the constraints are quadratic in the phase space variables
provided that an appropriate choice for the symplectic
potential is made.

A. SL(2, R) model

This model was introduced in Ref. [12] in the context of
noncommutative quantum theory. Here, however, the
model is interpreted as a usual gauge system of the type
mentioned in Secs. I and II.

The phase space variables must satisfy the constraints

Cr = 3P + (o = @1 = @2)] = gv'm,
- %4’2(77'2)2 =~ 0,
€= 3l + () = W) = (2] - u'py

1
I 02 2~
3 (p2)

V= u'p, —vim + 0p,py — ¢pmymy =0, 29)

with i = 1, 2. It turns out that the constraints of Eq. (29) are
first class with respect to the Poisson brackets computed
with the symplectic structure of Eq. (28). The resulting
algebra of constraints is

{CI’CZ}w = V’ {Cl’ V}w = _201:
(30)
{Cz, V}w = 2C2’
which is isomorphic to the $[(2, r) Lie algebra.
By plugging (28) and (29), (A!, A%, A3) = (N, M, A), and

(v1, ¥2 ¥3) = (C;,C,, V) into Egs. (6), the dynamical
Egs. (6) acquire the form
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' = Np, — MOu? + A(u' + 260p,),
> = Np, + Au?,

vl =Mm — Av! + 2¢7,) — pNV?,
v = M, — 2,

Pr=M@u' +0py) = Apy, 31)
P2 =Mu* — Apy,

i =N + ¢m,) + Amy,

i, = Nv? + Am,.

Using (31), the evolution of the constraints (29) yields
Cr=MYV —2C,,

C2 = _N‘V + 2/\02,
: (32)
V = -2MC, + 2NC,,

in agreement with the 3((2, r) Lie algebra of Eq. (30).
Gauge transformation. The finite gauge transformation
of the dynamical variables is

1

u a —0y B 6(a—95) u'
u'? 0 a O B u?
= , (33
P y 0 & oy P 9
ph 0 vy O 8 P2
and
T a B B 0 )
m | _ |0 a 0 B ™)
v | Ty e6-a 8 —ep || | OY
v”? 0 Y 0 & v?

where «, B, 6, ¥y € R with aé — By =1, while the
Lagrange multipliers transform as

N' = a®N — B*M —2aBA + aff — aB,
M' = —¥2N + 82M + 2y61 + ¥6 — ¥,
N = —ayN + BSM + (ad + By)A + &8 — By.

(35)

Notice that when the parameters € and ¢ are turned off,
0 = 0 = ¢, the current model reduces to the SL(2, R)
model introduced in Ref. [13].

It is time to implement on this model the theory devel-
oped in Sec. II. This will be done in the following two
subsections by choosing different symplectic potentials
which amounts to choosing different boundary conditions.

1. A noninvariant action

The equations of motion of the model (29) and (31) can,
for instance, be obtained from the action principle

S[x*, N, M, \] = sz dr{p,(@' + 0p,) + p,it?

+ 771(1.}1 + ¢W2) + 7Tzl.}2 - NC]

- MC, — AV] (36)
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under the boundary conditions
W (rq) = U3,
a=1,2
(37

(' + 0py)(7a) = Us,
(vl + ¢7T2)(Ta) = thw U2(Ta) = Vz%n

with UL, UZ%, V1, and V2 specified real numbers.
The change of the action (36) under the finite gauge
transformation (33)—(35) is

SEx, N M, ) = STt N M, AL+ By o+ 7
+ 0pipy, + G M)

1
+§(a'y)[ﬁ i+ -+ 20u' p,

1
+02(p)) + (BN T + 5
+2¢v'my + ¢ ()], (38)

and so the action is not invariant. Independently of this
property of the action (36), the choice of specific gauge
conditions could imply a gauge orbit whose end points at
7, and 7, might additionally not satisfy the boundary
conditions (37) already specified [4—7]. For instance, the
gauge conditions

C1 :=M1+0p2=0, C2:=‘U1+¢772=O,

s (39)
C3 =yt = C3 * 0,

with c¢; a constant, are in general incompatible with the
boundary conditions (37). In fact, Egs. (39) are good gauge
conditions in the sense that they fix the Lagrange multi-
pliers to be N =M = A =0 (and thus the dynamics is
“frozen’). Moreover, the Poisson brackets between the
gauge conditions and the first-class constraints are

py O u' + 6p,
Cw¥p}w) =] 0 m —@'+ ¢m)
p» O u?

pr 0 O
= < 0 m O > (40)
P2 0 ¢
where the gauge conditions (39) were used to get the
second equality. The determinant of this matrix is
c3p1m, and does not vanish for generic values of the
variables.

The incompatibility between the gauge conditions (39)
and the boundary conditions (37) can be removed by
modifying both the action as well as the boundary con-
ditions. The idea is to impose the gauge conditions in the

gauge-transformed variables
v+, =0, u? =cy # 0,

(41)

u' +6p', =0,

i.e., the gauge conditions retain their functional form in the
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gauge-transformed variables. The substitution of (33) and
(34) into the left-hand side of (41) implies precise forms
for the gauge parameters:

_ 3P
(u' + 0pr)py — pru*’
_ c3(u' + 6p,)
(u' + 0py)py — pru®’
_ '+ ¢m)l' + 0pr)py — piu’]
osl(w' + 0pr)w' + ¢pmy) — pym ]
_ m[(u' + 6py)py — piu’]
o[ + 0py) (' + ) — pymy ]

On the other hand, by using (33) and (34), the unprimed
variables in the left-hand side of the boundary conditions
(37) are replaced in terms of the primed variables and the
gauge parameters. In the expressions thus obtained,

(6w + 05p", = Bp")(7a) = Uy,
(av! + pam'y — ym')(7,) = Vo,
(8u'y — Bp'y)(ra) = UG,

(—y7'y + av?)(1,) = V3,

a =

B
(42)

(43)

the parameters given in (42) must be inserted to obtain the
right boundary conditions compatible with the gauge con-
ditions and with the corresponding action

S, N', M, \'] — [_(ﬁv)(ﬁ’ -p'+o -7 +6pp,

1
g my) S ()i + 7 # o+ 200

1 .
+6%(p')%) + E(aﬁ)(v’ U+ p

+ 2¢v'! ', + ¢2(7Tl2)2):|, (44)

which is (the original action S[x*, N, M, A] but expressed
in terms of the primed variables and it is) obtained from
(38) [7].

2. An invariant action

As mentioned in Sec. II, there exists the possibility of
adding a boundary term to the action (36) in such a way
that the resulting action is gauge invariant [7]. The simplest
action is

Sinv[xlur N’ M; /\] = jTZ dT[pl(ul + 6p2) + pzl'.tz
71
+ 771(1)1 + d)’iTz) + 7T21)2 - NC]
1
—MC, — AV] - 5[(’41 + 0p2)p)

+ulpy + (W' + pm)m + vPm %
(45)
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In fact, a straightforward computation shows that
Siv[X*, N', M, X'] = S;p [x*, N, M, A] (46)

under the gauge transformation (33)—(35). Therefore,
Sinv[x*, N, M, A]is fully invariant because the noninvariant
action (36) and the added noninvariant boundary term
combine exactly to make Si,[x*, N, M, A] strictly
invariant.

Equivalently, due to the fact the boundary term in (45) is
7-independent, its contribution can be understood as a
different choice for the symplectic potential. By introduc-
ing this boundary term into the integrand,

Sinv[x'uJ N’ M’ A:] = sz dT[®/LxM - NC] - MCQ - AV]:

T

47
with

1
@ = E[pldul + pzduz + ’iTldlll + 77'2dU2

— (u' + 0py)dp, + (0p, — u?)dp,
— (' + ¢m)dm, + (¢pm; — v¥)dm,|. (48)

That is to say, if the dynamical system were defined by the
action (47) from the very beginning, there would be no
need to add a boundary term because such an action is
already invariant under the gauge transformation, in com-
plete agreement with Eq. (23):

Jy
0,0 L2 — vy =0. 49
p@ = T Ya (49)
The action (45) or (47) yields the equations of motion
provided that the boundary conditions

1 ] 1 2

! 1n<7” ”2)<7a> —o, 1 m(”—)w - 02,
2 Pi1 2 P2

1 T+ 1 2
LY e P Sy L T
2 7T1 2 7T2

a=12 (50)

are satisfied.

Like in the the case of the noninvariant action, the choice
of a particular gauge condition might lead to a solution of
the equations of motion (a gauge orbit) whose values at the
end points 7; and 7, might not match the specified values
in the right-hand side of the boundary conditions (50) (see
Fig. 1). For instance, the gauge conditions

Cl 1=u1+0p2=c] 7&0,
C,:=vl 4+ ¢pm=1c, #0, (51)
Cy=u*—p,=0,

with ¢; and ¢, constants, are not compatible with the
boundary conditions (50). These conditions are good gauge
conditions in the sense that they fix the Lagrange multi-

025025-6
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T2

1

FIG. 1. The path in the right-hand side (RHS) matches the
gauge conditions, but its end points are incompatible with the
original boundary conditions for the action principle. Keeping
the gauge conditions (and so the path in the RHS) forces us to
modify the boundary conditions. The right modification can be
achieved by using the path in the left-hand side (LHS) which is
obtained from the path in the RHS by a gauge transformation
that does not vanish at the end points. The path in the LHS is not
compatible with the gauge conditions, but its end points are
compatible with the original boundary conditions.

pliers to be A = N = M = (. Additionally,

pr 0O u' + 6p,
({Ca’ ’)/b}a)) = 0 T _(vl + ¢7TZ)
p» O u?
P1 0 (&
== 0 | —Cy |, (52)
P2 —P2 2ps

where the gauge conditions were used to get the second
equality. The determinant of the matrix is p,[p; 27 —
;) — ¢ym ).

Such a compatibility can be achieved by imposing the
gauge conditions in the gauge-related variables

ul +0p',=c #0, V4 ¢pal, =c, #0,

=0, (53)

from which, using (33) and (34), the gauge parameters are
fixed:

o= pale (v + ¢my) — erpi]
[(u' + 6pr)ps — pru*](v' + ¢mr)
 ypilr' + ¢my) — pymy]
[(u' + 0pr)py — pru*](w' + )’

(54)

B = cr(u' + 0py)py — ciuy(v' + pmy)
[(u' + 0p2)pr — pru*](v' + @)
y(u' + 0m)[u(v' + ) — prm] (55)
[(u' + 6p2)py — pru*](w' + @)
5. 27 Ym
(' + ¢m)

(recall that 6 — By = 1). On the other hand, using (33)
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and (34), the original boundary conditions (50) are rewrit-
ten in terms of the primed variables and the gauge parame-
ters:

l In w (T ) — l In B(Ta) + a(Ta,)ezQ‘]"
( P ) “ 2 (5(7a) + Y(Ta)ezgg )
2
: ln<i>(ra) =0,
2 P (56)
L2 ema) Ly B+ alr)e
2 ( 77-/1 ) o 2 (8(Ta) + 'y(Ta)eQng ))

! (v’2> ! (B(fra)w(ra)ewi)

—1In Te) == 1In
2 ) =3 8(7a) + y(ra)e?%

a,
where o = 1, 2, which are by construction compatible with
the gauge conditions. The corresponding action is the same
one given in (45) or (47) but expressed in terms of the
primed variables: S;,,[x'#, M, M’, A’]. Once the goal has
been achieved, one can simply drop the apostrophe “/”’
both in the action as well as in the boundary conditions to
have an action principle written in the usual form.

The difference between the case of the noninvariant
action and the case of the fully gauge-invariant action
lies in the fact that in the latter there is no need to modify
the action, but just to handle the boundary conditions.

B. SU(2) model

Now, a second model having an SU(2) gauge symmetry
is given. The dynamical variables must satisfy the con-
straints

H,:=u'uv> +v'v?> + p,p, + mymy + 0u’py + Ppv? 7, =0,
Hyi= ()2 + 0!+ (p)2 + ()2 = (1) = (02
= (p2)* = (m)> +20u' py + 2¢v' m, + 6%(py)?
+ ¢2(7T2)2 =~ 0,
D:=u'p, +vlmy —u’p, —v’m + 0(py)* + p(m,)* = 0.
(57)
The Poisson brackets computed with respect to the sym-
plectic structure of Eq. (28) among these constraints yield
{H]’ Hz}a) = _4D, {Hl’D}(u :HZ:

(58)
{HZy D}w = _4Hl:
and so they are first class. The algebra turns out to be
isomorphic to the 51(2) Lie algebra. This can be easily
accomplished by rescaling the constraints J, := H,/2,
Jy = —H,/4, and J; := D/2, which satisfy {J;, J;} =
g; ij x With g;;; the three-dimensional Levi-Civita symbol
€123 = +1.
Like in the noncommutative SL(2, R) model, when the
noncommutative parameters are turned off, § = 0 = ¢,
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the resulting model still involves an SU(2) gauge symmetry.
By plugging (28) and (57), (A', A%, A%) = (N, M, )), and (v, v, v3) = (H,, H,, D) into Eqgs. (6), the dynamical

equations become

il = N(p, + 0u' + 6>p,) + 2M(p, — 6u?) — A(u> + 6p)),
v = N(m, + pv' + ¢2m,y) + 2M (7, — pv?) — A(V? + @),

> = Np, —2Mp, + AMu' + 0p,),

V2= Nm — 2Mm, + Av! + ¢my),
(59)

p1 = —Nu®> —=2M(u' + 6p,) — Ap,, pr = —N(u' + 0p,) + 2Mu* + Ap,,
i, = —Nv?> = 2M@' + ¢m,) — Ay, i, = —N(w' + ¢m,) + 2Mv? + Ay,

Gauge transformation. The finite gauge transformation
of the phase space variables is

X' = AX, Y' = BY,

(60)

[\S)
[SS]

x=|4"| Y = )

{
where a, b, ¢, d € R with a2 + b + ¢ + d%> = 1, while
the Lagrange multipliers transform as

N' =[1—-2(>+ )N + 4(ab + cd)M + 2(ac — bd)A

D1 B . .
)23 T +ab+da—ad—bc,

where the matrix A and B are given by M =[1-20b*+ d*)IM — (bc + ad)A + (cd — ab)N

a—60d —-b+6c —c—0b —d(l+6? 1, ) . )
A b a —d c+ 0b +§(ca~l—bd—db—ac),
c d a —b+bc XN =[1=2(c*+ d*)]A + 4(ad — bc)M — 2(bd + ac)N
d —c b a+ 0d . .
+ab + cd — ba — de¢. (62)
a—¢d —b+¢c —c—¢dpb —d(l+ ¢?)
B = b a —d c+ ¢b
c d a —b+ ¢pc |
d —c b a+ ¢d

Dirac Observables. The following functions are invari-

(61) ant under the gauge transformation (60)—(62):
|

1 1
O = LIWP + (2 + (p1 P + (poP) + 0u'py + 3 62(pa)
@2 =

2 2

05 = u'v? — u*v' + pym, — pym, + 0V p, — dutm,,

u'v! + uPv? + pymy + pamy + dulmy + 0v'py + 00 (py)?,

(63)
O, =u'm + uPmy, —v'ip, —V2p, + Opym — Ppv'm,y,

Os = u'm, — u?m — v'py + v?p, + Opymy — dprmy,

Og = %[(v1)2 + ()? + (m)? + (m)*] + pv'm, + %(152(772)2-

The Poisson brackets among them are

{01, 0y}, = O, {0y, 03}, = = 0s,

{@1, @4}(u = -0, {@1, @5}0) = 0,

{0y, 04}, =20, — 20, {0,, Og}, = O, (64)
{05, 05}, =20, + 205, {03, Og}, = O,

{04, Og}, = =0y, {Os, Og},, = —O;.

A straightforward computation shows that this algebra of
observables is isomorphic to the $1(2) & 30(2, 1) Lie al-
gebra [14].

{
1. A noninvariant action

Now, the effect of the gauge transformation in the action
principle will be analyzed. The equations of motion of the
model (57) and (59) can, for instance, be obtained from the
action principle

S[x*, N, M, \] = ]72 dr[p, (@' + 0p,) + pyi?
71

+7T](U] +¢7Tz)+772U2_NH] (65)

— MH, — AD],

under the boundary conditions

025025-8
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(W' +0p)(re) = Uhy  ul(7,) = UL,
W'+ ¢m)(ra) = Vi, V(1) = V3,

a=1,2 (66)
with UL, U2, V., and V2 specified real numbers.

The change of the action (65) under the finite gauge
transformation (60)—(62) yields

(ac + bd)
2
X [Hy +2(p1)* = 2(po)* + 2(my)?

— 2(my)*] + (ad — bc)[H, — 2p,py
_2W17Tz]_(62+d2)[ﬁ'ﬁ+lj’ﬁ'
+ 0pi1py + dpmym], (67)

S[x'®, N', M', \'] = S[x*, N, M, ] +

and so the action (65) is not gauge invariant.

2. An invariant action

Once again, it is possible to build gauge-invariant ac-
tions, the simplest of which is

Sinv[xlur N! M; /\] = ]TZ dT[pl(ul + 6p2) + pzl'.tz
71
+ 7T1(1)1 + ¢772) + 7721.}2 - NHI
1
— MH, — AD] - E[Wl + 0p2)p)

+u’p, + (V' + pm)m + vim, ]I
(68)

In fact, a straightforward computation using (60)—(62)
shows that

Sine[ X, N, M, '] = S [x*, N, M, Al (69)
Therefore, S;,,[x*, N, M, A]is strictly invariant. Like in the

case of the SL(2, R) model, introducing the boundary term
into the integrand

Sl N, M, 0] = [ delO, 4% — NH, ~ MH; = AD],
T

(70)

with

1
0= E[pldul + prdu® + mdv' + mdv?

— (u' + 0py)dp, + (8p, — u?)dp,
- (' + pm)dm + (7 — v¥)dm,], (71)

leads to the introduction of a new symplectic potential and

PHYSICAL REVIEW D 76, 025025 (2007)

Va‘ya —
0,00 Le—y, =0, (72)

as expected.
The analysis of a possible incompatibility between the
boundary conditions

1 L'+ 6 1 2
> 1n<u)(ra) -0, 5 1n<”—)(7a> - 02,
2 P1 2 P2
1 P+ 1 2
— In _v ¢7Tz (Ta) = :r?w = In U_ (Ta) = ‘c‘w
2 T 2 M)
a=12 (73)

of the action (68) or (70) with chosen gauge conditions can
be carried out along the same steps made for the case of the
SL(2, R) model.

IV. CONCLUDING REMARKS

The issue of the gauge invariance of the action principle
for Hamiltonian gauge systems whose extended phase
space is described in terms of arbitrary symplectic struc-
tures has been studied assuming that the action is already in
a Hamiltonian form. One of the main results reported in
this paper is the fact that an action featuring first-class
constraints quadratic in the phase space variables can be
strictly gauge invariant. The gauge invariance of the action
(13) can also be analyzed from a Lagrangian viewpoint. In
this last approach, the action (13) is assumed to have a
Lagrangian form and Dirac’s method is applied systemati-
cally, i.e, one first defines momenta canonically conjugate
to the variables x#, A“, and A%, increasing the number of
variables that label the points of the extended phase space
which is also equipped with a symplectic structure having,
by construction, the usual canonical form. If this approach
were followed, the gauge invariance of the resulting action
could be handled with the tools developed in Refs. [4-7].
Sometimes, however, it is not convenient to enlarge the
phase space, but to work the theory assuming that the
action already has a Hamiltonian form, and then the analy-
sis of the gauge invariance of the action must be carried out
along the ideas studied in this paper. (An example of the
Hamiltonian viewpoint can be found in the three-
dimensional Chern-Simons theory.)

Finally, the results of this paper can also be used to
extend the analyses developed in Refs. [15-17] by intro-
ducing new interactions through the symplectic structure.
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