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Abstract. We use the Feynman functional quantization scheme adapted to the
gauge theories with reparametrization invariance to the functional covariant
first quantization of the open bosonic BDHP string in a position representa-
tion. The consistent functional integral representation of the open string
propagator is derived and evaluated. This result is used as a starting point for
two kinds of constructions of the off-shell multiloop open string amplitudes.
The general idea of the presented approach is to consider the off-shell
amplitudes as functionals on the space € of contours endowed with an intrinsic
metric or on the space ¥/R ,.

1. Introduction

The Polyakov path integral [1] over bordered surfaces was first considered in the
context of dual models beyond the critical dimensions [2]. At the same time its
application to the phenomenological model for the Wilson loop was discussed in a
more general framework by O. Alvarez [3]. In the current renewal of interest in
quantum string theory it has become clear that the Polyakov path integral
provides an efficient, manifestly covariant description of string theory at the
critical dimension [4—6]. The basic objects of the modern S-matrix formulation are
the on-shell multiloop amplitudes defined by means of the Polyakov functional
integral over surfaces with prescribed topology and with vertex functionals
corresponding to the ingoing and outgoing on-shell particle states [7]. The
advantage of this approach is that the Polyakov functional measure is reduced via
the Faddeev-Popov procedure to the uniquely determined measure on moduli
space [3-6]. As a result, on-shell amplitudes can be written as finite dimensional
integrals over moduli space of expressions made up of the known functions [8]. In
the past few years, important progress has been made in the investigation of these
amplitudes, especially in the case of the closed string [4-9]. Within the S-matrix
formulation, the sum over bordered surfaces appears in the functional integral
representation of the on-shell open string amplitudes [10].
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Although the S-matrix approach provides a full description of physical
processes, there are some questions of interest (i.e. the string vacuum, general
coordinate invariance, and low energy limits) which seem hard to answer within
this prescription. An alternative approach based on Alvarez’ paper [3] has been
proposed by Cohen et al. [11]. The general idea of this approach is to consider the
functional integral over surfaces (with a given topology and endowed with an
intrinsic metric), connecting prescribed contours k;, ..., ky in the target space:

ATk ky]= [ Dg [ Dx(VolBy x Vol #y) " e~ (11)
M Eny

In the case of a closed string the model manifold M is a two-dimensional
oriented manifold with N-holes and h-handles and the functional integral (1.1) is
interpreted as an h-loop N-states off-shell closed string amplitude.

In contrast to the functional integral representation of on-shell amplitudes, the
evaluation (=definition) of (1.1) by the F—P procedure causes some problems. In
general the F—P method works only when the number of nondynamical variables
in a functional integral is equal to the number of parameters of a gauge group. To
be more precise, it can happen that nondynamical degrees of freedom become
dynamical due to an anomaly [1], but it is not of concern in our case (d=26). A
simple counting shows that there are too many nondynamical variables in (1.1).
One can resolve this problem by imposing some 2,,O# -invariant boundary
condition on the space of fields .4, x &%,. Such a boundary condition has been
proposed by Alvarez [3],

ngt0,x"0px* = 0. (1.2)

The problem with this condition is that we cannot integrate over x-variables. If
we consider (1.2) for a fixed metric g as a condition for x, the submanifold of &%,
determined by (1.2) is not an affine space nor a sum of various affine spaces and the
functional integral over x is not Gaussian and therefore untractable. In the
literature [3, 11-17] the calculation (= definition) of the functional (1.1) is based on
a modification of the result obtained in the case of closed surfaces:

ATk, ..oky]=T1 | 9y; [ [dt](det P*P)'*(det¥) 3¢ Sle-x (1.3)
i=1 Dom [Th4]

The determinant of PP, as well as the finite dimensional determinants
included in the measure [dt] on a fundamental domain [T,f] in the reduced
Teichmiiller space [25], are evaluated with the mixed boundary conditions [3].
The determinant of the Laplace-Beltrami operator %, is evaluated with the
Dirichlet boundary conditions, and x, denotes the solution of the equation
Z,x,=0 with the boundary conditions x4, =kf o y;.

The expression (1.3) is unsatisfactory for several reasons. First of all the mixed
boundary conditions do not follow from the boundary conditions (1.2) and
therefore cannot cure the problem of nondynamical variables in (1.1) mentioned
above. This is just the origin of the averaging over boundary reparametrizations in
(1.3). In contrast to other functional measures in Polyakov’s theory the functional
measure 97’ remains undetermined and is an untractable formal symbol. This
problem disappears for pointlike strings, i.e. for the semi- off-shell amplitudes
obtained by shrinking the contours k; to points [11, 17]. In this case the expression
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(1.3) leads to the expected results [12-14, 17]. Let us also note that even if it is
possible to provide a precise meaning to the averaging over boundary repara-
metrizations the resulting expression should be interpreted as an off-shell
amplitude sandwiched between projectors on the space of diff-invariant states
[12]. It is clear that such objects are insufficient to build up the Feynman rules for
the interacting string field theory.

There are some other evidences [18-22] that the off-shell amplitudes in the
string theory should be gauge dependent and therefore the averaging over
reparametrizations in (1.3) seems to be spurious. The arguments in [21, 22] are
mainly of a string field theory nature, while the derivations in [18, 19] are based on
the BRST extension of the string hamiltonian and the proper time representation
of the propagator. In [20] another derivation of the off-shell string propagator
within the Batalin-Fradkin-Vilkoviski phase space path integral approach has
been proposed. In all these cases the original geometrical interpretation of the
Polyakov path integral is lost.

The aim of this paper is to construct a consistent covariant functional integral
representation of off-shell open string amplitudes. The general idea of the
approach presented here is to consider the off-shell amplitudes as functionals
either on the space %2 of contours in IR?*® endowed with the intrinsic one-
dimensional metric or on the space €7° =%7°/RR ... Such choices of variables in the
off-shell formulation of string theory are justified by the structure of the space of
string wave functionals in the first quantized theory in the covariant gauge.

In Sect. 2 the consistency of the F—P procedure is discussed in the case of the
functional integral representation of on-shell open string amplitudes. This section
has an introductory character and the majority of the presented materials is not
new. The only novelty is an “integrated” version of the mixed Alvarez boundary
conditions which play an essential role in further considerations.

In Sect. 3 the covariant functional first quantization of the open bosonic string
in the position representation is carried out, according to the Feynman functional
quantization scheme [23] adapted to the case of the gauge theories with the
reparametrization invariance. The general ideas of this quantization scheme are
presented in Subsect. 3.1. In Subsect. 3.2 two different spaces $°, $°f of open
string wave functionals are introduced. They lead to different formulations of the
first quantized string. The functional integral representations of the open string
propagators in both formulations are proposed and evaluated in Sect. 3.3. It was
shown that the consistency of these representations requires an additional stage of
the gauge fixing consisting in a choice of an appropriate subbundle of allowed
metrics in the space of string trajectories. This gauge freedom is related to the
freedom of choice of the open string hamiltonian. The considerations in Sect. 3 do
not provide a full description of the first quantized string. The complete
formulation requires the BRST extension of the propagator and of the space of
wave functionals. This problem is beyond the scope of this paper and will be
presented elsewhere. Nevertheless, the results of Sect. 3 allow us to generalize the
functional integral representation of the propagator to the case of arbitrary off-
shell open string amplitudes. Such a generalization is presented in Sect. 4.
Conclusions and a discussion of directions of further work are included in Sect. 5.
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2. The On-Shell Open String Amplitudes

In order to give a meaning (via the F-P procedure) to the Polyakov functional
integral over surfaces with a boundary it is necessary to specify appropriate
boundary conditions [3]. In the case of on-shell open string amplitudes the
boundary conditions for the variable x: M —IR? are a natural generalization (for
an arbitrary bordered Riemann surface M) of the string edge conditions. They
follow from the variation of the classical BDHP [20] action:

10,5 op =0. 2.1)

n, denotes the normal inward direction to the boundary dM with respect to the
metric g on M. This condition is invariant under the action of the semidirect
product 2% O W, of the group 9%, of all diffeomorphisms of M connected with the
identity and the group #;, of conformal deformations of metrics on M.
Throughout the whole paper we will deal only with 2%,. (The residual modular
invariance can be taken into account by restricting the final integral over the
reduced Teichmiiller space [21] to a fundamental domain of the discrete mapping
class group 2,,/2%). In order to simplify the notation we shall write in the sequel
9, instead of 9%,

We would like to define a partition function for the open string by analogy with
the closed string case [4-6]:

Zy= | 98 | < [ 9fx | @¢)"e'5‘”"“, 22
Mn /»’ﬁg Dm WM

where .#,, is the space of all metrics on M, &7 — the space of mappings x: M ->R*?
fulfilling the boundary condition (2.1); S[g, x] denotes the BDHP action for the
bosonic string. According to Polyakov’s ideas [1, 28], the functional measures in
(2.2) are treated as infinite dimensional volume forms related to the ultralocal
Riemannian structures H(|), E%(|), H%(|), W9(|) defined on 4., %% Pus W 'ur>
respectively:

M(6glog)= | V/8d?28"8" 08,408, 08,08 € TpMly, 23
ES(5x)6x) = Aj{ Vgd?zox"ox™,  Ox,0x € T Exf ~ ErF, (2.4)
Hiof10f)= | Ved*zgu0f°5f™,  6f,0f € TP, 2.5
w4160 | Vgd?20¢0¢', 0,00’ € TyWyxWy. (2.6)

Since the quotient space /(2 X #4) is homeomorphic to the reduced
Teichmiiller space T, of the surface M [25] one can expect that the functional
integral (2.2) reduces (via the F-P procedure) to a finite dimensional one over T,;.

The integration over &% in (2.2) is Gaussian and yields the Z-invariant

functional on #,,:
' —dj2
[ gxeson= [y ) T
8frg [ [/gd*z
M
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where dety #, denotes the determinant of the Laplace-Beltrami operator acting on
the space of scalar functions with the Neumann boundary conditions.

In the conformal gauge the F—P procedure with respect to the group Z,, is
based on the splitting of the space J,.# ), tangent to .#, at every point g€ My,

Ty Myy=H ;DA ,, 2.7

into the space #; of traceless symmetric tensors éh,, and the space ¥, of tensors
proportional to the metric 6¢g,,(5¢ € #).

The F-P operator 4{"’=P; P, is defined by means of the conformal Lie
derivative operator P, [3, 22]:

Py: TPy~ Ky (Pof)as=Vilfy+ Viofui—8aVIf*, (2.8)
and its formal adjoint P,
Pl H,>T DYy, (P} Oh),= —20*6h,, 2.9)

where J,,2,, denotes the space tangent to the group 2,, at the identity.

As it was pointed out by Alvarez [3] the determinant of P, P, can be evaluated
if the operators A{*) and A= P, P, are self-adjoint positively semidefined elliptic
operators. This requirement, together with the additional one concerning the
relation between the spectra of 4" and A{), leads to the following general
structure of the admissible boundary conditions on dM [3]:

BOf=0, B,0h=0, B,P,0/)=0, RB,(P;oh)=0,  (2.10)

where %, #, are local linear relations not involving derivatives for which the
integral

| dsn®Sh,,0f°

oM
vanishes.

The space 7,2, consists of vector fields 6f* an M with the boundary

condition n,0f*|;,,=0. This condition has the unique extension to the system
(2.10):

n0f*=0, @.11)
t*nbSh,, =0, 2.12)
t'nt(P,0f) =0, (2.13)
n*(P;} 5h),=0. (2.14)

From now on the system above will be called on A-type system.

The additional boundary conditions mean that in the functional integral (2.2)
we cannot integrate over the whole space .#,, but rather over a submanifold of .#,,
the tangent space of which is determined by (2.12), (2.14). Similarly, the condition
(2.13) leads to a restriction of the diffeomorphisms group.

In order to construct an appropriate submanifold of .#),, let us first recall some
basic facts about the doubling construction [13]. For a given oriented 2-dimen-
sional surface M with boundary we consider its copy M with the opposite
orientation (the mirror image). The double M, of M is the orientable closed
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manifold obtained from M and M by gluing about the corresponding points on the
appropriate boundaries. With this construction M and M become bordered
submanifolds of M, and 0M =M M is a one-dimensional submanifold of M,
We say that an orientation reversing diffeomorphism i of M, is an involution of
M, if its set of fixed points is M and i* =id,,,. Note that the existence of at least
one such involution follows immediately from the definition of M. Equivalently
one can define the doubling as a closed manifold with involution. For every
involution i on M, there is the uniquely determined invariant direction n; on M

i*ni = - ni . (2.1 5)

A metric g on M, will be called i-symmetric if the involution i is an isometry of

i*g=g.
It is clear that for an i-symmetric metric g the normal direction n, determined
by g on dM coincides with the invariant direction of i,

nitgs, = 0. (2.16)
Furthermore, for any i-symmetric vector field V*) on M,
V=i Y,
and for any i-antysymmetric vector field V(™) on M,
V)= __i*V(—),

we have the identities:

n‘i'Va(“ar—A‘l 0, t“n{-’V,,Va‘“EO, (2.17)

taV“(_)a_flO’ n‘i'ni-’VbV;')aiO, (2.18)

where t* denotes the unit vector tangent to M. Note that 0M is geodesic with
respect to the metric g.
Let us now consider a metric g on M and define the metric g° on M, by setting

Clu=i*g, gIu=¢, (2.19)

where i is some involution of M, The resulting metric g% in general, will not be
continous and differentiable across M. The coincidence of the normal direction
n,s with n; is a necessary condition for the metric (2.19) to be continuous. Equations
(2.17), (2.18) provide conditions for (C') differentiability. The conditions for
continuity of higher order derivatives of g can be formulated by relations on M
involving higher order covariant derivatives of (anti-) symmetric vector fields.
For a given involution i on M, we define the space #% as a space of metrics
admitting a C! extension to i-symmetric metrics on M. We are interested in the
space 7,/ tangent to .4}, at g € .#,. This space consists of symmetric covariant
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tensors dg,, fulfilling the boundary conditions:

n‘:taégab 671 0 s

n'P?6g, = 0, (2.20)

n°V(8"0gsc) =, 0-

The conditions above can be easily derived by the variation of the conditions
(2.16-2.18). The important feature of the boundary conditions (2.20) is that they are
compatible with the orthogonal decomposition (2.7):

.Z«//{}W=%l®‘%;5 (2'21)

A= {&ga,, €Ay niV,ot = 0} .

The space J#, is just the space of symmetric tensors determined by the
boundary conditions (2.12), (2.14), therefore we should replace .#,, by 4}, in the
functional integral (2.2). But .4, is not invariant under the action of 2,,O %/, 50
we must restrict the gauge group too. Fortunately, this can be done consistently
with the boundary conditions (2.13).

A diffeomorphism f of M, will be called i-symmetric if it commutes with the
involution i:

iofoi=f. 2.22)

Itisclear thatif g and f are i-symmetric on M, then f*g is i-symmetric too. For
fe D, let us introduce the diffcomorphism f; of M, defined by

fw=1s  fla=iofoi.

The diffeomorphism f; constructed in this way is i-symmetric and continuous
for all fe 2,,. It follows from (2.22) and the uniqueness of the invariant direction n;
that the equation:

Joxlti i

is a necessery condition for f; to have continuous first derivative.

We define the subgroup 2% € 9,, as the group of all difffomorphisms of M
which admits the C* extension to i-symmetric diffeomorphisms of M, The space
T:4D5¢ consists of all vector fields on M satisfying the boundary conditions (2.11)
and (2.13).

In a similar way one can obtain the restricted group of conformal
deformations:

Wit = {(be“///M:n?aa(/);lO}.
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Resuming, the imposition of the A-type boundary conditions necessary to
ensure the consistency of the F-P procedure is equivalent to the restriction of .4,
and 9,,O W%, in the definition of the partition function to .#%! and 24! O#}*
respectively. There is, however, some technical problem related to the geometry of
the action of the group of diffeomorphisms on the space of metrics. In fact, 4% is
invariant under the action of the group 25?7 (difffomorphisms which admit
continuous, up to the second derivative, i-symmetric extension on M) but not
under the action of 2%!. To avoid this problem we can consider the spaces /%,
Di, Wi defined by means of smooth i-symmetric extensions on the doubling.
This is possible because for a smooth i-symmetric metric g on M, the operators
PSP, and P P; are elliptic and positively defined and therefore they have smooth
eigenfunctions which can be symmetrically divided into i-symmetric and
i-antysymmetric parts. It is clear that the i-symmetric part provides the solution of
the A-type boundary value problem for the operators P} P, on 7,24 and P,P;
on ;. Therefore, for the evaluation of the F-P determinant it is inessential in
which class of spaces we work (provided that the boundary condition up to the first
derivative is taken into account). Note that the quotient space %™ (D> O W3 ©)
is the relative Teichmiiller space T;X of M [26] which is isomorphic to the reduced
Teichmiiller space T;f [27]. The relation between the A-type boundary value
problem and the doubling construction was first pointed out by Blau and
Clements in the case of constant curvature metrics and used in the evaluation of
the off-shell closed string amplitudes [13].

We arrive at the following definition of the open string partition function:

Zyi= | 9g | Dx(VolDi™ x VolWy=) e, (2.23)
M L3%

where & =&

The new definition above depends on some arbitrary chosen involution i on M
(in particular it depends on the invariant direction n;). Using the F—P method one
can check by the explicit calculation of (2.23) that Z% ' is in fact independent of i. It
can also be seen in a more heuristic way. For another involution i’ on M;, we have
the smooth diffeomorphism f =i’ - i|,,. Since the measure and the action S[g, x] in
(2.23) are explicitly 2,,-invariant, the change of variables (g, x)—(f *g, f *x) results
only in the change of integration domain 5 x &4~ #';* x &%, and we obtain
Z%=7%.

For the functional integral (2.23) one can apply the F—P procedure exactly as in
the case of closed surfaces [28]. Let us stress that the boundary conditions for the
F-P operator follow from our choice of domain of integration. Moreover, at every
stage of evaluation of (2.23) (i.e. for every ge .#%®) one can use the doubling
construction [13]. It allows us to treat the problem of the local and global
conformal anomaly as in the case of the closed string [6]. The evaluation of (2.23)
proceeds along the standard lines and the final form of the partition function in the
conformal gauge g=e?®$, is as follows:

13
ZdetAPgtPg:> ( dety &y ) , (2.24)

0 __ 6h— 6+ 3b vy X9
ZM_ j d tdetMg‘(&/):IXk) <——detH+(Pa:t j. ngzz
M

[Tl
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where M is a surface with h-handles and b-boundaries, {oy,}?%7 3" denotes an
arbitrary basis in KerP;: and

- a LC AL
(OXar= <6t’ S — gabg dat’ cd>,
H(P;;)ij=Mg'(5wl'a 51/’j)~

The determinants of P, P, and %, are evaluated with the A-type and Neumann
boundary conditions, respectively. The formula (2.24) is the starting point to
discuss the on-shell open string amplitudes [10].

3. The Covariant Functional Quantization of the Open Bosonic String

3.1. General Ideas

Within the Feynman prescription of the covariant functional quantization of
nondegenerate Lagrangians [23] the space H of wave functions consists of
complex valued functions on the space Q of boundary conditions {g;}7-, of the
trajectories of a classical system with the inner product

(Il d"qp(q)P(q) - (3.1)

The central object of this approach is the integral kernel (with respect to (3.1)) of
the evolution operator expressed in terms of a functional integral over trajectories.

The degenerate Lagrangian case requires changes in both stages of the scheme
above. For the gauge theories the space of boundary conditions divides into classes
of physically equivalent conditions. Therefore, the wave functions representing the
physical states should be constant in the equivalence classes. These classes can be
described as orbits of some group ¥ (acting on the space of initial conditions)
induced by the group of gauge transformations (acting on the space of trajectories).
Accordingly, the “physical” wave functions can be described as %-invariant
functions. Roughly speaking, the number of parameters of the group ¥ is equal to
the number of first class constraints linear in momenta present in the Dirac
analysis [29] of a system considered. The restriction to the space of wave functions
with some symmetry in the covariant prescription is then equivalent in the
canonical quantization to the restriction to the subspace of states annihilated by
the corresponding constraint operators.

For gauge theories without reparametrization invariance all first class
constraints are linear in momenta and can be taken into account by the
requirement of an appropriate invariance of wave functions. The quantization
scheme is completed in this case by evaluating the integral kernel of the evolution
operator determined as a functional integral over classes of gauge equivalent
trajectories. Let us note that the problem of constructing an appropriate inner
product in the space of symmetric wave functions is not trivial.

The important feature of gauge theories with reparametrization invariance is
the appearance of first class constraints quadratic in momenta. Moreover, since in
this case the gauge transformations connect trajectories starting and ending at
different times the wave functions corresponding to the physical states should be
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time independent. In fact, due to the vanishing of the canonical Hamiltonian for
such theories the Schrédinger equation is trivial and the whole dynamics is
described by the constraint equations [30]. The integral kernel of the evolution
operator is simply the delta function but there exists a corresponding object
defined by the functional integral over trajectories — the propagator which has the
quantum mechanical interpretation as the integral kernel of the operator inverse
to the operator of a quadratic in momenta constraint. More precisely, such
interpretation is valid only when one can consistently solve all linear in momenta
constraints. With a part of these constraints unsolved the propagator acquires an
additional contribution from the Stiickelberg and the ghost fields.

In the next section we will show how these general ideas of covariant functional
quantization can be applied in the case of the open bosonic string described by the
BDHP action [24].

3.2. The Space of the Open String Wave Functionals

In general the open string trajectory is described by the triplet (M, g, x), where M is
a rectangle-like 2-dimensional manifold, g is a metric on M and x is a mapping
from M into the target space R?. The general gauge transformations include the
Weyl rescalings of the metric and the diffcomorphisms f: M—M’ (which can
change the manifold M). The first stage of the gauge fixing in the presented
formulation consists in the choice of some fixed 2-dimensional manifold M
(diffeomorphic to the rectangle). With this gauge the space of string trajectories
and the space of gauge transformations reduce to the space .#,, x &% and to the
group 2,,O%y, respectively.

Let us note that other gauges are also possible. In the local formulation (in
terms of infinitesimal metric variations) they were discussed by Redlih [21]. The
general idea of this approach is to consider the metric variations generated by
difftomorphisms moving the boundaries of M. In the global formulation it
requires a notion of path integral over the space of 2-dimensional rectangle-like
manifolds and in particular a Z-invariant Riemannian structure on this space.
Realization of this program leads to complicated constructions and will not be
discussed here.

We will call two pairs of the opposite sides of M the “timelike” (T) and
“spacelike” (S) boundaries of M (Fig. 1a). In order to specify the boundary
conditions along the T-boundaries of M, we will use the doubling M, of M
(Fig. 1b) with some involution i on M, As it follows from considerations of the
previous section the space of string trajectories is defined as the cartesian product
Ti=My x & of the space ', of the metrics on M with smooth i-symmetric
extensions on M, and the space &', of the mappings with the Neumann boundary
conditions along the T-boundaries of M. In addition, we require that the
boundaries of M be perpendicular one to another at all corners of M with respect
to the metrics ge .4, [17]. The group of the gauge transformations 24,0 %",
consists of the difftfomorphisms f: M —M admitting smooth i-symmetric exten-
sions on M, and the functions ¢ : M —»R with the Neumann boundary conditions
along the T-boundaries.

Let us consider the space .7 of the boundary conditions of string trajectories.
Within our (M-fixed) gauge the initial (final) boundary conditions for an open
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where
Ii:Zi_)Ma (l_>f)

are the inclusions of the initial X; and the final X, boundaries of M (henceforth
(i— f) denotes the same formula for f indices). All possible initial conditions form
the cartesian product .#5, x &% of the space .#;, of all einbeins on Z; and the space
&3, of all mappings x,: Z,—IR? satisfying the Neumann boundary conditions at the
ends of L. Accordingly, the final boundary conditions form the space .#;, x &5,
Both spaces are independent of the special parametrization of M, X;, and Z,.
However, it should be possible to compare the initial and the final conditions. This
can be done by introducing the “reference” space .4 x &% together with the
isomorphisms

¥ My X EE > M x 8L, (i—f) (3.3)

induced by the diffefomorphisms: g;: L —Z;, (i— f). The choice of some “reference”
interval L(L=[0, 1]) can be regarded as the first stage of the 1-dimensional part of
gauge fixing in our formulation.

Restricting oneself to the space of string wave functionals on ., x &% gives
part of the linear in momenta constraints already solved. The remaining unsolved
part is related to the residual induced gauge transformations on .#; x &%. They
form the semidirect product 2, ©#, of the group &, of all orientation preserving
diffeomorphisms y : L- L and the group %/, of all real valued functions ¢ on L with
the Neumann boundary conditions (¢(0) = $(1) =0). The action of 9, O # on 4,

x &% has the following form:
w (1 DEDLOWL
—_—

My x &3 (e, %) (exp(@)y*e,y*X) e My x &2

The identification of the initial and final boundary conditions of string
trajectories with points in .#; x &% manifestly depends on an arbitrary choice of
the parametrizations o;, 6, (3.3). One can overcome this problem choosing the
quotient €% =(M,x &%)/9, as the space of boundary conditions for string
trajectories. The space %% has a simple geometrical interpretation — it is the space
of all metrized open contours in R?. For every string trajectory we define the initial
¢; and the final ¢, boundary conditions by

= ote,0fx), (@(i—f),
where I1, denotes the canonical projection in the principal bundle
D~ My x 8
!
(M x EDD,=Ft~R, x &L 3.4)

We define the space $°f of off-shell string wave functionals as the space of all
functionals on %%. One way of description (parametrization) of the space $" is
offered by the Faddeev-Popov method. One can consider $ as the space of
9, -invariant functionals on .#; x &%, which are completely determined by their
values on some gauge slice %, related to a global section of the bundle (3.4). Note
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that in the case of the open string the bundle (3.4) is trivial (there is no Gribov
ambiguity).

In the sequel we restrict ourselves to a special subclass of gauges which can be
called 1-dimensional conformal gauges and are determined by the gauge slices:

Fe={(e,R)e M xE :e=16,1eR,}. 3.5)

This restriction is the 1-dimensional part of the second stage of gauge fixing in
our formulation. In this gauge the string wave functional ¥[c] can be regarded as
the functional ¥,[a, X] = ¥[«é,X] on the space R, x &4.

Let us now turn to the description of the residual gauge invariance in the space
9 related to the “unsolved” #-invariance in .4, x &¢. Due to the semidirect
product structure of the group 2, O ¥, the action of #7, on 4, x & does not
reduce to a well defined action on %¢ (with the exception of the 1-dimensional
subgroup IR, C#7, of constant rescalings of einbeins which commute with ;).

With respect to this problem the gauges (3.5) are very special. For a fixed é one
can construct the subgroup 9% C 2, O}, defined by

P ={($,)e D, 0W:ePy*é=¢}.
The direct product R , x Z¢ preserves the gauge slice & and describes the

residual gauge invariance in the gauge (3.5). In fact the group 2, O %7, can be
decomposed as the semidirect product

2,.0%1.=2,.0R , x D)),
and for every é we have
SR, x G~ A

The residual gauge invariance in %? can be also described in a gauge
independent way. Let us consider the space .#, x &, where &, denotes the group
of the orientation preserving diffeomorphisms of L. The action of the group R ,
x D, on My x F, defined by

(A, 7)eR+ x9,
_—

My x Dy 3(e,7) (y*e,y~'y)e My x ),
induces the principal fibre bundle structure:
R, x9,—>M xT,
1,
GL=(ML % ‘@L)/(]R+ X9y).

Let us consider the family of global sections of this bundle determined by the
gauge slices:

{e,V)eMyx D :e=é}. (3.6)
We define the group structure in ¥, :
G.xG, s3I, IM>IT'=N4é,5-7)e%,, 3.7
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where I'=1I14(é,7), I'"=I4(é,7). The right action of ¥ on ¢ is defined by:
@ sc—2 s Fe=11,(at,%-7) %", (3.8)

where c=1I1,(xé, %) and I' =I14(é, ).
Both definitions above are é-independent. From (3.7) it easily follows that ¥, is
isomorphic to Z,. We also have

%‘}‘/IR.}_ XgL=fd.

The subspace $H2% CH" of the “off-shell physical” wave functionals corre-
sponding to the string states annihilated by all constraints linear in momenta can
then be defined as the subspace of ¢, -invariant functionals on 4.

Let us introduce another space of string boundary conditions:

CL=FL/R . =(M,x ED[DLxR,).

As in the case of €4, for every string trajectory (g, x) € 4%, x &%, one can define two
points in #{ as the initial ¢; and the final ¢, boundary conditions independent of
any parametrization of M, 2;, and 2. We will denote the space of string wave
functionals defined on %{ or, equivalently, the subspace of R,-invariant
functionals on %4 by $°. The parametrization of the space based on the Faddeev-
Popov method requires global sections in the bundle:

IR+ ng—?%Lxé‘Z

lm

Ginél. (39

We will use the 1-dimensional conformal gauges:
Fi={(e,X)e M x EF,e=8}. (3.10)
The residual gauge transformations are described in €4 by the action of the group

gL-

There also exist gauge independent parametrizations of the spaces €4, €4. For
a given einbein ee.#;, let us consider the 1-dimensional Laplace-Beltrami
operator

acting on the space of scalar functions on L satisfying the Neumann boundary
conditions. Let us denote by {y¢},., the complete basis of all normalized
eigenfunctions of %,:

d
Lpn=AWn, = Vn =0,
enn dG' e=0,1

f ew;w;do=5n,ma n,m=0, 1 .
L
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We define the mapping 2 from the space .4, x &% onto the space 4¢ of infinite
sequences of modes by

P M xE (e, K)— (4, ch,ch,...)eA,
/= |edo,
L

ch=[epixtdo, n=0,1. 3.11)
L

It follows from the completeness of {:}, , and the invariance of &, (p}°=y*y¢
that & is constant along 9, -orbits in .#; x &% and reduces to the 1-1 mapping
P: %% > A° In this parametrization the R , action on % has the following form:

(C,chych, .. )25 (Ag, A2k, AM2eh ).
The corresponding gauge independent parametrization of € is defined by

P My xE (e, H)—-(Ch, et .. )ed, e=¢"12%, n=0,1,.... (312

The next task is to construct an inner product in the space $H%. It requires some

notion of integration of 2, © #-invariant functionals over .#, x &%. Applying the
geometrical framework of functional integration of invariant objects one should
start with some ultralocal, invariant Riemannian structure on .4, x &4. Just like in
the case of the space of string trajectories there are no 2, #:-invariant,
ultralocal structures on .#; x &% (one can achieve either &, - or #}-invariance).
The 2,-invariant metric structure G(|) on .#; x &% is well known from the
functional quantization of the spinless particle [11, 28], where .4, x &% plays the
role of the space of trajectories. We have [28]

dede’
e

G, »(0e, 6%|o€’, 6%) = | ds+ [ edx*ox™ds.
L L

We define the inner product (.) in H2f by
(P, ¥)= | (e%)(Vol,2,) '(Vol,#,) ' P[e,x]¥'[e,X],
ML x &L

LX&

where the functional measure 9(e, X) is related to the metric structure G(|). In the
gauge (3.5) the standard application of the Faddeev-Popov method with respect to
the group 9, yields

(PI¥)=7 [ do | 9*5(Vol,, W)™ ¥yle, ] Wil 71, (3.13)
0 33

where /= [ édo and the functional measure 9*% is related to the metric structure
L
E*(]) on &%° defined as follows:
EZ(0%|0%')= [ aéd%o%'ds.
L
The functional measure in the inner product (3.13) is not R, x ¢, -invariant

and cannot be reduced by the Faddeev-Popov method to an ultralocal measure on
the quotient spaces €4 =%4/R ., A ‘=%%/%,.
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3.3. The Open String Propagator

According to the general scheme of the functional quantization presented in
Subsect. 3.1 the string propagator P[¢; ¢,] in the space $H°f is defined as a path
integral over the space J,(i, f) of the string trajectories starting at the “initial”
class of metrized contours ;e %} and ending at the “final” one ¢,€%4. In the
parametrization of €% determmed by the gauge fixing #¢ (3.8) one can formulate
these conditions in the following way:

Hglote, 0fx)=1q(é,X)=c;, (i=f). (3.14)

Note that the conditions (3.14) are independent of the choice of parametrization
0;:L—»ZX;, 0,:L—»X, and of the choice of gauge fixing in %7,

The boundary condltlons (3.14) are 2} -invariant, and one can expect that in
the “evaluation” of the propagator P[¢; ¢,] the Faddeev-Popov method should be
applied for the group 2),. As was discussed in Sect.2 the requirement of
consistency of this step leads to some restrictions on the space of metrics and gauge
transformations. In our case the boundary conditions along the T-boundaries of
M fulfill this requirement. It is convenient to derive the corresponding conditions
along the S-boundaries 2, ¥ of M, before we give an appropriate definition of the
string propagator. Repeating the considerations of Sect. 2 we obtain the space of
open string trajectories =M% x &%, where .4, is the subspace of .4,
consisting of all metrics admitting j- symmetrlc extensions on MP. MP denotes the
doubling of M with respect to the “spacelike” boundaries and j is an arbitrarily
chosen involution on M? (Fig. 1c). The corresponding restriction of the gauge
group 2,,0%7; we will denote by 240%

Since the conditions (3.14) are not invariant under the action of the whole
group #,j, the gauge invariance which should be taken into account in a
functional integral representation of the propagator is related to the subgroup
DLOWHCDEOW Y, where #,i denotes the subgroup of #;4 consisting of
functions which are constant on the S-boundaries Z;, X . It leads to the following
formal expression for the open string propagator:

PLased= 0 @) (] 20)7" ([, 26) 0, (319)
T MG S) DNt W Nt
where the functional measures 9(g, x), 2f, Z¢ are related to the Riemannian
structures defined by (2.3, 4), (2.5), and (2.6) respectively. Note that there are too
many nondynamical variables in the path integral (3.15), so one can expect that
this expression should be modified. We will return to this problem after the
discussion of the F—P procedure.

Using the formal generalization of the Fubini theorem [28] one can replace the
integration over 7 4(i, f) by the integration over the subspaces of a fixed g and then
over the manifold .#%:

P[c,c,]= j 2g(VolZi)~ ' (Vol#iH~* | N Dx e S, (3.16)
&1,
&%, f) denotes the affine space of mappings x: M —IR? fulfilling the boundary
conditions:

xi=ii°'yi[g9é]9 (l_)f); (317)
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where for every g the diffeomorphisms
'}’,[g,é] Zx_)La (l_>f)’
are uniquely determined by the equations
const; x ¢;=y¥[g,é1é, (i—f). (3.18)

Since for ye 9,

rlg.v*el=y""oylg.él, (i—f) (3.19)
and

7ilg,const x é]=y,[g,€], (i—f),

the boundary conditions (3.17) are independent of the choice of gauge %7 in ¢*.
The functional integral over &%,(i, f) is Gaussian and can be evaluated:

Dx e S =(detyy L) "4 eSO, (320)
&5, f)

where £, denotes the 2-dimensional Laplace-Beltrami operator acting on the
space of scalar functions on M with the Dirichlet boundary conditions along the
S-boundaries and the Neumann ones along the T-boundaries. x{[g] is a solution
of the boundary value problem
& gx{ [g] =0 s
x{[gloI;=%ylg.8l, (~f), (3.21)
()9, x{[g]1=0 on OM\(Z;nZ)).
The right-hand side of formula (3.20) is a 2-invariant functional of g so one
can apply the standard Faddeev-Popov method to the path integral:

Pleye]= f, Pg(Vol @)™ (VoI W)~ detpy )%™/l (3.22)

with respect to the group 24;.
In order to construct a conformal gauge slice let us consider the principal fibre
bundle [25-27]:
WOWii— My
I
MG DGOW) =T =T . (323)
In the case of a rectangle the relative (reduced) Teichmiiller space T5(T,f) is
isomorphic with R , and there exists a global smooth section of the bundle (3.23):

E:TEst-g'e My,

Using the section Z one can construct the global conformal section Z¢ of the
bundle:

Dy~ My
!
MDY, (3.24)
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determined by the conformal gauge slice S5=E(M5/D%):
c={geMyi:g=eg pe Wi, te Ty} (3.25)
The application of the F-P method for the functional integral (3.22) in the

gauge fixing (3.25) together with the change of variables #3§—(t, p)e R+ x W3
yields

© det P+P 1/2
P _"_ _ dtMta 5_ g 9 -1 —AA_Q_Q)
[e,e1= [ dtM(ovlog) f, 29 (WIM ¢> < H(P})
X (detpy&;) =42 =S/ (3.26)

where all symbols are defined as in Sect. 2. The index AA in the symbol of
determinant of P, P, means that the A-type boundary conditions have been
chosen on the S- and T-boundaries of M. Note that there are no conformal Killing
vector fields on M with the A-type boundary conditions [17]. The functional
measure Y¢ in (3.26) is related to the nonconstant Riemannian structure Wf(l) on
w3,
Wy (5¢15¢")= i e?)/g1d*280¢ .
As was shown in [17], in the case of bordered surfaces with corners the

conformal anomaly does not vanish even in the critical dimension. It is due to the
non-vanishing corner contribution which in d =26 has the formexp [ 3 ¥, ¢(z,) | (the
i

sum is taken over all corners z; of M). Therefore in d =26 one can rewrite (3.26) in
the following form:

© + 1/2
PLevcd= [ amuonion [, 9o ( 1, 20)" (SPaEE) " ey
exp (15 9(e) - Se%e ¥[e’¢T]). 62)

In the formula above a drawback of the definition (3.15) of the propagator
becomes more visible. Even at the critical dimension the integration over
“conformal factor” does not decouple. There are two independent sources of this
difficulty. First of all, as a result of our choice of boundary conditions for
trajectories (3.14) the maximal symmetry group of the “classical action”
S[g, x{[g]]is 24,0 #5i (and not 2%, #3). Secondly, due to the corner anomaly
the symmetry group of the integrand in (3.27) reduces further to the group
DU OW Y, where # consists of all functions ¢ € #; satisfying the condition:
Y. ¢(2)=0.

Note that the symmetry properties of S[g,x/[g]] are similar for open and
closed strings while the corner anomaly is a specific feature of the open string. For
this reason it is convenient to consider the difficulty with (3.27) in two steps. Firstly,
we assume that there is no corner anomaly. With this assumption all problems are
due to the integration over the whole group #/;7 in (3.27). This is the reflection of
the problem mentioned above with nondynamical variables in the (“too large”)
space of trajectories 7 4(i, f). It follows from formulae (3.22) and (3.27) that an
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appropriate space of trajectories (i.e. a space for which it is possible to define the
path integral (3.15) by Gaussian integrals and by the F—P method) should lead to
the space of metrics 4#,, C .44 which has the structure of a subbundle of (3.23) with
the structure group 24O %,

Let us denote by B,, the space of all subbundles %,,,

DLOWi— By
I
Bu/( D5 OW ) =T (3.28)

of the bundle (3.23). Note that fixing some “reference” section of (3.23) one can
parametrize the space B,, by the space of functions:

TRt (¢ $) € Wag X Wiy
For every %,,€B,, we define the functional
P[¢, ¢/l Bu]l= 2(g, 2 Dp\ e Sex1 (3.29
[CoCrlBul= Im (8 X)<£ f) (_I ¢> ¢ (3.29)

TR W

where

Tiili, f1Br)={(8, %) € Tsi(i, ): g € B} -

The expression (3.29) fulfills the consistency requirement of the F—P method,
and the functional P[¢;,C;|%),] can be evaluated at the critical dimension:

o ® _ (det PP\ -13 ,—S[gtx{[*1]
P[ci, Cf|gZM] = J. dtMgt((Slp}&X) W (detDNo%t e [9* x][g’ s
0 gt (330)

where Z: T,¥at—g € B, is a global section of the subbundle %,,.

Let us consider the functional (3.30) in the special case of the subbundle %%,
constructed from the subspace ., of all metrics ge.#}j with zero scalar
curvature by the action of the group #}J. Note that this subbundle is in a way
“natural” since its definition is independent of any parametrization of the
Teichmiiller space and does not require any additional structure on M. In the case
of #% an explicit construction of the global section Z,: TR st—gl € B C. M is
especially easy. In the parametrization (z°, z!) e [0, 1] x [0, 1]~ M of the rectangle
M one can define Z, by [11, 17]:

R )
Tu=~R,3t->gH= 0o 1) (3.31)
Taking into account (3.21), (3.30) and proceeding as in [11] we have
P[é,¢,|B%] =const y dte™[II(1 —e'2™)] =124 =13 g~ Sleb.x/lobll (3 32)

where

1 —lf)_ =0\2 © 2 ., o
= [(c tcf) + 3 s @ +cf)ch(7mt)—2c{'c}]]
(3.33)
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and
Eif___/i—l/ch k=031723"" (i—>f)

i

denote the gauge invariant parametrization (3.12) of ¢;, ¢;e €s.

Since every subbundle %,, € B,, can be obtained from another one by a vertical
automorphism of the bundle (3.23) we are able to express the functional
P[¢;, ¢;|B)] in terms of %5,. For every global section 5: Ty 5t—g'c€ %), there
exists a function T,Rat—¢'e ¥, and a section 5, : Tk at—gh € BY for which

g'=exp(¢)g'. (3.34)
Let ¢;=IIg(é, %;), (i— f). From the #;}-invariance of the BDHP action we have
S[gt9 x{[gt:]] = S[g-ts xlf[gt]] s

where x{[g'] is the solution of the boundary value problem (3.21) with g=g* and
with the boundary conditions:

xif[gt]oli=£i°yi[gts é], (l—)f)
Since
Zpex{[8]=Z,x{[g7=0,

x{[g"]is also the solution of the boundary value problem (3.21) with g =g’ and with
the boundary conditions:

Xt I8 Li=%oy,[8 E1=%;o7,[g" 6],  (i-f). (3.35)

With this identification, using the 2% (O #;j-invariance of the “classical action”
S[g, x{[g]], we have

S[e', x{ [g'1]1=S[g", xt [871=S[go. X! [011, (3.36)

where g}, is the section (3.31) of £Y,.
The relation between X, X and X;, X, in (3.35) can be expressed in the following
form:

fi=%7ile], (/). (3.37)

where the diffeomorphisms ;[ €], 7;;[€] are uniquely determined by the equations
const x é=7*[&](exp(@)8), (i—f), (3.38)
Fi=¢'o Loy '[gh€],  (i~f). (3.39)

The diffeomorphisms 7;[£], §;[¢] have the following important feature: they
are independent of the choice of decomposition (3.34) and of section = in %,,. In
fact, for a fixed Z various decompositions (3.34) yield the boundary values
Pi=¢'o I, (i—f) which differ by a constant. One can obtain the same effect
changing the section Z by the action of the group #}5. In both cases the solutions
of the equations (3.38) remain unchanged. For sections Z': ¥ st —g"= f*g'e By
the decomposition (3.34) takes the form:

g'=exp(¢'of)f*g.
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Since
vilf*g 1=ylg,élofI;, (i—/f)
Eq. (3.39) defines the same function ¢! as in the case of section =,
Pi=d'ofoy '[f*g el=¢'or'[g1€], (i~]).
It follows from the definition (3.38) that
filay*el=y"'ofiléloy,  (i—f).
Therefore the family {I7, I}, rg, of elements of the group % (3.7) determined by
I}=I4@, 5[], (—/),

is independent of the choice of é. Thus it can be considered as an invariant
characteristic of the subbundle %,,CB,,.

Taking into account the relations (3.36), (3.37), the definitions (3.8), (3.40) and
the results (3.32, 33), for an arbitrary subbundle %,,CB,, we have

t
P[G, &/|By]=const | dt e®[II(1—e?™)] 12113 ¢~ WIEIrl - (341)
0

In the special cases of subbundles %4, for which I =TI =T, Eq. (3.41) takes the
following simple form:

Let us turn for a moment to the quantum mechanical interpretation of the
functionals P[c;c/|%#)]. A detailed discussion of this point requires a BRST
extension of these functionals and the space $° with an appropriate inner
product. These problems are beyond the scope of this paper and we will restrict
ourselves only to some general remarks.

In the gauge é=1 and in the case of the pointlike contours (Xf =%%=0, k+0)
the formula (3.32) exactly coincides with the “semi-off-shell” string propagator
considered in [11, 17]. For arbitrary contours, proceeding as in [11], one can
rewrite the result (3.32) as

P[x, ifl%?,]=const fdte™ ] 1—e™ ™) (iile”"lip, (3.43)
0 n>0

where H denotes the open string Hamiltonian equal to the zero mode of the density
W(s)~ P*(s)+x'%(s) of quadratic constraints. By introduction of b—c ghost
variables and “exponentiation” of the F—P determinant one can construct [18] the
BRST extension of the functional (3.43):

P[%,0,6;%,0,,0 /|%3]=const [ dizs 6,0 je ™He=sT% 0, 0,).
(3.44)

6,6 r and @, @, denote appropriately defined boundary values of the ghost
variables b and c, respectively, and Hgrer is @ BRST-extended open string
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Hamiltonian. The above form of the BRST-extended string propagator has been
also proposed in [19, 20].

The formula (3.44) offers a quantum mechanical interpretation of the
functional P[¢;, ¢ /%3] (3.32) determined by the subbundle #3,. It can be regarded
as the “body” of the integral kernel of the operator inverse to the BRST extended
zero mode Wy~ [(2*(s)+ x'*(s))ds of quadratic constraints.

Let us note that since the canonical string Hamiltonian weakly vanishes there
is a large amount of freedom in the choice of Hamiltonian governing the evolution
in the intrinsic (world sheet) time. In fact one can choose an arbitrary linear
combination of constraints even with time dependent coefficients. Roughly
speaking the freedom of choice of a subbundle %,, CB,, is related to the freedom of
choice of the string Hamiltonian. The interesting question is which subbundles £,,
lead to the time independent Hamiltonians, in particular to higher modes of
quadratic constraints. The formula (3.42) suggests that it is so for the subbundles
A%, Such interpretation requires, however, special care since the inner product
(3.13) is not %-invariant. In the sequel we will restrict ourselves to the functionals
P[¢;, ¢ |%)] corresponding to the standard choice of the string Hamiltonian.

Now let us return to the corner conformal anomaly. As it follows from the
formula (3.27) the restriction to the space of trajectories J4(i, f|#%) is insufficient
to ensure the decoupling of the conformal factor in the critical dimension. We need
a further restriction, which leads to a %0 #,j-subbundle of %%, where #;}
consists of functions ¢ € #;# for which

¢ol;=—¢ol =const.

In order to describe the space of all such subbundles of %%, let us fix a
“reference” one — %9(1) generated from the section =, (3.31) of 8% by the group
DO W;4. Then every subbundle %9 of %9 can be obtained from %3(1) by a
vertical automorphism of £,

Iz(t)sg—e*gellz'(t).
It is clear that the function
1:Tyat—=yt)=exp(¢p'o[;+¢'oI)eR,

provides an invariant characteristic of the subbundle %5,.

We will restrict ourselves to the one parameter family of subbundles
{B5(2)}1er ., corresponding to the constant functions y(f)=¢2. Note that only for
these subbundles the quantum mechanical interpretation of the string propagator
given above remains unchanged. For a reason which later becomes clear, we
consider the family {#%(¢)},cr, of the 2O #}4jo-subbundles of &y;:

BY(L)= {ge.%?,, [ eds= | efds=/}
5 I
(#, denotes the subgroup of #7; of functions vanishing along the S-boundary of

M). Forevery £ € R, the subbundles %(¢) and #%(¢) lead to the same expression
for the propagator.
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We arrive at the following covariant path integral representation of the one
parameter family of open string propagators in the space $°:

P[c_bc_f’/]:f N I{)@(g,x)(gjﬁ Qf)‘l(wj gqs)—le—S[g.xl

i d i)
MG, f Mo

=const x %2 | e™[[J(1—e'2™)] 12t~ B3¢ Wkntsdidgy - (3.45)
0

where the space (i, f|¢) of the string trajectories consists of (g, x) € A} x &8
fulfilling the condition

H@(é’ xio‘yi—l[g, é])=5i’ (l_’f)a gegg{(f) (346)

As was mentioned above the string propagator P[¢;, ¢,//] should be interpreted
as the “body” of the integral kernel of some operator in a BRST-extended space
H°ff. It of course requires some notion of integration in the space %2°. But the
ultralocal functional measure on €2° (see (3.13))is not R , -invariant and cannot be
reduced by the F-P method to an ultralocal measure in €Z°. There are two
possible ways to solve this problem.

In the first approach one fixes the R , -invariance in the space €2°, taking the
gauge slice €25(¢/)C%?2° consisting of all metrized contours with fixed intrinsic
length . On 25(¢) there is the induced ultralocal Riemannian structure which can
be used for the construction of the inner product in €. In the gauge % (3.8),
| éds=¢ it is defined by:

L

(P[%], P[X])'= | Qéf( [ 9¢)"‘ P [X]Y.[X], (3.47)
374 Wi
where #7 is the subgroup of #}, consisting of the functions fulfilling the condition
| ¢péds=0.
L

The choice of the gauge slice €25(¢) and of the subbundle #%(#) which leads to
the inner product (3.47) is the third stage of gauge fixing within the formulation
based on the space $°. Hereafter we will call this gauge the fixed length gauge.
Note that the resulting formulation does not depend on the choice of £. Roughly
speaking the change of £ can be compensated by a renormalization of the string
wave functionals.

In the second approach, instead of restricting an inner product to €6 one
looks for an extension of the string propagator to the space €2°. The extension
consistent with the constraint algebra has the form

Plc,c,1=56(¢i—¢ ) P[E, /. (3.48)

The formula above has been derived from the string propagator in the space €%
and from the fact that the intrinsic string length £ is a nondynamical variable in the
first quantized free string. One would like to have, however, a covariant functional
representation of P[c;, c,] as a sum over string trajectories starting and ending at
fixed points in the space #Z°. The problem with such a representation is related to
the lack of any natural mechanism in the covariant path integral yielding (in the
expression for the evolution operator or for the propagator) the delta function for
nondynamical variables.
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To see this more explicitly, let us consider the space Z,i(i, f) of all string
trajectories (g, x)€ %, x &3¢ determined by the conditions:

H?(Ul*eb o-;kxi) =Ci, (l-)f) ’

geBUL L)) = {ge.%?,:xj' eds=¢;, (i—»f)}. (3.49)

(B¢ ) is the DO Wifo-subbundle of BY).
Forevery ¢,/ ;e R, the functional integral (3.29) over the space 7,{(i, f) yields
the result
¢4 PG, Clt ],

which agrees with (3.48) only for / £ . In order to achieve the correct form of the
string propagator on the space ¢2° one can impose the additional condition for the
allowed metrics ge B(¢,, ¢ ),

gEWiio(M 0) (3.50)

where .41, consists of the metrics with the zero scalar curvature on M. With this
condition the space of the allowed metrics is empty for £, ¢ ; and equal to (/)
for £;=¢,=¢, which leads to the delta function structure of the propagator. The
spe01a1 choice of the space ,{(i, f) of string trajectories determined by (3.49) and
(3.50) can be regarded as the thlrd stage of gauge fixing in the formulation based on
the space $°'. We will refer to this choice as to the constant curvature gauge.

4. The Off-Shell Open String Amplitudes

The formulae (3.45) and (3.48) provide a well justified (from the geometrical and
from the quantum mechanical point of view) starting point for the construction of
the off-shell open string amplitudes in the spaces $°7 and $°, respectively. The
aim of this section is to describe two constructions based on the previous section
considerations now generalized to the case of more complicated topologies of the
world sheet M.

Let us first consider the simplest case of the open string off-shell vertex
functional V[¢,,¢,,¢,] in the space €25. In this case M should be replaced by a
hexagon H with distinguished alternating three “timelike” (7-) and three

“spacelike” (S-) sides and two involutions i,j of the “timelike” (Hp) and of the

“spacelike” (H”) doublings of H, respectively. We define the spaces ./, £7° and
the groups D, W, Wi, W, Wi, by the obvious generalization of conditions
used in the case of the rectangle in Sect. 3.

The action of 24O ¥}/ on 4} induces the structure of the principal fibre
bundle [25, 26]:

DROW > M
[
TS = MY DIOW), @1)

where T denotes the relative Teichmiiller space of hexagon isomorphic to R3.
Note that Tf is isomorphic to the reduced Teichmiiller space Ty [27]. The
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important feature of (4.1) is that there exists a smooth global section with values in
the space }j_, of all metrics g e .#} with constant scalar curvature R(g)= —1.
The remarks above are valid for more complicated topologies of M as well
[25-27]. This allows for the straightforward extension of the present considera-
tions to the case of an arbitrary off-shell amplitude.

The space B, of all 2% O ##-subbundles of (4.1) can be described as in the case
of a rectangle. There exists the distinguished subbundle %% € By,

DEOWE -5y
|
R 4.2
obtained from the space .#}j_, by the action of the group #;/. Using %y as a

“reference” subbundle and repeatmg the constructions (3.34), (3.38), (3.39), (3.40) of
the previous section one can parametrize the space By by the space of functions
T st—(I1, 13, ) e%}. (4.3)

The generalization of the fixed length gauge (for the case of hexagon) consists in
the choice of the one parameter family {#4(¢)},cr+ of 24O W 3,-subbundles of
By

%(/)={ge£3§,:jeids=/, i=1,2,3}. (4.9
2;

In this gauge the space of “trajectories” 7 (1, 2, 3|¢) is defined as the space of all
pairs (g, x) € M} x £3° satisfying the conditions:
g(ote,0fx)=c;, =123, geHByl), (4.5)

where g;: L—» X, i=1,2,3 denote arbitrary parametrizations of the components ;
of the S-boundary of H and e?=I*g, x;=I*x, i=1,2,3. (I;:2,-»H, i=1,2,3,
denote the inclusions of the components Z; of the S-boundary of H.)

We define the covariant functional integral representation of the three open
strings vertex functional in the fixed length gauge in %% by:

V[¢,,C,h ¢3¢ 1= | 2(g, x) (@fé gf)_l<wj;‘,f o @¢>—1 e Sexl (4.6)

THU,2,30)

The formal expression above can be consistently evaluated (=defined) by the
Faddeev-Popov method. Proceeding along standard lines [28] we obtain:

. _[det  PyP,
Ve, C,0511]= Tjﬁ} d>t x detM,(dy;|0%;) (d—?;l‘(?)

X (detpyZ,) ™ 13 = Slgt xerlgll 4.7
where TRat—g'e By(1) is a global section of #%(1) and x,[g"] denotes the
solution of the boundary value problem (3.21) generalized to the case of hexagon:

agy“xcll:gt] =0,
xcl[gt]01i=£io’yi[g’é]’ i=152737 (4'8)
() 0.xq[g1=0 on OM\(Z;nZ,NZ5),
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where (6,%)eIlz'(C), i=1,2,3, and the diffeomorphisms y,[g, &] are defined by
analogy with (3.18).

From the 9O #/-invariance of the integrand in the formula (4.7) it follows
that for the decoupling of conformal factor it is enough to consider 4O #/-
subbundles of #. As in the case of a rectangle one can fix as a “reference”
subbundle the 24O ¥ -extension of By(1): By =W (B(1). Then every
%O W;#-subbundle of % can be obtained from %%(1) by a vertical automor-
phism of the bundle (4.1):

II7'(t)ag—»exp(P)gell; '(t), ¢'eWy,

and is uniquely determined by the function:
3
Xn: T,fat—»exp( Y ¢'ol,~)e]R+ .
i=1

The 2% O #,7-subbundle %(¢) corresponding to the constant function yu(t) =73
yields the same expression for the vertex as #y (/).
It follows from the corner anomaly [17] that:

V[c-l’ 52’ C_3|/] =/15/4 V[EI’ 52) C‘3I1] s

therefore the /-dependence can be compensated by a renormalization of string
wave functionals as it was suggested in [17].

Summing up, in the fixed length gauge the “body” of the off-shell formulation of
the open bosonic string in the space $° includes the inner product ( , )* (3.47) in
$°', the off-shell string propagator P[¢, ¢|1] (3.45) and the off-shell three strings
vertex functional V{[c,,¢,,c5/1] (4.6). The off-shell amplitudes corresponding to
more complicated topologies of the world sheet (including handles and holes) can
be constructed by a straightforward generalization of the formulae (4.6, 7). Let us
note that in the gauge (3.10) with é=1 on L and for pointlike string states the
expression (4.7) exactly coincides with the semi-off-shell vertex discussed in [17]
(see also [12] for the closed string case). For the arbitrary contours the formulae
(4.7) is the open string version of the off-shell amplitudes considered in [15, 16].

Let us now turn to the construction of the off-shell open string amplitudes in
the space $°. In the case of a hexagon the requirement of the consistency of the
Faddeev-Popov method and of the vanishing of the corner anomaly admit a
choice of the space of “trajectories” (g, x) € M} x &3° fulfilling the conditions:

H‘K(G;kei’o-;kxi)=ci’ l=1’ 2a3’ ge%({b/2>f3)‘

B¢ 1,45 £5) denotes the DO W7i,-subbundle of %% consisting of metrics with
the fixed intrinsic lengths:

ti= [ eds, i=1,2,3 (4.9)
pX

determined by the intrinsic lengths of the contours c,, ¢,, c; € 67°.

However, as was discussed in the end of the previous section the analogous
choice in the case of a rectangle does not lead to the correct form of the open string
propagator and some additional condition for allowed metrics have to be
introduced.
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In the case of a hexagon the additional condition takes the form
g€ Bro =Wilo(Mi-1),

where By, is the 4O #-subbundle of (4.2) obtained from the space .#}_, by
the #4,-action. The space F3(1, 2, 3) C M} x &3° of “trajectories” in the constant
curvature gauge is therefore defined by the conditions:

O(ote,ofx)=c;, i=1,23, geByl1,¢s¢3)N By - (4.10)

Note that in the case of a hexagon for every (¢,,7,,£5)€R3 the intersection
Bl 1, ¢ 2, 3)NByd is the fiber of the bundle By, over a fixed point in T;X. In fact
as is well known from the hyperbolic geometry a hexagon with right angles and
geodesic sides is completely specified by the lengths of three alternating sides.
These lengths (which can be arbitrary positive real numbers) provides the Fenchel-
Nielsen coordinates [32] on the relative Teichmiiller space T;¥ of the hexagon H,

L;:TRst—>L(t)eR, . 4.11)

As a consequence the final expression for the vertex functional should not
include any integration over Teichmiiller parameters.

In contrast to the case of a rectangle the construction of an appropriate
functional measure on the space (1, 2, 3) is not straightforward. This space is a
submanifold of ./#}j x £%°, and we have the ultralocal 2¥-invariant Riemannian
structure determined by (2.3), (2.4) on .} x &%5. For the functional measure on
J#(1,2,3) related to the induced metric even in the critical dimension the
conformal anomaly does not vanish. In order to overcome this problem we
introduce the larger space J/(1,2,3) defined by the conditions

Hg(ote,ofx)=1I(c), i=1,2,3, geBy,, 4.12)

where I : 36> %} denotes the canonical projection in the bundle €2 —%%°/R ..
In addition we introduce the delta function on T,

11 6.~ L), @13

where Lt) are the Fenchel-Nielsen coordinates (4.11) on T. After the substitution
t =I1,(g) this delta function can be regarded as a 2% #};,-invariant “character-
istic” functional of the submanifold 3/(1,2,3)C.74(1,2,3).

In the constant curvature gauge we define the functional integral representa-
tion of the three open strings vertex functional V[c;,, ¢, c5] in the space €Z° by:

3
Vlciscpe3]= s [} 9(g,x)< fii Qf)”( Lj @d))'l I:[ 8(¢;—L;[g])e 54,
I Hd,2,3) 94 Wwio i=1 4.14)

The path integral above fulfills the requirement of the consistency of the
Faddeev-Popov method and can be evaluated (=defined) in the critical

dimension: 3
Ve, e 05]= Tjﬁ d’t 'I=—I1 0(¢;— L{1))
+ 1/2
x det M ,(6y;l0;) <%“H%§?> (detpy2,) 13~ 58" xellsl 4.15)
gt

(all symbols are defined as in the formula (2.24)).



312 Z. Jaskolski

One can simplify the expression (4.15) using the Fenchel-Nielsen coordinates
on TX. In these coordinates the Weil-Petersson volume element on T has the
especially simple form: dw"* =dL,dL,dL [32]. Taking into account the relation:

det M (5y16%)

WP _ 13
dor =t g mPy)

we arrive at the following expression for the vertex:
Ve, Cqc3]=(det, Py Py)'/*(detpy L)~ 12 e Sl xalsl, 4.16)

Note that the right-hand side of (4.16) is Z¥-invariant but not #J,-invariant
and must be calculated for the metrics g* with constant scalar curvature R= —1
and with the boundary conditions (4.9).

The generalization for more complicated topologies of the world sheet M is
now straightforward. The off-shell open string amplitudes have the following
general structure:

Vicdi=1,...n= T%I dd)WP(detAAPgt Pgt)l/z (detpyZye) 13 Sl walg'll, 4.17)
T;R denotes the subspace of T;% defined by the equations L;=¢;(i=1, ...,n) where L;
are the Fenchel-Nielsen coordinates corresponding to the “spacelike” segments of
the boundary of M, and d&"* is the volume element on T;¥ obtained from dw”* by
omitting the factordL,, ..., dL,. The integrand in (4.17) is evaluated for any section
TR at—g'e MY with values in 4 _, and fulfilling the obvious generalization of
the boundary conditions (4.9).

The simple form of (4.16) and (4.17) is a consequence of the choice of functional
measure on J (1, 2, 3) or more precisely of the “characteristic” functional (4.13). It
should be clarified that it is not completely determined by the requirement of
vanishing of the conformal anomaly. Our choice is motivated by the special role of
the Fenchel-Nielsen coordinates in the construction of Riemann surfaces from
simpler building blocks [32]. The idea to extend this construction to multiloop
closed string amplitudes has been proposed by D’Hoker and Phong [28].

Summing up, in the constant curvature gauge the “body” of the off-shell
formulation of the open bosonic string in the space $°f includes the inner product
(3.13), the off-shell string propagator (3.48) and the family of the off-shell
amplitudes (4.17). Constructing these amplitudes in the space $° is equivalent to
extending the corresponding objects defined on the space €7°. As was mentioned
above the path integral techniques are insufficient for this purpose and should be
supplemented by some additional constructions (4.10, 12-14). It should be stressed
that the extension presented above is based on purely geometrical arguments. Its
quantum mechanical justification requires a BRST-extension of the present
formalism.

5. Conclusions

5.1. The Open String Quantum Mechanics
in the Position Representation

The considerations of Sect. 3 provide the first step of the covariant functional
quantization of the open bosonic string in the position representation. It was
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shown that the general scheme described in Sect. 3.1 leads to the space $° of the
string wave functionals defined in the space of contours @26 with the inner product
(,)* (3.47). The physical string states are described by the %-invariant wave
functionals fulfilling the on mass shell condition uncoded in the propagator
P[¢;,¢g|1] (3.45). There exists another formulation based on the space $° of the
string wave functionals defined on %2° with the inner product (, ) (3.13). In this
case the %-invariance should be replaced by the ¥ xR ,-invariance and the
propagator P[c;c,] takes the form (3.48).

In both formulations the string propagator is not invertible. This is the basic
reason for constructing a BRST extension. The part of this construction
concerning the BRST extended propagator P[¢;,c,|1] in the fixed length gauge
and in the gauge (3.10) with é=1 on L is rather well understood [18, 19]. Let us
note however that a consistent geometrical setting of a BRST formulation
including a BRST-extension of the inner product and a cohomological description
of the residual gauge invariance is still an open problem and requires a better
insight into the geometry of BRST-invariant functional measures.

In order to complete the covariant first functional quantization described in
Sect. 3, besides the BRST extension, one should find the whole space of the wave
string functionals corresponding to the particle on-shell open string states. These
wave functionals are determined as ¢, -invariant eigenfunctions of the operators of
the momenta and the angular momenta, fulfilling the on-mass shell condition. One
can expect that a functional integral over surfaces difffomorphic to the half-disc
with a vertex operator attached to the “timelike” boundary provides a solution to
this problem [34].

The general structure of the gauge fixing used in Sect. 3 is described in Table 1.

The first stage consisting in the choice of a model manifold M reduces the large
space of gauge transformations of the BDHP action to the group 2,,O#,. It is
further restricted to the group 24,0 #;4 by the requirement of the consistency of
the F-P method. It also follows from this requirement that the space of boundary
conditions for string trajectories should be defined in a @¥-invariant way. The
simplest admissible choices are therefore 2%, €26, €2°. But as it was discussed in
the introduction the choice of #;*° leads to the path integral (1.3) in which an

Table 1. (See text)

Space of boundary Space of string

conditions trajectories
I Beff Lfixed M-fixed
%oft‘
n B (3.10) (3.25)
conformal gauges conformal gauges
Boft 3.5) (3.25)
Bt %, 6%%(¢) fixed length gauge
Boff %, xR, constant curvature

gauge




314 Z. Jaskolski

averaging over boundary reparametrizations appears. On the other hand the
comparison with the canonical quantization suggests that the path integral (1.1)
with a suitable x-dependent gauge should yield the light-cone string propagator.
The simplest choices admitting the explicit covariant (with respect to the symmetry
of the target space) formulation are therefore €25, €2°.

The requirement of explicit covariance imposes some restrictions on the
possible choice of gauges at the second stage — they cannot involve conditions for
the x-variables. In the case of €26 every %-independent gauge is a 1-dim conformal
gauge (3.10). In the case of #2° there exist more general gauges but they lead to an
inessential generalization of the formulation based on the 1-dim conformal ones
(3.5). The 2-dimensional conformal gauges (3.25) form a special class of
x-independent gauges in the space of trajectories. In these gauges the mechanism of
the decoupling of the conformal factor in the critical dimension is rather simple.
Since there is no Z4;-anomaly one can expect that more general x-independent
gauges should lead to the same functionals P[¢,¢,|1], P[c;c/].

The third stage of the gauge fixing has a quite different nature. It consists in the
choice of the form of the conditions determining the subspace of the physical off-
shell states. In our case these conditions are the 4-(¢% x R , -) invariance of the wave
functionals defined on the space @?° (4?2°, respectively). According to the
considerations of Subsects. 3.1, 3.2 the space of off-shell physical states $%% = H2%
has the quantum mechanical interpretation of the space of all string states
annihilated by every constraint linear in momenta. In the canonical analysis of a
system with first class constraints one can determine the same constraint surface
by various choices of a set of constraint functions. This freedom corresponds to the
freedom of choice of conditions determining the space §3% (H%). Note that our
choice is related to the standard choice of the subalgebra of linear constraints
(V(0)~2(0)x'(0)) in string theory.

The second part of the third stage of the scheme presented in Table 1 plays a
similar role. It fixes the freedom of choice of space of allowed string trajectories. As
was argued in Subsect. 3.3 the fixed length gauge in $°f and the constant curvature
one in $°ff are related to the standard choice of a string Hamiltonian. It is an
interesting problem to find a BRST extension and a quantum mechanical
interpretation of the functionals (3.41) corresponding to arbitrary choices of
D OW T —(DEOW,-) subbundles of 1. The third stage of gauge fixing is
therefore related to the choice of set of constraint operators determining the space
of the physical on-mass shell string states.

Finally let us note that the fixed length gauge has the 1-dim part consisting in

the choice of gauge slice ¥7°(¢) e ¥#° which fixes the choice of inner product in the
of f

space H°.

5.2. Sewing of the Off-Shell Open String Amplitudes

The potential usefulness of the covariant off-shell formulation of string theory is
related to the hope that within this formalism one can correctly describe the
Feynman rules of the interacting string field theory. The central problem of this
approach is to find the sewing rules for amplitudes. In the case of the closed
bosonic string the important progress in this direction has been recently made
[15,16].



Open String Amplitudes 315

M,

Fig. 2

The considerations of the present paper provides the geometrical and quantum
mechanical setting for the “body” of the off-shell formulation in $° and $°. The
detailed discussion of the sewing amplitudes requires the BRST extension, so we
will restrict ourselves only to a few remarks concerning these elements of the
sewing problem which crucialy depends on the “body” of our formalism.

In the formulation based on the space $°" the off-shell amplitude for the
surface M has the structure of a finite dimensional integral (4, 7) over the moduli
space m,, of M. The BRST-extended integrand of this expression can be regarded
as a partition function on M depending on the boundary values of the ghosts and
of the x-variables. With our choice of boundary conditions for trajectories (4.5) this
partition function is a 2%;© #;f}-invariant functional on metrics on M. As it was
pointed out in [15] the sewing problem consists of two elements: the sewing of
partition functions and the sewing of integrals over moduli spaces.

The sewing property of partition functions crucially depends on the third stage
of gauge fixing which consists in the choice of the 2% O #;5-subbundle %% of
allowed metrics for each topological type of M. In the fixed length gauge
B = B(1), where %5,(1) is defined by the obvious generalization of the formula
(4.4). The important feature of this gauge is that it possesses the following sewing
property: for arbitrary topological types of M, and of M, and for every t, € T;5,,
t, € Ty, such that Ly(t,)=L,(t,), there exist metrics g, € B3y, 8, € B3, over t; and
t,, respectively, which can be glued together into a smooth metric ge %3. The
details of this glueing procedure are presented in Fig. 2.

By an appropriate choice of diffeomorphisms f; : M;—»M,, f,: M;;—M, one
can always achieve the coincidence of the normal directions of the metrics fi¥g,,
fFg, along the submanifold I = M;nM,;C M. Then changing the metric g, (or g,)
along the fibre of #%, (or of #%,) one can also achieve the coincidence of the
induced einbeins on I and of other metric components in such a way that fi*g, and
f>*g, form a smooth metric g on M. All metrics g on M obtained in this way are
DO Wi -equivalent. The sewing property of the gauge fixing means that these
metrics belong to the subbundle %3,
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The partition function considered as a functional of (M, g) is invariant with
respect to the transformations (M,g)—(f~'M, f*g) generated by arbitrary
diffeomorphisms f: M’ — M. Therefore in every gauge with the sewing property the
sewing problem for partition functions can be reduced to the one of sewing at a
fixed conformal structure which was recently solved [16]. Moreover, if we use the
fixed length gauge the sewing of the partition functions for the x variables is
described by the path integral over %4 used in the definition of the inner product
(,)!(3.47). The interesting question is how many gauges with the sewing property,
consistent with the inner product ( , )* do exist.

It is worthwhile to compare at this point the formulation presented in this
paper with that proposed in [15, 16]. In the fixed length gauge and in the gauge
(3.10) in %?%S the off-shell amplitudes constructed in Sect. 3 coincide with the
functionals considered in [15] (suitably modified to the open string case). The
difference in both approaches consists in different geometrical interpretations of
the objects involved. In [15] off-shell amplitudes are considered as functionals of
parametrized contours. In such a formulation there are no relations between a
conformal structure on a surface M and parametrizations of the S-boundaries of
M. Note that such a relation is necessary for sewing rules for partition functions. In
our formulation it is determined by the choice of the space of allowed “trajectories”
in the path integral representation of an off-shell amplitude. It will be interesting to
interpret within this framework a special relation constructed in [15] by means of
holomorphic quadratic differentials on M.

Let us now briefly comment on the second element of the sewing problem. The
moduli spaces m,,,, my,, of surfaces M, M, include the parameters related to the
lengths of the S-boundary segments X; along which M, and M, are sewn. In the
case of the open string we have therefore one redundant parameter for each Z;. As
was argued in [15] these redundant parameters can be removed by the insertion of
the inverse of the off-shell string propagator “between” the sewn amplitudes. It
does not solve, however, the sewing problem completely. In general the resulting
expression involves as infinite overcounting of the moduli space [15].

The formulation in the space $°™ provides a new alternative approach to the
interacting open string. The remarks above concerning the sewing rules for
partition functions apply to this case as well. The constant curvature gauge has a
similar sewing property and there appears the question of the uniqueness of this
gauge. In contrast to the previous approach the off-shell amplitudes do not contain
any integration over moduli parameters related to the lengths of S-boundary
segments. It leads to a simplification of the sewing rules for amplitudes. They can
be sewn immediately by means of a BRST-extended inner product in €7¢ which
provides (with the correct measure!) the missing integration over lengths of
common boundary segments. Note that the propagator is not present in this
sewing procedure. The only role it plays is the determination of the wave
functionals corresponding to on-shell string states. It should be stressed that the
sewing in the space $°f leads to exactly the same overcounting as in the
formulation based on the space $°. The sewing procedure in both formulations
should be therefore supplemented by suitable rules ensuring a single cover of the
moduli space. Whether such rules exist is still an open question.
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