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We show that Becchi-Rouet-Stora-Tyutin (BRST) quantized string field theory can be made in-

variant under string-dependent general coordinate transformations x’

no no
'=x""[x(0)], where

pn=0,1,...,D—1and 0<0,=<7. This invariance is achieved by introducing a string-space metric
tensor gwlvwz[x (0)] and following the usual steps of general relativity, with the following

differences: A constraint, which we term “tangent contravariance,” must be imposed on the coordi-
nate transformations and metric tensor. This restriction emerges from requiring that 3,x* trans-
forms in string space as a contravariant vector. Further stringent constraints on the metric tensor,
including Ricci flatness, arise from demanding nilpotence of the BRST charge.

Einstein’s principle of general covariance requires that
the action of any theory should be invariant under the
group of general coordinate transformations of the un-
derlying space-time manifold. The underlying manifold
of string field theory is the space of all strings (‘“loop
space” or ‘“‘string space”), and it appears that the existing
Becchi-Rouet-Stora-Tyutin (BRST) formulations of string
field theory' ~3 do not respect this principle. The associ-
ated limitation of string field theory to a flat background
is widely recognized, and a number of proposals have
been advanced to overcome this problem.*”!* The sug-
gestions in this paper have something in common with
some of these proposals, but with the following
differences. First, we will be concerned with implement-
ing general coordinate invariance in string space, rather
than on a background D-dimensional space-time.*>!3
Second, our focus is on gauging string-dependent coordi-
nate transformations, instead of the more restricted set of
string-dependent reparametrizations.’>”® These objec-
tives will entail introducing a metric string-field tensor
g,wpw,z[xa(cr )] for string space. Finally, the string space
metric tensor gwpvaz[x"(a)] is regarded here as an ob-
ject distinct from the quantized string field ®[x (o)] (as
opposed to the Kahler geometric approach in Ref. 11),
and our framework throughout is BRST quantization.

We begin our discussion with the free bosonic open-
string field theory! ~3 whose action is

5= [ Dx(0)D¢(0)®'[x,410P[x,4] , (1)

where ¢ is the bosonized ghost.> The term “string space”
denotes the space of open strings x*(o). The flat back-
ground metric 7, enters this action in two ways: impli-
citly, via the string space measure

J Dx#o) )

and explicitly, via expressions such as

fdcr _nuv_a_ 8

m v
Sx” Boc” +1,,0,xH0,x (3)

in the BRST charge Q. Neither of these terms are gen-
erally covariant, even under ordinary coordinate trans-
formations of the background D-dimensional space. A
simple remedy is to replace 7,, by the more general
metric tensor g,,(x), but this is a fairly modest im-
plementation of general covariance, since the arena of
string dynamics is the infinite-dimensional string space,
rather than the finite-dimensional background space.
Moreover, the metric tensor of the background space is
only one mode of the closed string field, and it seems un-
natural to single it out for special attention in the action.
This logic suggests that one should consider metrics
defined over strings, rather than points, and try to imple-
ment covariance in the full infinite-dimensional string
space.

It is useful to introduce the notation for a point on the
string

xP=xH*o) 4)

and treat the pair (uo) as a generalized index in string
space. The string x#(o) as a whole will be denoted by
uppercase X, i.e. x*°E€X. A general coordinate transfor-
mation in string space is then denoted by

X'H=x"HI[X] . )

[X] (com-

mas, in our notation, are used to separate index pairs in
tensors and do not denote differentiation) which trans-
forms under (5) as

8x P73 ,4 0x
gpal,vazl-.X]: o gpa3,7'a4[X ]
Sx ! 5x

Next we introduce the metric tensor 8uo,va,

104

, (6)
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where the following summation convention over repeated
generalized indices is understood:

Ve WH = zf do V,,Wh . (7)

In order to indicate that integration over the continu-
ous index is suppressed, the following overbar notation
will be used:

Vs W‘“’—EV Wk | (8)

The expressions V,, and W¥? are of course meant to
denote covariant and contravariant vectors, respectively,
in string space, with the obvious transformation laws-

po
8x !
S P¢71

W""‘[X]

Vel X'1= (X1,
9)

woex= 227"
ox”

and the inverse of the metric tensor is defined by

po,vo,
VO ,p0 3

=8’;8(0'1'°'0'3) . (10)

. POy . . .
The connection I‘#al,mz, covariant derivatives D, and
. pno .
the Riemann tensor R pa]‘, 705, vo, ATC all given by the usual

formulas of general relativity, with the replacement
p—(uo) ,
0 8

—
dxH SxHe

vV, Wh= ZV WH—V,, W =

; (1n
fda Voo WH .

Now in string theory the functional derivative of a
string field 8@ /6x"7 is a covariant vector, transforming
as in Eq. (9), so the expression

_8® 5@
5x"71 8x "

is invariant under general coordinate transformations (5).
But the superstring action also contains the term [cf. (3)]

po Vo,

(12)

ax"“’zg—i—x"(a) (13)

and this term does not transform, under arbitrary coordi-
nate transformations, like a contravariant vector. There-
fore expressions such as
pno vo

8uovo, 0% OX 7 (14)
are not invariant under arbitrary transformations (5).
The simplest solution to this problem is to restrict the
class of general coordinate transformations to those for
which 0x#? does transform like a contravariant vector,
i.e.,

ax Moy 8x"wl ax vo,

vo
5x 2

(15)
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and for which the appropriate boundary conditions at
o=0,7 are preserved. These will be referred to as
tangent-contravariant (TC) general coordinate transfor-
mations. It is rather trivial to verify from (15) that the
inverse of a TC transformation, and product of any two
TC transformations, are also TC transformations; i.c., the
set of TC transformations is a subgroup of the group of
all coordinate transformations (5).

Some examples of TC transformations are in order. It
is not hard to see that any coordinate transformation
which commutes with arbitrary reparametrizations is a
TC transformation, and in fact satisfies the stronger con-
dition

Vo, d&x iad _ Moy
x *————=0x" '8(o,—0,). (16)
6x V02

To show this, let X, denote the reparametrized string,
and let f (0 )=o0 +€(o) be an infinitesimal reparametriza-
tion. The condition that the coordinate transformation
commutes with arbitrary reparametrizations is that

x# O X]=x"[X[] . )

Taylor expanding both sides of (17), and noting that e(o)
is arbitrary, gives condition (16). Therefore, any transfor-
mation of the form

x*[X]=F*[R[X],x*], (18)

where R [X] is any reparametrization-invariant function-
al of X, and F*(R,x) is an arbitrary function, is an exam-
ple of a TC transformation.

A restriction on the set of all possible coordinate trans-
formations, such as Eq. (15), also restricts the set of
metrics which can be transformed locally to an inertial
frame. Those metrics which can be so transformed will
be called “TC metrics.” The transformation of the form
(5), which takes an arbitrary metric to an inertial frame in
the neighborhood of string X, is

x"m‘=x(’)'wl +e;Z; [Xo)x —x0) 2
2 :Z;[XO]FZZ§,104[XO ](x —Xp )P03(x —Xp )704
+0((x —x0)%) , (19)
where
gual,vaz [X] ya’l [X]nabe vo, [X] (20)

The condition that (19) is a TC transformation, according
to the definition of Eq. (15), is then

rtaoc
ox, '+9, epa Hx —xo)°

po, ao,

L Hoy ac
ax, ‘e a;+8(x—~x0) €y,
A
+ax6 %0 Thol Jo(x —xo P . 1)

This in turn gives us two equations [one from O(1) and
from O(x —x,) in Eq. (21)]. These are

3x % 0! [Xo]=0x0 " (22)
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(with x' satisfying appropriate boundary conditions), and

Dvdsa =0x ”'02 ;aglz,va3[X0]+8:,aalﬁ(Ul—'0'3)
m‘[Xo]aaze:Zf[Xo] . : 23)

So the condition that a metric is a TC metric is that there
exists a corresponding vielbein satisfying Eq (23). Of

course, any other vielbein related to e ‘ by a local
Lorentz transformation
e [X1=A77[X]e )T [X] 24)

is also acceptable as the vielbein of a TC metric.

We now propose the following kinetic term for the
open-string action, which is invariant under TC general
coordinate transformations:

Seov= [ Dx(0)Dg() det' [g]®"[x,410Px,8] , (25

where

0
> (m—n)c_,c_,byipt,
=— o

2319
cov—1 7 +ino | __  #%1,.ab, V72 o)
Ln Tfo d"ze ea(? n ebﬁ D,“Ul vo,
+ 8x
e "2, H1_D
Zzelml 25 OX o
+e;§ln,,,,e‘;,§zax’“”ax""2
+K5no . (27)

The infinite constant « is defined to normal-order L' in
an inertial frame and D, is the string space covariant
derivative. For a flat metric (glvaz[X 1=1,,8(0,

—0,)) Eq. (27) reduces to the usual expression.

From the definition of L:°" it is clear that S, is in-
variant under TC transformations, and also under local
Lorentz transformations of the vielbeins Eq. (24). How-
ever, S.,, only makes sense as a string action in curved
string space if the crucial property of nilpotence Q2=0 is
also preserved in the critical dimension D =26. This
amounts to showing that the Virasoro algebra is
preserved in curved metrics. But in fact, the Virasoro
algebra is not preserved in arbitrary metrics and therefore
the Q2=0 condition places additional restrictions on the
background space of string theory. (This was already
noted, in the context of nonlinear o models, in Ref. 14.)
It is simplest to derive this restriction by considering the
commutator [ L[ X],L:¥[X]] in the neighborhood of a
particular string Xp, and using string-space Riemann
normal coordinates where

g;url,vaz =7’,uv8(01 —02)

—1

?R pol,aos,vaz,ﬁa4 [XP ]

+e

m== X (x =xp)"x —xp)7T 8 (28)
(26) We then find, for the commutator,
J
cov COVY — cov D 3
[L Ln ]_(m_n) m+n+E(m _m)8m+n0
—%fdaldcrz[[cos(mcr,)cos(noz) cos(maz)cos(nal)](ew n® eba“)(ea Sne B 6)
po po po poq
X [R Boé,aaS,va4Dpa3 +R vvl,ﬂaé,ua3Daas + %(D;,w}R Baz,aas,vo4 )+ ';'(Daa R vo 4,B0 ¢, 10y )]
. . B
+2[cos(ma,)sm(noz)—sm(maz)cos(nol)](e” 377 ebo")( :;25 c:é')
X ax “SR ’ZZ,M, Bo, } oy +spin-connection terms , (29)
f
where the spin-connection terms arise from derivatives ish. This is accomplished if
acting on vielbeins, e.g., a5 b5
5 bG C(7 Dua3(eaalnabeﬁaz)=o (31)
D;Aa (egg nabeBg )=w e 77 beﬂ
3 1 2’ Puoyeofao, Mabpo, and
o bT 4 uo b _VO4p PO

+egg]nabwyg3,ca4eﬁaz . (30) eaﬁi @ bﬁ: V“Z’Bas'l‘as =0. (32)

The right-hand side of (30) is nonzero in general, despite
the antisymmetry of w, because there is no integration
over the & index.

It is crucial that the curvature and spin-connection
terms, which spoil the Virasoro algebra, be made to van-

Equation (31) is an extremely stringent condition on
string space metrics. The only metrics which satisfy this
condition are those which can be transformed, under a
TC transformation, into the form

guol,vaz[X]ZGuv(x(0'1))6(01""0'2) . (33)
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This result is obtained by first noting that (31) implies a
“diagonality” condition on the spin connection

ao . . .
co'w2 be. < 8(0,—03). Then consider vielbeins of the form
Jboy !

acl1
#”2

[X] E"(x(al )8(01 02)+E;(x(01))hp01[X] ’

where the loop-dependent part of the vielbein hﬁa‘z is

infinitesimal. The restrictions on A [X] imposed by di-
agonality of the spin connection are sufficient to show
that the loop dependence of h po,vo, TUSE have the form

of an infinitesimal coordinate transformation plus a local
Lorentz transformation of the vielbein. The loop depen-
dence of the metric can therefore be removed by a TC
transformation. For such metrics, Eq. (32) becomes just
the usual vacuum Einstein equation

R,,=0, (34)

where R,, is the Ricci tensor formed from the D-
dimensional metric G, (x).

Given a metric of the form (33), it is still necessary to
show that there exist corresponding (loop-dependent)
o Equation (33) implies

vielbeins "’Zoz satisfying Eq. (23).
that the vielbeins must have the form

eqo [X1=8(0,— o,)E’(x(a,))Am‘[X] (35)
Substituting into Eq. (23), we have

dxHT7 Eb=03,E5+ALZ(3,AS0)ES , (36)
where T'j, is the affine connection formed from the D-

dimensional metric G,,. Then, using

0

a,,Ef’,(x(a))=8x“"a Eb=0x*(I'[ Et+w} ES),

37)

where a)fw is the D-dimensional spin-connection formed

from E ,‘1, we find
9 (X0, A% [ X]=—0x"w,4(x (0)) . (38)

The string dependence of A%, [X] enters via the fac-
tor of dx*° in (38). It is always possible to find a solution
A[X] of (38); the only constralnt which the solution must
satisfy is

0 [Aaa —[X]nab Abadﬁ[X] ] aancd (39)

which follows directly from Eq. (38), using the antisym-
metry properties of w,.,. Note that the vielbein (35) is
string dependent, even if the metric (33) is not, and that
the TC transformation to an inertial frame [Eq. (19)] is, in
general, a string-dependent transformation.

From one point of view, namely, that of creating a vast
extension of the possible background spaces of string
theory, Eq. (33) is a disappointment. We have set up a
formalism which allows for nontrivial string dependence
of the metric, only to find that the nilpotence condition
limits us to metrics whose string dependence can be
transformed away by a suitable coordinate transforma-
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tion. However, this limitation on metrics does not col-
lapse general covariance in string space down to general
covariance in D-dimensional space. There is still the free-
dom to transform to an inertial frame at any arbitrary
string, regardless of the occurrence of self-intersections.
As a result of this freedom [which allows us, in particu-
lar, to write the metric in the form (28)], the only condi-
tion on the curvature tensor is Eq. (32), which in a suit-
able frame is just the Ricci flatness condition (34).

It appears, then, that our formalism is not equivalent to
that of summing over world sheets in a curved back-
ground space-time. In o-model calculations, the Ricci
flatness condition is only the one-loop requirement, while
in our approach this is the full condition on the curva-
ture. It may be that a theory invariant under general
coordinate transformations in string space is incompati-
ble with any simple picture of world sheets embedded in a
background D-dimensional space time. In any case, the
introduction of background curvature in the usual non-
linear 0 model, and in TC-covariant string field theory,
appear to be mequlvalent

The extension of general covariance to interacting
string field theory®?® is dependent on the details of how
the interactions are introduced; we will briefly indicate
what seems required for the Witten theory.? In Witten’s
theory the * product and integration involve the overlap
of half-strings. For these operations to be general coordi-
nate invariant, it is necessary that the distinction between
left and right half-strings be invariant. Let us denote
X =(Yy;Zy) in the sense that

m
ke 0<o<—,
Y 2

xko=
ZHWT=o) % <oZ<w,
x;ur/2=y‘41r/2:z,u1r/2 (40)
and write
O[X]=D[Yy;Z4],
[px=[Dy,DZ, ,
41)

Jo=[DY,o[¥y; Y41,
DxV[Yy;Zyl= [ DWy @Yy, Wy W[ Wy, Zy]

(reference to ghost degrees of freedom is suppressed; the
half-string integration measure can be defined more pre-
cisely by discretizing the o variable into N points and
taking the N — oo limit, cf. Refs. 15 and 16). Then the
TC transformations must be further restricted to satisfy

fr1Yy) 0So< T,
x'Ho= - (42)
[T Z ], > <o=m,
where f# is some functional of half-strings and, for con-
sistency,

xl/.tﬂ/Z—_—f.ll‘lT/Z(xl”’/z) . (43)



Consequently
&x 1 T T
Vo =0 for 0'1(2)> ‘2“, 0'2“)<'5‘ (44)
8x 2
which implies, for the vielbeins and metric, that
ao, m
e,uaz[YH]’ 04,2< 2
ao m
eua;[zH ]’ 01,2 > —2_ ’
acrl =
Koy T
LA, 0= T,
0 otherwise ,
77 (45)
gual,vaz[ YH ]’ 01,2 < _2- ’
T
8uoyva lZul 012>,
gyal,vaz = m
Bun s e (XPT?), 0y ,= 2
0 otherwise .

39 APPROACH TO GENERAL COVARIANCE IN STRING SPACE. .. 2321

The Witten theory is then made invariant, under
tangent-contravariant transformations, by replacing
half-string integration measures DYy by
DYy det!'’?[g[Yy]] in the definition of the % product
and f , and using the covariantized BRST operator
defined in Egs. (26) and (27) above.

In summary, a fairly straightforward approach to gen-
eral covariance in string field theory, via the introduction
of a string space metric tensor, leads to a new way of in-
troducing Ricci flat background curvature, independent
of condensation of any particular mode of the quantized
string field.

We gratefully acknowledge the hospitality of both the
Niels Bohr Institute (J.G.), and the Nuclear Theory
Group of Lawrence Berkeley Laboratory (F.R.K.), where
much of this work was carried out. The work of J.G.
was supported by the U.S. Department of Energy under
Contract No. DE-AC03-81ER40009. The work of
F.R.K. was performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore Labo-
ratory under Contract No. W-7405-ENG-48.

1w, Siegel, Phys. Lett. 151B, 391 (1985).

2E. Witten, Nucl. Phys. B268, 253 (1986).

3H. Hata, K. Itoh, H. Kunitomo, and K. Ogawa, Phys: Rev. D
34, 2360 (1986).

4T. Hori, Phys. Lett. B 194, 487 (1987).

5I. Arafeva and 1. Volovich, Trieste Report No. IC/87/61 (un-
published).

SK. Bardakci, Nucl. Phys. B297, 583 (1988).

M. Kaku, Int. J. Mod. Phys. A2, 1 (1987).

81. Bars and S. Yankielowicz, Phys. Lett. B 196, 329 (1987).

9L. Castellani, Phys. Lett. B 206, 47 (1988).

10G. Horowitz, J. Lykken, R. Rohm, and A. Strominger, Phys.

Rev. Lett. 57, 283 (1986).

11M. Bowick and S. Rajeev, Nucl. Phys. B293, 348 (1987).

12§, Das and M. Rubin, in Lewes String Theory Workshop, edit-
ed by L. Clavelli and A. Halprin (World Scientific, Singapore,
1986).

13A. Niemi, Ann. Phys. (N.Y.) 187, 369 (1988).

14T, Banks, D. Nemeschansky, and A. Sen, Nucl. Phys. B277,
67 (1986); S. Jain, G. Mandel, and S. Wadia, Phys. Rev. D 35,
3116 (1987).

15M. Srednicki and R. Woodward, Phys. Lett. B 196, 55 (1987).

16J. Bordes and F. Lizzi, Rutherford Report No. RAL-88-035
(unpublished); Phys. Rev. Lett. 61, 278 (1988).



