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Abstract. We analyse the gauge symmetry of a topological mass-generating action in four
dimensions which contains both a vector and a second-rank antisymmetric tensor fields. In the
Abelian case, this system induces an effective mass for the vector gauge field via a topological
coupling B A F in the presence of a kinetic term for the antisymmetric tensor figldvhile
maintaining a gauge symmetry. On the other hand, for the non-Abelian cage fiblel does

not have a gauge symmetry unless an auxiliary vector field is introduced to the system. We
analyse this change of symmetry in the Faddeev—Jackiw formalism, and show how the auxiliary
vector field enhances the symmetry. At the same time this enhanced gauge symmetry becomes
reducible. We also show this phenomenon in this analysis.

1. Introduction

In 1991, there appeared a proposal that a vector field with Abelian gauge symmetry in four
dimensions can develop an effective mass via a topological coupling with an antisymmetric
tensor field, while maintaining the symmetry [1]. For the non-Abelian case, it was then
shown that an auxiliary vector field should be introduced to the system in order to have the
same symmetry property as in the Abelian case, that is both the vector and antisymmetric
tensor fields behave as gauge fields [2, 3]. Straightforward extension of the Abelian case to
the non-Abelian one does not work; no gauge symmetry for the antisymmetric tensor field.
In [2], this was shown in the geometric BRST formalism. There a clue for the understanding
of this property came from the analysis of the constraints among the equations of motion in
both cases. However, from the symmetry viewpoint this understanding is not quite enough.

In this paper, we analyse the symmetry property of this topological mass-generating
action in the Faddeev—Jackiw formalism. The Faddeev—Jackiw formalism [4, 5] is good
for analysing the symmetry structure of a constrained system in the Hamiltonian formalism
when the Lagrangian is first order in time derivatives.

To understand the Faddeev-Jackiw method, we now consider a systdirbo$onic
degrees of freedom, described by the Lagrangian

L =a(q)q — V(q) k=1,...,N. (1)
Then, the equations of motion are given by
%
fijdj — P 0 @
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where the components of the symplectic two fofity) = da(g) are given by
8aj 861,'

PR 3
/ aqi qu

Here,a = a;dg; is a canonical one form whose components are given by the coefficients
of g in the Lagrangian (1). If the symplectic matrix given gy is non-singular, then its
inverse matrix provides the values for the Dirac brackets of the theory [6]. However, if the
matrix f;; is singular, then there will be constraints from the self-consistency condition of
the equations of motion [7], which one can obtain by multiplying the zero modes of the
singular matrix to the equations of motion (2):

A%
Q= (uif)Tﬁ =0 4)
g
where the zero modes satisfy
wH'fy=0 J=1...M ®)

andM is the number of independent zero modeggf There are two cases for consistency
equations, equation (4) [8-10]. The first case is when all the equations vanish identically.
This case corresponds to a theory with gauge symmetry. In this case one can simply choose
a gauge and resolve the singularity. The second case is when all or some of the equations
give relations betweep’s. These relations among's are constraints, and one needs to
change the Lagrangian into the following form to incorporate these constraints.

L:ak(q)é]k—nJQJ—V(q) k=1 ....N,J=1..m,0<m <N (6)

wheren; are Lagrange multipliers. The constraints should hold under time evolution and
this can be incorporated by putting the following constraints [7, 9]

Q,=0J=1...m0<m<N
which we implement by writing the Lagragian as
L=ayq)gx+ QA —V(q) k=1,...,N,J=1,...m,0<m <N. )

Here we have changed the Lagrange multiplier field figmo A ;. Now, we have to check
whether new constraints arise from this new Lagrangian by repeating the above procedure,
regardinggy, A, as fields this time. If the new symplectic matrix is singular we repeat the
whole procedure once again: if all the consistency conditions for the equations of motion
identically vanish, thus having only the gauge symmetry, then we only have to do a gauge
fixing. The gauge fixing now makes the symplectic matrix non-singular. On the other hand,
if new constraints for the fieldg, A, arise, then we have to repeat the whole procedure once
again. We have to repeat this process until the symplectic matrix becomes non-singular.
The first case occurs when the theory has only first-class constraints in the Dirac formalism,
and the second case occurs when the theory possesses both first-class (gauge symmetry)
and second-class constraints in the Dirac formalism. In this paper, we apply this method
to analyse the symmetry of the topological mass-generating action which contains both a
vector and an antisymmetric tensor fields.

So far, the antisymmetric tensor gauge theory has been analysed by many in the Abelian
case [11-13]. In the non-Abelian case, however, the analysis of the symmetry structure has
not been done in the Hamiltonian formalism, probably due to its complicated constraint
structure. The non-Abelian case was studied earlier by Freedman and Townsend [14], but
so far its quantization has been carried out only in the geometric BRST formalism [15—
17, 2], and we would like to analyse the symmetry structure of the invariant action used in
these works.
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In section 2, we analyse the symmetry of the action with no auxiliary vector field, and
show that only the vector gauge field has non-Abelian symmetry. In section 3, we analyse
the symmetry after incorporating a vector auxiliary field into the action, and show that both
the vector and antisymmetric tensor fields have non-Abelian gauge symmetry. In this case,
the symmetry becomes reducible. In section 4, we conclude with discussions.

2. Faddeev-Jackiw analysis of the action without a vector auxiliary field

We first start with the action extended from the Abelian case straightforwardly
1 1
/dAx L= /d4x Tr {_TZHMVPH/LVP _ Z_FMV FH + nT:EMVPUBlepU} (8)

where
Hyp = DiyuByp) = Dy By + Dy By + Dy By 9)

andD,B,, = 9,B,, + [A., B,,]. In the constraint analysis, the effect of the presence of
the B A F term in the action (8) is that it only adds a few terms to the constraints in such
a way that it does not change the relations among constraints. That is, even if we omit the
B A F term from the action the relations among the constraints remain the same. Thus,
from now on we shall drop th& A F term from our analysis to make our analysis simpler.
For the metric, we will usg,, = (-, +, +, +) throughout the paper.

Introducing the conjugate momenta

M;; = Bij + D;Bjo — D;Bio + [Ao, Bij]

; (10)
IT; = 2(A; — D; Ag)
we can write the above Lagrangian in terms of conjugate momenta
L= %H?jB;’j + %H?A? - Vo (11)
where
Vo) = 3114, D; Bl — ST1¢[ Ao, Bij1* + 3112 + 3T1UD; AG + AT2 + 3 F2 + LHE,.  (12)

From this Lagrangian we first get the components of the canonical one form, then we
calculate a symplectic matrix with symplectic variablg§, B;;, I1;, A, A7 and IT{ (in

order of appearance in the matrix). With this symplectic matrix, we write a matrix equation
for zero modes:

8

0 0 00 0 OJ[«
0 0 PO O Of]fB#s,
0O P 00 0 O]y, |._
0 0 00 0 Of] g =0 (13)
0 0 00 O0T]|]|d
0 0 00T O e
where

P = [y = =388 —y)

P =[O0 = 15955 (x — y)

T = fffﬁ“ = —28,85(z — y)

T =[O0 = 18,896z — y).
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Throughout this paper it will be understood that all quantities are taken at equal time. The
above symplectic matrix is singular because there exist nontrivial eigenvectors with zero
eigenvalue. Now we can write new constraints from the zero modes as

)
0 __ 8 - 3
QO — / { ("”)530,() 5@ Aé(w)} / Py Vo (14)

Sincec) (x) andp§ (x) are arbitrary parameters, we write the constraints and their Lagrange
multipliers as follows

Q? = p;n4, 7t
©) il " (15)
Q,” = D;1I{ +[By;, I1;;]“,
Incorporating these new constraints, the Lagrangian now becomes
L = % BY + 3T AL + (D;TL) 5 + (DT + [ By, T D6 — Vi (16)
where
Vay = 3107 + T2 + §F7 + 5 H, (17)

Repeating the same procedure, we obtain a new symplectic matrix, and write a matrix
equation for zero modes as follows
8

0O P 0 0 O R7[o

P 0 0O O S U i

O 0 0 T VvV W vl

0O 0 7 0 0 X of =0 (18)
O 8§ vV 0 0 0]}]odf

R U W X 0 0 Ve

where
R' = f5“Ij;8(x — y) R = —f*“M,,é(x —y)
S =D}s“sls(x — y) §'= —D;5%58" s (w — y)
U= fBs(x—y) U =—f%B s(x—vy)
V= [N 8 (e — y) V=~ f¥T8(x — y)
W= fS“Ii6(x — y) W' = —f*T(z — y)
X = —D;5%8(x —y) X' = —Dis%8(x — y).

Here, symplectic variables argf, I, A7, IT7, and »“ in order of appearance in
the symplectic matrix. From the above matrix equation, we find two zero modes with
independent parametess and v:

(Ollm - 4[Blm’ v]a ﬂlm - 4[Hlma U], Vl - 4Div7 ,Ol - 4[Hia U], Ula U)' (19)
Among these two zero modes, only the zero mode witprovides a new constraint
QY = [Fu, Hip] — [T, T]. (20)

The consistency condition from the zero mode which is related w@nishes identically.
Thus the new Lagrangian is given by
L= 11—1?,3,0] + %Hfz‘\,a + (D)5 + (DI + [ By, T1;;]) 0"

+([Fjx, Hiji] — [, TT;:DEf — Vi) (21)
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where
Vi) = %1—[12] + %6“12 + %Fli + 2_14Hi§k |Q(11) . (22)
Here the symplectic variablg/ is added. Then, the symplectic matrix and its zero mode

equation is
- ~ 8 o

0 P 0 O O R V7re;,
P 0O 0 0 S U x=|]|B8
0O 0 0 T V W ¢ v
0O 0 7T 0 0 X g of | =0 (23)
0O & V. 0 0 0 O0f]odf
ROU W X 0 0 0 e
Ly % ¢ x 0 0 0JLufl

where
W= 0] 6° 4 f DS
H(0,8° + fUALS + (018 + fUUADST (@ — y)
W' = — fFR {76 + [ ADS], + (876 + f8 AD)SEL
+(87 8% + fU AT V8 (x — )
¢ = fEU207 878 + P8 AL + P8 ADS(T — Y)Y H,
+ 8 fF (81 B, + 8 B, + 8i Bf) (@ — y)
¢ = — fUU207 8" 8 + [PE8 AL + P88 AT)S (@ — y)}H,
— [ f4F i (8 Bjy, + 811 Bf; + 8u B3 (xz — y)
%= —fETI 80 (e — y)
% = fOsS (e — y)
x = —fSCI; 8 (i —y)
x' = fEM8(x —y)
and P, P’, R, etc are the same as before. Again this symplectic matrix is singular, and after
solving the zero mode equation we find a zero mode:

(ajj = 4[Byj, v, Bij = 4115, v], v; = 4D;v, p; = 4[I1;,v],0; =0, v, u; = 0). (24)
With this zero mode, we see that the constraint equation vanishes identically:

8
Q(z)=/d3x{{4[31m,v]g = + 40, v]®
6Blm

SIS,

1) 1)
+4[H1, V]gﬁ + 4D]ng} / V(]_) d3'y

=0.

This shows that the theory we are considering has gauge symmetry and the gauge
transformation is given by the above zero mode. Namely, the gauge transformations of
the fields are given byB;; = «;; = 4[B;j, v], 8A; = y; = 4D;v. This clearly shows that
only the vector field has non-Abelian gauge symmetry unlike the Abelian case [1] where
both the vector and antisymmetric tensor fields behave as gauge fields.

Finally, to remove the singularity due to the above gauge symmetry, we choose a gauge
as

3:A; = 0. (25)
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Then the Lagrangian becomes
L= %H?jB,-“j + ¢ AY 4+ (D) 0¢ + (DiTL; + By, T 0"

+([Fje, Hiji] = [T, T D6 4+ (3 ADAY — Vi) (26)
where

Ve =V laa=o-

Now, the symplectic matrix with an added symplectic variablas given by

0 P O O O R W 07
P 0 0 O S U = 0
0 0 0 T V W ¢ Y
O 07" 0 0 X x O
0O & V.0 0 0 0 0 (27)
R U W X 0 0 0 0
¥ Y ¢ x 0 0 0 0
Lo o v 0 0 0 0 ol

where
Y = —98;8(x — y)8% Y = —9,8(x — y)5*

and P, P’, R, etc are the same as before. One can check that this symplectic matrix is
nonsingular, as it should be.

3. Faddeev-Jackiw analysis of the action with a vector auxiliary field

In the previous section, we have seen that the straightforward extension of the Abelian
action to the non-Abelian one does not work. Thus, following [15, 16, 2], we introduce an
auxiliary vector field to the theory by replacimgy,, — B,, — Dy, K,], wherek, is an
auxiliary vector field. This replacement also changes the field strength of the antisymmetric
tensor field into

Hyp = Dpy By — H//wp = Dy, By — [F[/tw Kp]]~ (28)
We now write the Lagrangian with this new field strendih

L=Tr{—%H ,H"" — 3F,,F"}. (29)
Introducing the canonical momenta
IM;; = %(Bij + D;Bjo — D;Bio + [Ao, Bij] — [A;, K]+ [Aj» K;] +[D; Ao, Kj]

—[D; Ao, K;] — [Fij, Ko]) (30)
I, = A; — D; Ao
we rewrite the Lagrangian in its first-order form

L= 3T0¢BY + 3([Ai, Kj] — [Aj KDTIY, + [A;, T KE + 3T AY — Vg, (31)
where

Vio = I{; D; By — 3T1¢,[ Ao, B;j]* + II{;[D; Ao, Ki] + 311

FAED A + A4 32 4 A

[Fij, Ko]* + %H,Zj

a
ij
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By repeating the procedure from the previous section, we first obtain a zero mode equation
for the symplectic matrix

0 0 0 0 0 0 0 O][af]

00 P OO 0O OffB8

oP 0 0Q 00 Offy

00 000 0O Offpf]_

00000 sO0T||o |0 (32)
0 0 0 0SS 00 0f]f¢f

00 0O 0 0 Of| uf

Lo o 0o o1 0 0 oLy

where
P =—35%58"8(x — y)
P’ =155 5(x —y)
Q = —3 6" (6uK; — 8;K)S(x — y)
Q' = 318" (8 Ky, — mi K8 (x — y)
S =—15188(x — y)
§' = 38188 (x — y)
T = f&8" Tj8(x — y)
T' = — f*8" I8 (x — y).

Here the symplectic variables arBg, B, IT{;, Ag, A, IT{, K5 and K" in order of

appearance in the symplectic matrix. The matrix equation has four zero modes with four
independent variablesg, po, 1o, vi:

(alv 09 07 va 0, 2[I-Imla Vm]a /’L07 V[). (33)

These zero modes yield four constraints, and we write them with their respective Lagrange
multiplier below

()
Q(1) = Djn;lﬁ i
QY = DiTI¢ + By, ;] — 2[M;;, D;Ki]*; o
9(30) — [Ej7 H[/]a’ ea
QY =M, M, - [ Hiji, Fill“s x{
However, these four constraints are not all independent. The first and third constraints are
related by the following equation

;oY + 1P =o. (35)

Note that this reducibility condition is different from that of the Abelian case where the
reducibility condition holds trivially,d;9;T1;; = 0O, due to the antisymmetry of thél;;
indices [11]. Thus, in order to incorporate this dependence between the two constraints, we
further introduce a new constraint and its Lagrange multiplier

QY = Dinf + 30 2 (36)
and write the Lagrangian as
L= 3T4BY + (A K] — [Aj, KDTL 4 [Aj, T1KE + $TIE A + (DT )5

+(DiT; + [Bij, ;] — 2[I;, D; K;]) o

(34)
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+Fyj, ;10 + ([T, T1;] — %[Hijk, FuDx{

+(Dinf + 2091 — Vg (37)
where

Vi = 3105 + 3117 + 5 F; + GHD; By

—}—%K{’[Hij, Hj]a. (38)

With the symplectic variablesB,.“j, Iy, Af, YL K i, o, 0%, X! and A* (in order of
appearance in the symplectic matrix), we obtain the following zero mode equation for

the symplectic matrix

0 P 0 O O O C O D 07,
P 0 Q O O E F G H 0]|]B8
0O ¢ 0 s T I J K L M||y
0O 0§ 0 0 ON O A4 O o
0O 07" 0 0O O B O U O of | _
O EF I’ 0 0 O O O 0V |~ 0 (39)
cC F JJ N B 0 0 0 0 O]
0O GG K 0 0 O O O O W/ &
D H L A U 0 0 0 0 0f]f¢vyf
L0 0 M 0 0 V. 0 W 0 0JdLg¢.

where

C =[x —y)

C' = —f*M,8(x — y)

D= %fgbCFan{(alygca + fcdeAldaea)agn + (328 + fcdeAigea)(S;le
+H(0,8% + f AL N (@ — )

D = _%fathlf;({(a{racg + fcdeAid(seg)aZ(n + (a}racg + fcdeA;l(seg)Sll(rin
+H(OF 8% + f AL (2 — )

E = (38 + [ A} 3“)o] 8 (x — y)

E'= —3(3;8% + [ AVS )8! (x — y)

F = (f*"B}, + 2f%“(D;K{ — D;K{))8(x — y)

F'= —(f" B}, + 2f““(DiK;, = DuK{)S(x - y)

G = fFl5(x —y)

‘=8 —y)

H = 34T}, 508 (x — y)

H' = —3 [T 8 (x — y)

I = [T 8(x — y)

I'=—f*T}s(x —y)

J = fEOTI — 287 fTIL K8 (2 — )

T = — fOTI] + 2 fT KPS (x — y)

K =253 8" + fH*ADYS (@ — y)} T,

K' = —2f{(37 8" + P8 A8 (z — )},

L= 308" + fP A (@ — y)} Hij,

Q
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+3 fEOFRLf (81 B + 8 B + 8 B8 (T — y)
— fe(3] 8,87 — 878,67 + o Al + fU98;A])8(m — y) K
— FA(@) 816 — 0] 8;:8% + fUhs; AL+ fU5 AT ( — y) K
— fe (3] 811897 — 8] 8,89 + fUr5 AL + F8; ADS (T — y) K

L' = =3 f(@] 8" + [ A (x — )} H,
— 3 FUUCER{ 5 (8BS, + 831 Bf; + 8BS (x — )
— fAe(37 8,87 — 97 8,8% + fUhs AN + FUE5, AS( — y)KE
— el (0F 8ud ™ — 08,8 + fUhS; AL + fUE8uA])S (@ — y) KT
— FOle((07 818% — 07 816% + fUMS Al + L8, AD)S(x — y)K S}

M = f5nis(x —y)

M = —f®i8(x —y)

N = —D;§%%8(x — y)

N = —D;8%8(x — y)

A =[Sz —y)

A= — "] 8(x — y)

B — ngbcnz(al)‘aca + fsdeAIdSea)S(w —y)

B' = 218 (878 + £l AY8%)5(x — y)

U = Lfe9Fl F(FS, 80 + Fopii + F8u)8(x — y)

U' = =3 fF), f(Ff8u + Ffydir + F8i)8(x — y)

V = (988 + [ ADS(x — y)

V= —(8]8u8% — f7EADS (@ — y)

W= 15%8(x — y)

W = —18%5(x — y).

7817

After some calculation, we find the following zero mode solution for equation (39)

ajj = (Dipj — Djpy) + 2[Byj, vl + 2[Fyj, €] + 2(D;[v, K;] — D;[v, K;])

Bij = 2[I1;;, v]
vi =2D;v

pi = 2[I1;, v]
oi = Wi +2D;§
Vi =0

¢ =0.

The self-consistency conditions for equations of motion, equation (4),

V() _

ol = (7T
w7 ag;

0

(40)
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now vanish identically after replacing the above obtained zero modes:

1)
(l)_ 3 8
¢ /d {“”"(w)aBg( )t P )ang( ) T St @)

K @ )}/d3yV<1>
=0.

Thus there are no further constraints, and the theory has gauge symmetry whose symmetry
transformations are given by the above zero modes. Sinand «;; in equation (40)
represent the variations @f; and B;; under the gauge transformation, respectively, we now
see that both the vector and antisymmetric tensor fields have non-Abelian gauge symmetry
with their respective gauge parameterand ;.

Now, the gauge fixing will remove the singularity completely, and we choose the
following gauge

3A; =0 D;B;; =0 (41)
then the Lagrangian becomes
L =305 Bf + 3(A, Kj1 = [Aj, KDL + [A;, 1K + 3TA 4 (D;T1)

1 1/

+0} (@) —5— + 0/ (x)

8
ST} ( )

+(DAH~+[B,',A,H,-]-] 2[H,,,DK]>“w“+[ i, T;,196¢
+([M;;, T1;] = 2[Hijk, FiD* % + (Dinf + 36“)A
+(0; A + (D; B{) ! — Vg (42)

where

Vioy = Vi g, 4,=0.0,B,=0; -

Note that here we did not fix the gauge for the auxiliary vector fi¢|dalthough it behaves
like a gauge field with the parametger This is because the zero mode equation (39) shows
that the parameters and u; are the variations o and n;, respectively, and and »;

are constrained by the reducibility condition (36). Thus the gauge fixing;ptloes the
necessary job related to the paraméterOne can also check that the symplectic matrix
obtained from the above Lagrangian is no longer singular.

4. Discussion and conclusion

In this paper, we analyse the symmetry of the topological mass-generating action in the
non-Abelian case with and without a vector auxiliary field. In the Abelian case, the action
which does not include a vector auxiliary field develops an effective mass for the vector
gauge field when the topological couplimg A F term is present [1]. However, in the
non-Abelian case, a straightforwardly extended action of the Abelian type does not provide
a gauge symmetry for the antisymmetric tensor field unless one introduces a vector auxiliary
field in a specific form. And, if the antisymmetric tensor field does not possess a gauge
symmetry, then the physical degree of freedom of the antisymmetric tensor field cannot
transmute into a component of the vector gauge field, thus no massive vector gauge field.
Hence, it is necessary that both the vector and antisymmetric tensor fields behave as gauge
fields.

Recently, it was shown [2, 3] that if a vector auxiliary field is introduced to the action
in a specific combination, then both the vector and antisymmetric tensor fields behave as
gauge fields. Although the action with full non-Abelian gauge symmetry was constructed
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and quantized in the BRST formalism in these works [2, 3], the symmetry structure related
to the constraints of the theory was not understood completely. In this paper, we fill this
gap in the Faddeev-Jackiw formalism.

In section 2, we showed that the vector field transforms as a gauge field, but the
antisymmetric tensor field does not, when there is no vector auxiliary field:

SA; = 4D;v 8B;; = 4[Bi;, v] ete.

When we added a vector auxiliary field in section 3, both the vector and antisymmetric
tensor fields behaved as gauge fields, that is, both transformations contain derivative terms:

8Bij = (Dipj — Dju;) + 2[Bij, v] + 2[F;;, &] + 2(D;[v, K;] — D;[v, K;])
SA,' = 2D,’V
SK; = ;i +2D;¢

In [2], the transformations of fields were given by

8Bop = Diapip) + [Bup, v] + [Fup, €]
§Ay = Dyv
8Ky = g + Dy&E + v, K] (43)

wherea, 8 = 0,1,2,3. The two transformation laws look apparently different for the
antisymmetric tensor and vector auxiliary fields. However, in the action that we adopted in
section 3, equation (29), thB-field always appears in the combination Bfg — D}, Ky,

and the transformations of this combined field are the same under both transformation rules:

8(Bug — DioKp)) = [Bup — Dia K g, v].

Therefore, the action has the same invariance property under both transformation rules.
Notice that should the combined field behave as a covariant scalar, then the auxiliary field
K must behave like a gauge field. This symmetry property was the origin of an extra scalar
ghostk in [2]. In general, the antisymmetric tensor of rank 2 or higher must be augmented
in such a way that the augmented ones behave like the ordinary two-form field strength
under gauge transformation, if antisymmetric tensors are to behave as higher form gauge
fields [16]. The above combination of the tensor field and the auxiliary vector field works.
Finally, we turn to the issue of the reducible constraints that appeared in section 3 when
the vector auxiliary field was introduced: two primary constraints are related to each other
by equation (35). In order to treat these dependent constraints as independent ones, we
introduced another constraint expressing this fact. Namely, we added this condition as an
additional constraint, equation (36). However, we did not use the relationship between the
primary constraints equation (35) as a new constraint. Instead, we used a relationship in
which the original primary constraints were replaced by their Lagrange multiplier fields.
This is due to the fact that here we imposed the time derivative of a given constraint as
a consistency condition instead of the constraint itself. Thus, to impose the relationship
among constraints we have to impose the constraint among their multiplier fields. That is
what we used in equation (36). This additional condition resolved the reducibility in our
case, and we obtained the non-singular symplectic matrix even with a usual gauge choice in
equation (41). The reducibility condition also accounts for the apparent lack of gauge fixing
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for the K field, since this condition also expresses that the gauge parameteelated to
the gauge parameter; of the field B;; as we explained in the previous section.

In conclusion, introducing a vector auxiliary field enhanced the symmetry of the action
and made both the vector and antisymmetric tensor fields behave as gauge fields. The
reducibility of the gauge symmetry of the theory was resolved by introducing a new
constraint which properly expresses the relationship among dependent constraints in terms
of their Lagrange multiplier fields.
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