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We show how Weyl degrees of freedom, can be introduced in the Nambu-Goto string in the path
integral formulation using reparametrization invariant measure. We first identify Weyl degrees in
conformal gauge using BF'V formulation. Further we change Nambu-Goto string action to Polyakov
action. The generating functional in light-cone gauge is then obtained from the generating func-
tional corresponding to Polyakov action in conformal gauge by using suitably constructed finite field
dependent BRST transformation.

I. INTRODUCTION

Bosonic strings are formulated using two alternative actions namely Nambu-Goto [NG] action [1] and
Polyakov action [2]. In the Polyakov formulation, one uses metric of the string world-sheet, gos, to
manifest the Weyl and re-parametrization symmetries at the classical level. These symmetries are useful
to eliminate the degrees of freedom of g,g. Due to the presence of Weyl anomaly, the Weyl freedom
may become dynamical at the quantum level |2]. The well known factor, (D — 26), appears naturally
in the Polyakov path integral formulation. On the other hand, in the NG string only string coordinates
XH*(p =0,...,D — 1) are used as dynamical variables and hence no Weyl freedom is present from the
beginning. Attempts have been made without much success to replace Weyl degrees of freedom by
considering quantum longitudinal mode in the covariant formulation of NG string in the sub-critical
dimension |3, 4].

On the other hand non-covariant gauges like light-cone gauge are not easily incorporated in the path
integral formulation. Hence theoretical comparison of quantization in various gauges is restricted to
certain extent. However this problem is overcomed through BFV formulation [7] by considering the
quantization using the most general gauge condition. The main idea of the BFV formulation is to convert
the second class constraints to first class constraints, by introducing new canonical variables which are
referred as the BF fields. We consider the NG string theory in BFV formulation at the sub-critical
dimensions, where the BF fields appear as the conformal degree of freedom [13, 14]. The Weyl degrees
of freedom is generally introduced based on the analysis of Fujikawa [10] using the re-parametrization
invariant measure for the path integral. It has been observed [10] that for a re-parametrization invariant

path-integral measure the string coordinates X* must be scaled by (— det gag)% so as to have the Weyl
weight one.

BRST quantization [19] is an important and powerful technique to deal with a system with constraints
[20]. Tt enlarges the phase space of a gauge theory and restores the symmetry of the gauge fixed action in
the extended phase space keeping the physical contents of the theory unchanged. We indicate how various
BRST invariant effective theories are interlinked by considering the finite-field-dependent version of the
BRST(FFBRST) transformation, introduced by Joglekar and Mandal [21] about 24 years ago. FFBRST
transformations are the generalization of the usual BRST transformation where the usual infinitesimal,
anti-commuting constant transformation parameter is replaced by a field-dependent but global and anti-
commuting parameter. Such generalized transformation protects the nilpotency and retains the symmetry
of the gauge fixed effective actions. The remarkable property of such transformations are that they relate
the generating functional corresponding to different effective actions. The non-trivial Jacobian of the
path integral measure under such a finite transformation is responsible for all the new results. In virtue
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of this remarkable property, FFBRST transformations have been investigated extensively and have found
many applications in various gauge field theoretic systems |21H34]. A similar generalization of the BRST
transformation with the same motivation and goal has also been carried out more recently in a slightly
different manner |35] where a Jacobian for such transformation is calculated without using any ansatz.

In the present work, we considered Polyakov action in the path integral approach in the conformal
gauge when Weyl degrees of freedom are naturally incorporated through reparametrization invariance
of path integral measure |10]. Constructing appropriate finite field dependent BRST transformation we
connect the generating functional in conformal gauge to that of in light-cone gauge in the Polyakov
formulation of NG string. Thus Weyl degrees of freedom is incorporated in the NG string through the
FFBRST transformation. We will closely follow the procedures followed by Igarashi and Kubo [16].

Now we present the plan of the paper. In the next section we will analyse the constraints for NG
action and will use BFV formulation [13]. In section III we will transform NG action to Polyakov action.
Then BRST invariant actions are written in both conformal and light-cone gauges. In section IV we
will connect generating functionals in conformal and light-cone gauges using appropriately constructed
FFBRST transformations. The last section is kept for concluding remarks.

II. BRST FOR NAMBU-GOTO ACTION

Nambu-Goto action for the string coordinates X*, u =0,1,....D —1 on a two-dimensional world-sheet
parametrized by x® = (7,0), a = 0,1 is written as |1

So = /dQ:v(— det GQB)% (1)
where
Gap = 0o X"08X,, (2)
The momentum conjugate to X* for this theory is then written as
P, =vV-G9,X,G*° (3)

where G = det G,g. The Hamiltonian corresponding to this system vanishes. This system has two
primary constraints which generate two re-parameterizations of string world-sheet and are written as,

1 1
by = Z(ij + (0, XM)?) £ §8UX“P# (4)

These constraints are first class at the classical level but appears as second class at quantum level due
to conformal anomaly. To convert them into first class we will introduce new fields 6 and its momentum
conjugate Iy in the action. The new effective constraints then take the form

Fr= s+ %(agne £ (920)) + (I £ 0,0)° (5)

where k is a constant which is fixed as [9]

(25 — D)

k =
247

We further extend the phase space by introducing following pair of fields

(Oiapﬂ:)v (Piaézl:)a (NivB:t) (7)



Now, the action is written in the extended phase space as
S = /d2U[X“P# + 0y + C*P, + {¢,Q}] (8)
where BRST charge @ is given as
Q= [dr (s + P0,CH) + B*P] o)
One can easily find out that Q? is nilpotent in nature and gauge-fixing functional takes the form
U= /da(i@axa + P,N%) (10)
where X* does not depend on ghost, anti-ghost, B and N fields.

After eliminating all the non-dynamical variables, BRST transformation for the dynamical variables is
written as [9, [13]

SXH = _%(caaaxu)
50 = —Licop,0)+ L @.ct — o o)
- 2 a 2\/§ + -
6Ct = —lciaioi
4
5Cy — —toixro.x, +cro.ct £ ra.cict — Loseoc0F 0,00 (11)
+ = 4:t + X +0+ 2:|::t 4:|::i::F2\/§:I::I:

which leaves action in Eq. (8) invariant.

Now, total Lagrangian density has the form

L=L, —l—ﬁgf—i-ﬁgh (12)

where £, denote the string part of the Lagrangian density and gauge-fixing and ghost term is defined
as

AMLgs + Lgn) = —=i6(Cax") (13)

where A is infinitesimal Grassmann parameter. Next section we are going to discuss BRST symmetric
Polyakov action in conformal as well as in light-cone gauge.

III. POLYAKOV ACTION

Following the technique in Ref. [16] we convert NG action to Polyakov action as
1 ~ab 1 ~ab
L, = —5 0, X0 X, — 59 04,000 (14)

Here 6 dependent term in the above Lagrangian density brings extra degrees of freedom in the system.
We need a reparametrization invariant measure in the path integral formulation to construct the BRST
symmetry of this theory. Using the methods described in [11, [15] we construct the BRST transformation
as



1

SXH = —E(C‘I&IX”)

50 = —(cup,0)+ (9,0 — arch)

- 2 a 2\/5 0 1

0C* = —iC“.@aC’a
6C, = —laX”aX iéacailaéca—laeae iaao

a 4 a a 14 ava 2 a a 4 a a :F 2\/5 ava
5§ab _ accagcb+accbgac _8C(chab) (15)

We define the generating functional in path-integral formulation as
7 = /D¢exp (i/d2$(£w + ng + Egh)) (16)

where Lagrangian density is given by Eqs.(Id)) and ([I3) and D¢ is the generic notation for path integral
measure. Transformation in Eq.([[3) leaves the effective action invariant. Now we fix the gauge more
specifically and discuss BRST invariant effective theories in conformal as well as light cone gauges.

A. Conformal Gauge

Conformal gauge has been used extensively in the discussion of various problems. It has been used to
study strings, gravity etc in path-integral and covariant operator formalism. This gauge is very useful to
remove conformal anomaly, to introduce Weyl symmetry and in renormalizing the theory [9-11].

The conformal gauge condition is expressed as §%* = n? [11, 14] and is incorporated into the following
gauge-fixing and FP ghost term in a BRST invariant manner,

Lep = NLgy + Lgn) = —id"(COF " +Clg™7) (17)

Here C° and C' are anti-ghost fields.

B. Light-cone Gauge

On the other hand, light cone gauge is used to eliminate unphysical degrees of freedom and also in
decoupling of ghost fields. Light-cone gauge has also been used in Kaku-Kikkawa string field theory, in
showing the ultraviolet finiteness of N = 4 supersymmetric Yang-Mills theory, in dimensional regulariza-
tion, in gravity, supergravity, string and superstrings theories [18§].

The light-cone gauge condition ,(X* = f(c), g7 = 0) [14, [15] is incorporated into the following
gauge-fixing and ghost term in a BRST invariant manner,

Lic = MLaf + Lgr) = —i6B(CGH + C (X F — [(0))). (18)

Here f(o) is an arbitrary function of ¢¥ and o?.

Now we proceed to use FFBRST to address the Weyl degrees of freedom in NG string formulation.



IV. CONNECTION BETWEEN GENERATING FUNCTIONALS IN CONFORMAL AND
LIGHT-CONE GAUGES

Before going for the connection between the two effective theories we briefly discuss the ideas of
FFBRST developed in Ref.|21]. The BRST transformations are generated from BRST charge using
relation 0,9 = —[Q, P]0A where JA is infinitesimal anti-commuting global parameter. Following their
technique the anti-commuting BRST parameter §A is generalized to be finite-field dependent instead of
infinitesimal but space time independent parameter ©[¢]. Since the parameter is finite in nature unlike
the usual case the path integral measure is not invariant under such finite transformation. The Jacobian
for these transformations for certain O[¢] can be calculated by following way.

D¢ = J(k)D¢'(k)
= J(k+dk)D¢'(k + dk) (19)

where a numerical parameter k (0 < k < 1), has been introduced to execute the finite transformation
in a mathematically convenient way. All the fields are taken to be k dependent in such a fashion that
#(z,0) = ¢(z) and ¢(z,k = 1) = ¢'(z). Sess is invariant under FFBRST which is constructed by
considering successive infinitesimal BRST transformations (¢(k) — ¢(k + dk)). The nontrivial Jacobian
J(k) is then written as local functional of fields and will be replaced as e*51[?(%):Fl if the condition

/ D¢(k)[ﬁ—d°;§f) — i‘il—‘sl;l}e“sﬁseff) =0 (20)

holds [20]. Where % is a total derivative of S; with respect to k in which dependence on ¢(k) is also

differentiated. The change in Jacobian is calculated as

J(l;:] f)clk) - Eﬁ%éﬁ(ﬁ;if d
= 1- ﬁd{l—g{)dk (21)

+ is for bosonic and fermionic fields respectively.

In this section, we construct the FFBRST transformation with an appropriate finite parameter to
obtain the generating functional corresponding to L. from that of corresponding to £;.. We calculate
the Jacobian corresponding to such a FFBRST transformation following the method outlined in Ref. [21]
and show that it is a local functional of fields and accounts for the differences of the two FP effective
actions.

The generating functional corresponding to the FP effective action Sy is written as
Zes = [ Doexp(iseslo) (22)
where Sy is given by
S = / d*2(Ly + Ley) (23)

Now, to obtain the generating functional corresponding S, we apply the FFBRST transformation with
a finite parameter O[¢] which is obtained from the infinitesimal but field dependent parameter, ©'[¢(k)]
through [;* ©[¢(k)]dk, we construct ©'[¢(k)] as,

O'lo) =i [ dalyCH(X" - f(o) -5} 4)



Here ~ is arbitrary constant parameter and all the fields depend on the parameter k. The infinitesimal
change in the Jacobian corresponding to this FFBRST transformation is calculated using Eq.(21)
1 dJ(k)
J(k) dk
To express the Jacobian contribution in terms of a local functional of fields, we make an ansatz for S; by
considering all possible terms that could arise from such a transformation as

= —i/d%«‘v[w(C“l){(XJr = f(0)) =g 7} = (C"0.XT)C! — 657~ C"] (25)

Silo(k), k] = / Pa[~£67(C)(XT = f(0) = £0%(CY)g~~ + &(C*0. X H)C" + &by~ C"!
— &6 (CO)GTT + 605 (26)

where all the fields are considered to be k dependent and we have introduced arbitrary k& dependent
parameters &, = &,(k)(n = 1,2,..,6) with initial condition &,(k = 0) = 0. It is straight forward to
calculate

dsS;

T = [ PalG8TEXT ~ F(0)) - 637N + G(C0XTIC + €35 O - 87(C5

+ &C%GTT + 0'{61090, X TP (CY) — €657 6B (C) — &(6P(C1))C0, X T + £3(C*9,C*) 0, X TC*
+ &C"0,(—CPo X T)C + &6 (C)6G~ — &6 107 (C) + €07 (C0)sg T} (27)

where &, = C{f—g. Now we will use the condition of Eq.(20).

[ D¢ expli(Ses[¢(k)] + Si[b(k), k)] /dQI[(”Y — &) (CHXT = (o)) = (v +&)57(CH)g~~

+ (7 E)NC0XT)C + (= + &4)657Ct = &67(CgTT + ¢ C0%g T
+  O{(& —&)C 0, X5 (C) — (&2 4 £4)857 67 (CH) + (=& + &)og 65 (CO)H =0 (28)

The terms proportional to ©’, which are nonlocal due to ©’, vanish independently if

§&1—-& =0
&+& =0
& +&6 =0 (29)

To make the remaining local terms in Eq.(28) vanish, we need the following conditions:

y=§ =0
Y+& =0
y=& =0
y—=& =0
& =0
& =0 (30)

The differential equations for &, (k) can be solved with the initial conditions &,(0) = 0 to obtain the
solutions

1=k, S=-—9k &=vk &=7k &{&=&§=0 (31)

Putting values of these parameters in expression of S7, and choosing arbitrary parameter v = —1 we
obtain,

Sulo(1),1] = /d%[aff(cl)(w ~ f(0) — PO — (U0, X ) — 55— (32)



Thus the FFBRST transformation with the finite parameter © that is defined by Eq.(24]) changes the
generating functional Z.; as

Zes = [ Doesp(isuslo)
— [ D& expli(s. 161 + Si(6', 1)
— [ Doexpli(Sesle] + Silo, 1)
_ / Do exp(iSic[d]) = Zie (33)
Here S is defined as
Sie = [ dales+ ) (34)
In this way FFBRST transformation with the finite field dependent parameter in Eq. 24 connects

generating functional for the Polyakov action in conformal gauge to that of in the light-cone gauge.

V. CONCLUSION

In this present work we have demonstrated how Weyl degree of freedom are incorporated in the for-
mulation of NG string through certain field transformation. Weyl degree of freedom are first identified
in conformal gauge using BFV formulation. Then we have established the connection between conformal
gauge to light-cone in Polyakov type action for NG string using the technique of FFBRST transformation,
which connects various theories through the non-trivial Jacobian of path integral measure. The non-local
BRST transformation by Igarashi etal in [16] is nothing but a particular type of FFBRST transformation.
The parameter A in the non-local transformation in [16] is identified with FFBRST parameter ©'.
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