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We construct a complete action for open superstring field theory that includes the Neveu—
Schwarz sector and the Ramond sector. For the Neveu—Schwarz sector, we use the string field in
the large Hilbert space of the superconformal ghost sector, and the action in the Neveu—Schwarz
sector is the same as the Wess—Zumino—Witten-like action of the Berkovits formulation. For the
Ramond sector, it is known that the BRST cohomology on an appropriate subspace of the small
Hilbert space reproduces the correct spectrum, and we use the string field projected to this sub-
space. We show that the action is invariant under gauge transformations that are consistent with
the projection for the string field in the Ramond sector.

Subject Index B28

1. Introduction

The open superstring in the Ramond—Neveu—Schwarz formalism consists of the Neveu—Schwarz
(NS) sector and the Ramond sector, and a complete formulation of open superstring field the-
ory requires the inclusion of string fields of both sectors. The central issue in formulating open
superstring field theory has been how we should tame the picture of open superstring fields.

For the NS sector, Berkovits constructed a Wess—Zumino—Witten-like (WZW-like) action [1] based
on the large Hilbert space of the superconformal ghost sector [2]. The open superstring field is in the
0 picture, and no picture-changing operators are used in the action. Recently, it was demonstrated
that a regular formulation based on the small Hilbert space of the superconformal ghost sector can
be obtained from the Berkovits formulation by partial gauge fixing [3], and then an action with an
Ao structure [4-9] was constructed in Ref. [10]." This is an important achievement because the
A structure plays a crucial role when we quantize open superstring field theory based on the
Batalin—Vilkovisky formalism [16,17]. When we explicitly construct interaction terms by carrying
out the program of Ref. [10], however, the number of terms grows as we go to higher orders and
the form of the interactions will be extremely complicated. On the other hand, the action of the
Berkovits formulation is beautifully written in the WZW-like form, and we have much better control
over the interaction terms, although the WZW-like action does not exhibit the A, structure and its
Batalin—Vilkovisky quantization [18—22] has turned out to be formidably complicated (N. Berkovits,

' The construction was further generalized to the NS sector of heterotic string field theory and the NS—
NS sector of type II superstring field theory in Ref. [11]. See Refs. [12—15] for recent discussions on closed
superstring field theory.
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M. Kroyter, Y. Okawa, M. Schnabl, S. Torii, and B. Zwiebach, work in preparation). Very recently, it
was shown that the theory with the A, structure in Ref. [10] is related to the Berkovits formulation
by partial gauge fixing and field redefinition [23,24], and we can now extract the A, structure from
the Berkovits formulation by the field redefinition.

Inclusion of the string field in the Ramond sector was less successful, and we did not have satis-
factory formulations. In the earlier approach in Ref. [25] or its modification [26,27], the string field
of picture number —1/2 in the small Hilbert space was used. For incorporation of the Ramond sector
into the Berkovits formulation based on the large Hilbert space, the equations of motion were writ-
ten in a covariant form [28], but the action constructed in Ref. [28] was not completely covariant,
although it respects the covariance for a class of interesting backgrounds such as D3-branes in the
flat 10D spacetime. Another approach is to use a constraint to be imposed on the equations of motion
after they are derived from an action [29] as in type IIB supergravity.? For the recent development
of open superstring field theory with the Ao structure based on the small Hilbert space [10], the
equations of motion including the Ramond sector were constructed in term of multi-string products
satisfying the A relations [36], but an action to yield the equations of motion including the Ramond
sector has not been constructed.

So what is the difficulty in constructing an action including the string field in the Ramond sec-
tor? The fundamental difficulty lies in the construction of the kinetic term for the string field in the
Ramond sector. We consider that the source of the difficulty is related to the fact that the propagator
strip has a fermionic modulus in addition to the bosonic modulus corresponding to the length of the
strip when we regard propagator strips as super-Riemann surfaces. Let us explain this by comparing
it with the open bosonic string and the closed bosonic string.

The propagator strip in the open bosonic string can be generated by the Virasoro generator L
as e~'L0_and the parameter ¢ is the modulus corresponding to the length of the strip. In open bosonic
string field theory [37], the integration over this modulus is implemented by the propagator in Siegel
gauge as

b _ /oodt boe Lo, (1.1)
Lo Jo
where the zero mode of the b ghost by is the ghost insertion associated with the integration over this
modulus.

The propagator surface in the closed bosonic string can be generated by the Virasoro gener-
ators Lo+ Lo and i(Lo — L) as e_t(L(’Jrz‘))HG(LO_ZO), where ¢ and 6 are moduli. In closed
bosonic string field theory, whose construction [38—42] was completed by Zwiebach in Ref. [43],
the integration over ¢ is implemented by the propagator in Siegel gauge as in the open bosonic string:

+ 00
b—°+ — f dt b e™'%o (12)
LO 0

2 The Berkovits formulation of open superstring field theory based on the large Hilbert space was extended to
the NS sector of heterotic string field theory [30,31]. The equations of motion including the Ramond sector for
heterotic string field theory were constructed in Refs. [32,33], and the approach in Ref. [29] was also extended
to heterotic string field theory in Ref. [32]. While four-point amplitudes of the open superstring including the
Ramond states at the tree level were correctly reproduced by the Feynman rules in Ref. [29], it was reported that
correct five-point amplitudes were not reproduced (Y. Michishita, unpublished work). This issue was recently
resolved in Ref. [34] by correcting the Feynman rules; it was further extended to the action with a constraint
for heterotic string field theory [32] and correct four-point and five-point amplitudes including the Ramond
states at the tree level were reproduced [35].
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where

Lg = L()-f—Z(), bg =b0+g(), (1.3)
and the sum of the zero modes bg and EO of the holomorphic and antiholomorphic b ghosts, respec-
tively, is the ghost insertion associated with the integration over the modulus ¢#. On the other hand,
the integration over 6 is implemented as a constraint on the space of string fields. The integration
over 0 yields the operator given by

2 do ... —
B=b; / — (%0, (1.4)
0 2w
where
Ly =Lo— Lo, by =bo— bo, (1.5)

and b, is the ghost insertion associated with the integration over this modulus. The operator B can
be schematically understood as 8 (b, )8(Ly, ). The closed bosonic string field W of ghost number 2 is
constrained to satisfy

by =0, L,V =0, (1.6)
and the BRST cohomology on this restricted space is known to give the correct spectrum of the
closed bosonic string. The appropriate inner product of W; and W, satisfying the constraints can be
written as the BPZ inner product with an insertion of ¢, in the form

(npl, cy w2>, (1.7)

where ¢, consists of the zero modes ¢y and ¢y of the holomorphic and antiholomorphic ¢ ghosts,
respectively, as

cy = %(C() — g()) (1.8)

The kinetic term of closed bosonic string field theory is then given by
S = —%(qj, cO_Q\I!), (1.9)

where Q is the BRST operator. The operator B can also be written as

2
do Ty T
B = —i/ —/dee’“o+’9bo, (1.10)
0 2

where 6 is a Grassmann-odd variable, and the extended BRST transformation introduced in Ref. [44]
maps 6 to 0. The extended BRST transformation acts in the same way as the ordinary BRST trans-
formation for operators in the boundary conformal field theory (CFT), and in particular it maps
by to L, . Therefore, the combination i L, + i éba in (1.10) is obtained from i6b, by the extended
BRST transformation. Note that the closed bosonic string field W satisfying the constraints can be
characterized as

Bcy ¥ = V. (1.11)

Letus now consider propagator strips for the Ramond sector of the open superstring. The fermionic
direction of the moduli space can be parameterized as ¢ 0, where G is the zero mode of the super-
current and ¢ is the fermionic modulus. The integration over ¢ with the associated ghost insertion
yields the operator X given by

X = /dgfdfewo—ff%, (1.12)

where £ is a Grassmann-even variable and fy is the zero mode of the B ghost. The extended BRST
transformation introduced in Ref. [44] maps ¢ to ¢ and maps By to G so that the combination
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Gy — B in (1.12) is obtained from —¢ By by the extended BRST transformation. If we perform
the integration over ¢, we obtain

X = —8(Bo)Go + 8"(Bo) bo. (1.13)

See Appendix A for details. It is known that the correct spectrum of the open superstring can be
reproduced by the BRST cohomology on the space of open superstring fields for the Ramond sector
of ghost number 1 and picture number —1/2 that are restricted to an appropriate form [45—47]. The
appropriate inner product of W and W5 in the restricted space can be written as the BPZ inner product
in the small Hilbert space with an insertion of ¥ denoted by

(W1, Y¥2)) (1.14)

with
Y = —cod' (W), (1.15)

where )y is the zero mode of the y ghost, and the kinetic term of open superstring field theory for
the Ramond sector is given by [45,47,48]

S=—3(¥,YQU). (1.16)

The important point is that the open superstring field W in the restricted space can be characterized
using the operator X (1.13) as [49]

XYV = . (1.17)

This is analogous to (1.11) for the closed bosonic string field, and we regard this characterization of
the string field in the Ramond sector as fundamental.

The next question is then whether we can introduce interactions that are consistent with this restric-
tion of the string field in the Ramond sector. Recently, Sen constructed the equations of motion of the
one-particle irreducible effective superstring field theory including the Ramond sector [50]. While
the construction is for the heterotic string and the type Il superstring, the idea can be applied to
the construction of the classical equations of motion of open superstring field theory including the
Ramond sector. A salient feature of the resulting equations of motion is that the interaction terms of
the equation of motion for the Ramond sector are multiplied by a zero mode of the picture-changing
operator. The origin of the zero mode of the picture-changing operator is the propagator in the
Ramond sector, and it is just a different way of integrating the fermionic modulus of the propa-
gator strip so that we can replace it by the operator X in (1.13). Then the interaction terms of the
equation of motion for the Ramond sector are multiplied by X. This is reminiscent of the equation
of motion of closed bosonic string field theory, where the interaction terms of the equation of motion
are multiplied by B, and this structure indicates that the open superstring field for the Ramond sector
in the restricted space can be consistently used for the interacting theory.

In this paper, we construct a gauge-invariant action for open superstring field theory including the
NS sector and the Ramond sector. We use the WZW-like action of the Berkovits formulation for the
NS sector, and we couple it to the open superstring field for the Ramond sector in the restricted space.
This is the first construction of a complete action for open superstring field theory in a covariant form.

The rest of the paper is organized as follows. In Sect. 2 we explain the kinetic terms we use for the
string field in the NS sector and for the string field in the Ramond sector. In Sect. 3 we construct cubic
and quartic interactions so that the action is invariant under nonlinearly extended gauge transforma-
tions up to this order. In Sect. 4 we present the complete action and show that it is gauge invariant.
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This is the main result of this paper. In Sect. 5 we investigate the relation between the equations
of motion constructed by Berkovits in Ref. [28] and ours. Section 6 is devoted to conclusions and
discussion.

2. Kinetic terms

An open superstring field is a state in the boundary CFT corresponding to the D-brane we are consid-
ering. The boundary CFT consists of the matter sector, the bc ghost sector, and the superconformal
ghost sector, and the superconformal ghost sector can be described either by 8(z) and y (z) or by
£(2), n(z), and ¢ (z) [2]. The two descriptions are related as follows:

B(2) =3E(2) e ?@, ¥y () =e? D n2). (2.1)

The Hilbert space we usually use for the 8y system is smaller than the Hilbert space for £(z), (z),
and ¢ (z) and is called the small Hilbert space. In the description in terms of £(z), n(z), and ¢(z), a
state is in the small Hilbert space when it is annihilated by the zero mode of 1(z). We denote the zero
mode of 7(z) by n, and then the condition that a state A is in the small Hilbert space can be stated as

nA = 0. (2.2)

The Hilbert space for £(z), n(z), and ¢ () is called the large Hilbert space. Since the anticommu-
tation relation of n and the zero mode &y of £(z) is

{n. &} =1, (2.3)

any state ® in the large Hilbert space can be written as follows:
® = (0, §o}® = 5P +5n® = S + 5, (2:4)
where
d = ngyd, D = nd. (2.5)

The states ® and ® are in the small Hilbert space because 1> = 0. Therefore, any state ® in the large
Hilbert space can be decomposed into two states in the small Hilbert space this way.

For the NS sector, we use an open superstring field ® in the large Hilbert space. It is a Grassmann-
even state, its ghost number is 0, and its picture number is 0. The kinetic term SI(\?S) of @ in the
Berkovits formulation [1] is given by

Ske = —3(®, Qn®), (2.6)

where Q is the BRST operator and (A, B) is the BPZ inner product of A and B. The action is invariant
under the gauge transformations given by

00 =0n, s0o =, 2.7)

where A and Q are gauge parameters in the NS sector. The gauge invariance can be shown by the
following properties:

0*=0, 7°=0, {Q,n}=0, (B, A)=(-D*%(A,B),
(QA, B) = —(—=1)* (A, 0B), (nA, B) = —(=1)" (A, nB). (2.8)

Here and in what follows, a state in the exponent of —1 represents its Grassmann parity: it is 0 mod 2
for a Grassmann-even state and 1 mod 2 for a Grassmann-odd state.
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The equation of motion of the free theory is given by

ond =0. (2.9)

As in (2.4), we write ® as & = ® + £®, and we can bring & to the form £0D by the gauge
transformation 8g) ) with Q@ = —505. Then the equation of motion reduces to the following form:
Qno® = Q {n, 50} d = Q® =0. (2.10)

The string field ® brought to the form £0® satisfies the condition n€p® = 0, and the gauge trans-
formation §® = QA + n<2 preserving this condition should satisfy n&y §& = 0. This constrains the
gauge parameters as follows:

n&0 6P = n&o QA + n&on2 = no QA +n2 = 0. (2.11)
We therefore choose n<2 to be —n&yQ A and find
8P = QA —n§QA =8§nQA = -5 0nA. (2.12)

This generates the transformation of ) given by
8§ = nd® = —n&OnA = QA (2.13)

withA = —nA in the small Hilbert space. This way the physical state condition Qa = 0 in the small
Hilbert space and the equivalence relation D~ D+ QK are reproduced. This partial gauge fixing
can be extended to the interacting theory. See Ref. [3] for details.

For the Ramond sector, we use an open superstring field W in the small Hilbert space:

nv =0. (2.14)

It is a Grassmann-odd state, its ghost number is 1, and its picture number is —1/2. We expand
W based on the zero modes by, cg, Bo, and yg as

W= ()" (@ + covn), (2.15)
n=0
where
bO ¢n = O’ ,30 d’n = Oa bO d’n = Oa ﬁO Wn =0. (2-16)

It is known [45—47] that the physical state condition can be written as
oY =0 (2.17)
with W restricted to the following form:
V=9¢—-(+cG) ¥, (2.18)
where G = Gg + 2bgyp and
bop =0, Bop=0, boy =0, poy=0. (2.19)

See also Refs. [48,51,52]. As pointed out in Ref. [49], the string field W of this restricted form can
be characterized as

XYV =, (2.20)
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where the Grassmann-even operators X and Y are defined by>

X = —8(Bo) Go+8"(Bo) bo, Y =—co8' (o). (2.21)
The picture number of X is 1 and the picture number of Y is —1. As we mentioned in the introduction,
the operator X is related to the integration of the fermionic modulus of propagator strips in the
Ramond sector. See Appendix A for details.* Therefore, the condition (2.20) on W can be understood
in the context of the supermoduli space of super-Riemann surfaces. The operators X and Y satisfy
the following relations:
XYX=X, YXy=vY, [0,X]=0, nXn=0, n¥Yn=0. (2.22)
It then follows that the operator XY is a projector:
(XY)’ = XxV. (2.23)
We say that W is in the restricted space when W satisfies
XYV =W, (2.24)
While we always consider W of picture number —1/2, we allow W to have an arbitrary ghost number
when we refer to the restricted space. When W is in the restricted space, QW is also in the restricted
space because
XYQU = XYQXYV =XYXQYWV =XQYV¥ = XYV = QW. (2.25)
To summarize, the physical state condition and the equivalence relation can be stated as
Q¥ =0, ¥v~WV+Q0r (2.26)
with W and A satisfying
nWw =0 XYv=v, nr=0, XYA=A. (2.27)
The appropriate inner product for ¥; and W, in the restricted space is

(W1, YW2)), (2.28)

where (A, B)) is the BPZ inner product of A and B in the small Hilbert space. Recall that the picture
number of Y is —1, and the total picture number is —2 for ¥ and W, of picture number —1/2.

3 The operators 8(8y), 8'(Bo), and 8’ () here and the operators 8'(y (z)) and ®(fo) that will appear later are
Grassmann odd, and it should be understood that an appropriate Klein factor is included when it is necessary.
4 For the geometric meaning of X and Y, see also Ref. [53].
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Table 1. Properties of the string fields and the gauge parameters. The string field ® in the NS sector is
a Grassmann-even state, and the string field ¥ in the Ramond sector is a Grassmann-odd state. The gauge
parameters A and €2 in the NS sector are Grassmann-odd states, and the gauge parameter X in the Ramond
sector is a Grassmann-even state. The ghost number g and the picture number p of the string fields and the
gauge fields are also shown.

field (O] V] A Q A
Grassmann even odd odd odd even
(g, p) 0,0) (1, -1/2) (=1,0) (=11 0, -1/2)

As we will show later, the operator X is BPZ even in the small Hilbert space:
(XA, B) = (A, XB). (2.29)
For W and W, in the restricted space, we then have

(W1, YWo) = (—=DY2 4w, YU ), (2.30)
(QW, Y¥s)) = —(= D)V (W, Y Q). (2.31)

The relation (2.30) can be shown as

(W1, YWo)) = (XYW, YW) = (YW, XY W)
= (YW, W) = (= D)"1Y2(Wy, Y1), (2.32)

and the relation (2.31) can be shown as

(QW1, YW) = (OXY VW, YW) = (QY V¥, XY ,)
= (=YY, QXY W) = —(=D)VI(Y ¥y, XY QW)
= —(=DYYXY W, Y QW) = —(=DV1 (W, Y QW)). (2.33)

We take the kinetic term S}gO) for the Ramond sector to be [45,47,48]

SO = -Lqw, yow) (2.34)
for W satisfying
aW =0 XYVU=W. (2.35)

The action is invariant under the gauge transformation
59w = ox, (2.36)
where A is a gauge parameter in the Ramond sector satisfying
n.=0, XYA=2A. (2.37)

The equation of motion reproduces the physical state condition, and the equivalence relation is imple-
mented as a gauge symmetry. The properties of the open superstring fields and the gauge parameters
are summarized in Table 1. The constraint on W characterized as XYW = W also plays a crucial role
in the context of the Batalin—Vilkovisky quantization [54].
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The operator Y in the kinetic term can be replaced by Ypnig, which is an insertion of

Y (z) = —c(z) 8 (y(2)) at the open-string midpoint:
— 3 (W Y QW) = —3 (V. Yinia Q¥). (2.38)
This can be shown from the relation XY, X = X as follows:
(W, YQU) = (XYW, YXYQU) = (YW, XYXYQU) = (Y, XY QW)
= (YW, XYiiga XY QW) = (XYW, Yiniga XY QW) = (W, Ynig QW)). (2.39)
Therefore, our kinetic term coincides with that of open superstring field theory in the Witten
formulation [25] for W in the restricted space.

We will construct interactions that couple @ in the large Hilbert space and W in the small Hilbert
space. Let us describe further the relation between the large Hilbert space and the small Hilbert space.
The BPZ inner product (A, B)) in the small Hilbert space defined for A and B satisfying nA =0
and nB = 0 is related to the BPZ product in the large Hilbert space (A, B) as follows:

(A, B)) = (50A, B). (2.40)
Since the zero mode &g is BPZ even, this can also be written as
(A, B) = (=1)" (A, §B). (2.41)
The BRST cohomology is trivial in the large Hilbert space, and thus the operator X, which commutes
with the BRST operator, can be written as
X ={0, E}, (2.42)
where E is a Grassmann-odd operator carrying ghost number —1 and picture number 1. We use E
defined by [26]
E =0 (Bo), (2.43)
where O is the Heaviside step function. As we show in Appendix B, the anticommutator of n and E
is given by
{n,8} =1, (2.44)
and E is BPZ even:
(EA, B) = (-D)?*(A, EB). (2.45)
Because of the relation (2.44) we can also use E to relate the BPZ inner product in the large Hilbert
space and the BPZ inner product in the small Hilbert space:

(A, B) = (EA,B), (A,B) = (-4 (A, EB). (2.46)

Finally, let us discuss the BPZ property of the operator X. Even when we work in the large Hilbert
space, the operator X always acts on a state in the small Hilbert space of picture number —3/2, and
we show that X is BPZ even in the small Hilbert space. Actually, this can be shown even when E is
not BPZ even, and it follows only from the relation nE* + En = 1 on a state of picture number —1/2,
where E* is the BPZ conjugate of &, together with nEA = A and nEB = B for a pair of states A
and B in the small Hilbert space of picture number —3/2:

(XA,B) = (-D*((QE+ EQ) A, EB)
= (—D*((QE+ EQ)nEA, EB) = (D" (n (QE* + E*Q) EA, EB)
=((QE*+ E*Q) EA, nEB) = (EA, (EQ + QE)nEB)
= (EA, (EQ + QB) B) = (A, XB). (2.47)
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3. Cubic and quartic interactions

In this section we construct cubic and quartic terms of the action in the Ramond sector. The action
S consists of Sns for the NS sector and Sg for the Ramond sector:

S = Sxs + SR, (3.1

where Sng contains only @ and Sg contains both ® and W. We expand Sns and Sr as follows:

Sns = S8 + 8543 + 8250 + 0(&?), (3.2)
Se =S + oS 4 25 4 0(g3), (3.3)

where g is the coupling constant and

S\e = —1 (@, on®), (3.4)
SO = -Lqw, yow). (3.5)

We also expand the gauge transformations as follows:

520 =500 + g5\ + g2P + 0(g3), (3.6)
a0 = 80w + g8V w + 2P w 4+ 0(g3) (3.7)

with
Vo =0a, sPw=o, (3.8)

where A is a gauge parameter in the NS sector;

S =5g’)q>+gag)q>+g25§>q>+0<g3), (3.9)
SoW = 89w + ¢85 W + g2 + 0(s?) (3.10)

with
80 =ne, sPw=o, (3.11)

where Q2 is a gauge parameter in the NS sector; and

50 =5"0+g5 0+ 52670+ 0(g?). (3.12)
50 =570+ g8"w + g2 67w + 0(g%) (3.13)

with
5% =0, sPw=0s, (3.14)

where A is a gauge parameter in the Ramond sector.
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For the NS sector, we use the cubic and quartic terms in the Berkovits formulation [1]:

Sne = — (@, Q[®@, n@)), (3.15)
S& = — L (@, 0[®, [©, n@1)). (3.16)

The gauge invariance up to this order can be stated as

sVsH+80sQ =0, sVs@ 4505+ =0, (3.17)
where
Vo = —1[@, AL, sV = Lo, [@, Al (3.18)
and
5500 + 8550 =0, 838\ + 858\ + 85’ S\ =0, (3.19)
where
550 = 1@, 0@l 550 = L, [0, nel. (3.20)

As we will see, there is an additional contribution 85\2R)CI> to 85\2)d> when we include the Ramond
sector, and 55\2)CI> is given by
800 =5 4+ 5N o, (3.21)

On the other hand, it will turn out that there are no corrections to (Sg )® when we include the Ramond
sector. The goal of this section is to determine Slgl) and 51(12) in the action and SX)QD, 85\1)\11, 88 )CD,
) &) )] (@) (@) @) @) @) (N7 :
8o W, 8, ®,8, ' W,8,7D,6,"V,85 P85 W,5,” ®,and 6, ¥ in the gauge transformations.
We use the star product [37] in constructing interaction terms, and all products of string fields in
this paper are defined by the star product. The star product has the following properties:

(AB)C = A(BC), (A,BC)=(AB,C),
Q(AB) = (QA) B+ (=D A(QB), n(AB) = (nA) B+ (~D"A@B). (3.22)

We will construct cubic and quartic interactions such that the action is invariant under nonlinearly
extended gauge transformations. Corrections to the gauge transformations are determined from the
structures of the kinetic terms in the following way. The variation of SI(\% is given by

5550 = — (8D, Ond). (3.23)
Therefore, a term of the form
88 = (A, Ond) (3.24)

in the gauge variation can be canceled by 8 SI(\?S) with §® given by

SO =A. (3.25)
The variation of S}go) is given by
58 = — (5w, Y QW)). (3.26)
A term of the form
8S = (B, QW) (3.27)
in the gauge variation can be transformed as
88 = (B, n§o XY QW) = (§onB, XY QW) = (nB, XY QW) = (XnB,Y QWV). (3.28)
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Therefore, this can be canceled by SS}({O) with §W given by
SW = XnB.
Note that this form of §W satisfies the conditions

noW =0, XYSW =3W.

3.1. The cubic interaction

Let us consider the cubic interaction Slgl ) in the form

S§) =0, w?),

(3.29)

(3.30)

(3.31)

where o is a constant to be determined. When we take the string field ® to be an on-shell state in

the —1 picture multiplied by &y and the two string fields of W to be on-shell states in the —1/2 pic-

ture, this cubic interaction reproduces correct three-point amplitudes up to an overall normalization.
The action is gauge invariant at this order if we can find 85\1)\11, 85(21 )\IJ, 8§1) ®, and § il)\ll such that

sV sy + 805 =0,
8PS + 855 =0,
(0) (1) (1) ¢(0) 1 ¢
8, "Sp’+68, "Syg +6, 'Sg” =0
are satisfied. The variation of S}({l) under the gauge transformation 85?)d> is given by

5Y'SK) = a1 QA WP) = a1 (A, (QW) W = W (QW) = —a1 (¥, A}, QW).

This takes the form of (3.27) so that this can be canceled by SX)SI(QO) with 85\1)\11 given by
1
VW = —a X (W, A).
The variation of Slgl) under the gauge transformation (Sg) )@ is given by
89S = a1 (12, W) = 01 (2., (1¥) W — ¥ (1)) =0

because nW = 0. Therefore, we do not need 88 ) SlgO) and we have

55w = 0.
The variation of Sl(zl) under the gauge transformation § io)\ll is given by
578y = a1 (®, (Q1)W) + a1 (D, W(QH))
= —a(QP, AV) — a1 (P, A(QW)) + a1 (QP, VA) + a1 (P, (QW)A)
= —a([¥, A], QP) — a1 ([P, 1], QW)
= —a([V, n8A], Q@) — ai ([P, nEA], QW)
= a1 ({W, EA}, On®) + a1 ({n®, EA}, QW).
This can be canceled by (Sil) SI(VOS) with § il)CD and 8&1) S}({O) with § il)\ll given by
5V ® = (W, BA),

8w = oy Xn{n®, EA.
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Note that the forms of (SiDCD and 8&1)\11 are not unique. For example, if we instead transform
([¥, A], Q@) as

([P, 2], Q@) = (néo[W¥, 1], QD) = (5o[, 2], OnP), (3.40)
we obtain
5V @ = —a [, Al. (3.41)

However, the difference between & il) ® and § )(Ll) ® can be absorbed into a correction to €2 in the gauge
transformation (Sg) o = n<2 because

500 — 5V ® = a (W, BA) + 1ol W, Al = n(eigo (W, EA)). (3.42)

We choose the forms of §;, @ and 6, W such that A appears in the combination EX except for QA. This
corresponds to writing QA as OnEA and transforming 8§0) SI(QI) as follows:

57 S%) = a1 (@, (QnEMW) + a1 (@, W(QNEL))
= a1 (n®, (QEMW) — a1 (n®, Y(QEL))
= a1 (Qn®, (ENW) + a1 (n®, (EA)(QW))
+ a1 (Qn®, W(EL) — a1 {n®, (QW)(EA))
= a1 ({W, EA), On®) + a1 {{n®, EA), Q). (3.43)

We then obtain 8\ ® in (3.38) and 8.’ W in (3.39).

3.2.  The quartic interaction

Let us move on to the construction of the quartic interaction. We construct Sl(zz) such that

80 S + 84Sy + 8TV sp + 89Sy =0, (3.44)
50 S + 85 Y + 85V SN + 65 Sy =0, (3.45)
578 + 8V s(e + 85y + 57558 + 87 =0 (3.46)

are satisfied for appropriate choices of the parameter «; appearing in Slgl), 55\1) v, Sil)cb, and 5&1) Y
and the gauge transformations SE\ZR)QD, 85\2)\11, 8§22R)d>, 88)\11, 6§2)<I>, and 8§Z)IIJ.

3.2.1. The gauge transformation with the parameter A
The variation of S}({U under the gauge transformations 85\1) ® and 85\1) W is given by

aq
2
Using X = {Q, &}, we transform (D, (Xn{W¥, A})¥) as follows:

sDsh = — ([cp,QA],\p2>—a%<q>,(Xn{\p,A})w>—a12<q>,\p(xn{w,A})>. (3.47)

(@, Xn{¥,Ah V) =—nd, (O, EHY, Ah W)
=—(On®, (E{V,AhV¥) — (n®, (E{V, A}) (QW))
— (n®, (E[QY, AD W) + (n®, (E[Y, QA] V)
=—((E{W¥,AD VY, On®) — (n®) (E{V¥, A}), QV¥)
—({EW(®P)), A}, QW) — (QA (W, BV (n®))}) . (3.48)
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We similarly transform (®, W (Xn{¥, A})) to find

sDsh) = % <QA, [cp, qﬂ]> o (U, B{W, A}}, On®) + o2 ({(n®, E{¥, A}}, QW)

+af ({E{n®, ¥}, A}, QW) +af (QA, (¥, E (n®, ¥}}). (3.49)

From the structure of the last term on the right-hand side of (3.49), let us consider a quartic interaction
S}(f) of the form

S = ay (D, (W, E (nd, W}}), (3.50)

where > is a constant to be determined. The variation of S}(f) under the gauge transformation Sfe)cb
is given by

8VSY = (600, (9, & (1, W) + o (@, {w,

]

o)

= (3@, 2%, & (@, W) - [, 0?])
=205 (O, (¥, E (1, W))) — ax (04, [0, w?]). (3.51)
Comparing this with (3.49), we find that the constants «; and oy should be chosen to be
ar=-1, =1, (3.52)
and then we have
50 S) + 83 Sy) = (W, B (W, A}, On®)
+ ({n®, E{¥, A}}, QW) + ({E {n®, ¥}, A}, QW). (3.53)
The term ({V, E {¥, A}}, Ond) containing OnP can be canceled by SS\ZR) Sl(\?s) with 85\2R)d> given by
SR = (v, Z(W, A} (3.54)

The remaining terms take the form of (3.27) so that they can be canceled by 85\2) S}gO) with 85\2)\11
given by
8PW = Xy {E (n®, ¥}, A} + Xn (n®, E{W, A}}. (3.55)

3.2.2.  The gauge transformation with the parameter Q
The variation of Slgl) under the gauge transformation 88) ® is given by

sMsh = 1 <[<I>, nQl, \y2> - %<n9, [cb, \IJZ]>. (3.56)
The variation of 51(22) under the gauge transformation (Sg) ) ® is given by
55'SY =~ (W, B (. W) = —L, (v, [0, vI) = 3@, [e.92]).  357)

Since
805 455 s =0, (3.58)

we do not need 85(22 R) Sl(\IOS) and 85(22 ) Slgo), and we have

sR® =0, s&w=0. (3.59)
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3.2.3.  The gauge transformation with the parameter X

Let us next calculate the variations §, & Sl(\lls?, 3, () SR (1) and 8§0) Sf({z) and express each term in the form

of an inner product with EX. The variation 8( )SI(\IS) is given by
Do 1 -
575\ = —3 (8", (0, n)) = L((w, EA), (0, b))
= —3(84, [(Q®, n®), W]). (3.60)
The variation § il)Sl({]) is given by
sV = (W, 820, W2) + (@, (Xn (n®, BAD W) + (9, W (Xn (@, EAD).  (3.6D)
The first term on the right-hand side vanishes:
<{\11, ZA), \p2> — —<EA, \113> + <E)\, \113> —0. (3.62)
The remaining terms are

sV = — (o, (10, E} (n®, EAD W) + (n®, ¥ ({Q, B} {n®, EA}))
= (EA, [n®, (Q, B} {n®, W}]) . (3.63)

For the variation § §0) Slgz), we write QA as OnEA and find
sOsP = _Lia, {0nEL, B (n®, W}}) — 1(, (W, E{n®, 0nEL}))
HonEn, [@, B (n®, W}] + [E[W, ], nd])

(QEA, (n®, E{n®, W}}) + $(QEL, {[®, n®], ¥})
= (81, Q (n®, E{n®, V}}) + $(EA, O{[®, n®], ¥}), (3.64)

where in an intermediate step we used the following Jacobi identity:
(@, {n®, W} + {[V, @], n®} = {[P, nP], ¥} . (3.65)
We then find
sV s 4 5D g 4 5050
= —3(E%, [{Q®, n®}, W]) + (EX, [n®, {Q, E}n®, W}])
+ (B4, 0{n®, E{n®, W}}) + 3(E2, Q{[®, n®], ¥})
= (EA, [Qn®, E{n®, V}]) + (EA, [n®, E[Qn®, V]]) — (EA, [n®, E[n®, QV]I)
+ 3(EA, [[®, Qn®], W) — 3(EA, [[®, n®], QW])
—({W, E{n®, EA}} + (E{n®, W}, EA}, On®) + 5([D, {W, EA}], On®)
— ((n®, E(n®, EA}}, QW) — 3 ({[®, n®], EA}, Q). (3.66)

These terms are canceled by 8§2) SIE?S) and 5)(\2) S}go) with § ;2) ® and § iz)lIJ given by

57 ® = —{W, E{n®, BA}} — (B (n®, ¥}, EA}+ 5 [D, {¥, B, (3.67)
5PW = —Xn (n®, E (n®, EAY) — L Xp {[@, n@], EA). (3.68)
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3.3.  Summary

Let us summarize the results of this section. The action in the NS sector is given by
Sns = S\a + &SN + 825K + 0 (&%),

where

(@, [P, [, n®]]).

Z
wn
§I~

The action in the Ramond sector is given by
Sk =S + ¢Sy + g5 + 0(g3),
where

Tqw, Yy ow),
s = (cp )
1
2

SO =

SO —

(@, {W, E{n®, ¥}}).

The gauge transformation with the gauge parameter A in the NS sector is given by
510 =50+ g5\ @ + g% 0@ + 0(g?),
5av =8VW 4+ gsVw 4 g2 P w + 0(g3),
where
50® = oA,
Vo =1, oAl
8P = L [0, [@, QA]] + (W, E{W, A}),
sVw =0,

SN = Xn{W, A},
8P = Xn (B {(n®, ¥}, A} + Xn (n®, B {W, A}).

The gauge transformation with the gauge parameter €2 in the NS sector is given by

Sa® =89 @ + 55 ® + 250 + 0(<%),

SqW =53 W + ¢85’ W + ¢255" W + 0(g3),
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where
8o = nQ, (3.87)
55’@ = L@, na, (3.88)
85 ® = L[, [, nQ], (3.89)
8w =0, (3.90)
85w =0, (3.91)
88w = 0. (3.92)
The gauge transformation with the gauge parameter A in the Ramond sector is given by
5,0 =500 + g6V + g25P + 0(g3), (3.93)
5.9 = 50w + g5 w + 27w + 0(?). (3.94)
where
50 — 0, (3.95)
sV = —(w, En), (3.96)
5P 0 = — (W, B {n®, EA})) — {E (n®, W}, EA) + L [®, {W, EA)], (3.97)
sOw = 0, (3.98)
50w = —Xxp (no, EA), (3.99)
SPW = —Xn(no, E (@, EA}) — L Xn ([0, n®], EA). (3.100)

4. Complete action

In this section we present a complete action. We derive the equations of motion and show the gauge
invariance of the action.

4.1. Action and gauge transformations

The complete action S is given by

1
§=—3(¥.YQW) - fo dt (A0, Q4,0 + (FOW)?), (4.1)
where

FOU =V +E{A,0), ¥} + E{A,(0), E{A,®), ¥}} +---

= > B{A,1). B{A,0). - . B{A,0), W} 1}, (4.2)
n=0 n

and the string fields A, (¢) and A, (¢) satisfy the relations
nAn(t) = Ap(t) Ap(t), 0:An(t) = nA; () — Ay(t) Ar (1) + A;(2) Ay (2) (4.3)

with A, (0) = 0 and A,(0) = 0. We can parameterize A,(t) and A,(¢) satisfying (4.3) in terms of
@ (1) in the NS sector with ®(0) = 0 as

A1) = (neq’(’)) 0 A1) = <8te¢(t)) 00, (4.4)
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The string field @ (¢) is a Grassmann-even state and is in the large Hilbert space. Its ghost number is
0 and its picture number is also 0. The string field W is in the Ramond sector. It is a Grassmann-odd
state, its ghost number is 1, and its picture number is —1/2. It is in the small Hilbert space and is in
the restricted space:

=0, XYU=U. (4.5)

Note that W is not a function of #. As we will show, the dependence of the action on ¢ is topological,
and the action is a functional of ® and W, where ® is the value of ®(¢) atr = 1.
We will show that the action (4.1) is invariant under the following gauge transformations:

As = QA + D,Q+ (F¥, FE ((FV, A} — 1)}, (4.6a)
SW = QA+ XnFED, ((FV, A} — 1), (4.6b)

where A and 2 are gauge parameters in the NS sector and A is a gauge parameter in the Ramond
sector satisfying

nA=0, XYr=2x. (4.7)
The action of D, is defined by
D,A =nA—A,A+ (—1)AAA,,, (4.8)
where
Ay = Ay(D), 4.9)

and the action of F' is defined by

=Y E[A,. B[4, . B[4y, A] - ]] (4.10)

=> &{4,. g{A,.--- . B{A,. A} }} (4.11)
=0

n

when A is a Grassmann-odd state. The string field As is related to A, as
8A, = DyAs = nAs — [Ay, As]. (4.12)

This relation defines As up to terms that are annihilated by D), and the ambiguity can be absorbed
by the gauge parameter 2. For the parameterization of A;(¢) in (4.4), an explicit form of A is

As = (8e®) e ®. (4.13)
Note that §W in (4.6D) is in the small Hilbert space and in the restricted space:
név =0, XY§¥ =4§V. (4.14)

When we set W = 0, the action (4.1) coincides with the WZW-like action Swzw of the Berkovits
formulation [1]:

1 1!
Swzw = —<e*q’Qe‘D, efq>ne<1>) _ _/ dt <e7d>(t)ate<l>(t)’ {efCI)(t)QeCD(t)’ e*q’(’)neq’(’)}),

2 2 Jo
(4.15)
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and the form of Swzw given by

1
Swzw = —/0 di (A1), QAL (1)) (4.16)

was recently used in Ref. [23]. While the NS sector of the action is based on the large Hilbert space,
we can apply the partial gauge fixing discussed in Ref. [3] and obtain a gauge-invariant action based
on the small Hilbert space both for the NS sector and the Ramond sector.

The action up to quartic interactions in Sect. 3 with g = 1 coincides with (4.1) under the param-
eterization (4.4). However, the gauge invariance of the action does not depend on this particular
parameterization, and other parameterizations of A, (r) and A,(r) satisfying (4.3) are possible.
For example, as was demonstrated in Ref. [23], we can parameterize A;(¢) and A,(¢) in terms of
a string field in the small Hilbert space so that the action in the NS sector coincides with the action
constructed in Ref. [10] with the A structure. Therefore, we can also regard the action (4.1) as the
inclusion of the Ramond sector to the action in Ref. [10].

4.2.  Algebraic ingredients
In the rest of this section, we derive the equations of motion from the action (4.1) and show its gauge
invariance. The starting point of our discussion is the relation

nAy(t) = Ay(t) Ay(t). 4.17)

This is analogous to the equation of motion QA 4+ A% = 0 in open bosonic string field theory, and
the string field A, (7) satisfying this relation corresponds to a pure gauge with respect to the gauge
transformation generated by 1. We define the covariant derivative D, (¢) by

D, (A = nA — Ay(DA + (=D A A,@). (4.18)

This is a generalization of D, in (4.8), and D, corresponds to D, (t) with t = 1. The covariant
derivative D, () squares to zero,

D,(1)* =0, (4.19)
because of the relation (4.17). It acts as a derivation with respect to the star product,
D, (t)(AB) = (D, () A)B + (—1)* A (Dy(1)B), (4.20)
and it is BPZ odd:
(Dy()A, B) = —(=1)* (A, D, (t)B) (4.21)

for any states A and B. The covariant derivative D, () is an important ingredient in our construction.
Another important ingredient is the linear map F(¢). It is a generalization of F defined in (4.10)
and (4.11), and the action of F'(¢) on a state A in the Ramond sector is defined by

F()A = A+ E[A, 1), A] + E[4,(0), E[4, (1), A]] +---

=Y E[A,(). E[Ay(®). -, E[Ay(1), A]---]] (4.22)
n=0

n

when A is a Grassmann-even state and

F(HA = A+ E|A, (), A} + E{A, 1), E{A,(1), A}} + - -

= E{a,0), B{A,(®), - . B{A,(0), A} - }} (4.23)
n=0

n
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when A is a Grassmann-odd state. The map F in (4.10) and (4.11) corresponds to F(¢) witht = 1.

It is useful to consider the inverse map F~!(¢) given by
F')A=A- &8 (A,,(t) A—(-D*A An(t)) .

Since

A—E (An(f) A—(=D)*A An(t)> = A+ ED,()A — EnA = nEA + ED,(1)A,

we find

F~ (1) =nE+ ED,(1).
It follows from n? = 0 and D, (1)? = 0 that

nF~H(6) =nEDy(1),  F~'@®)Dy(t) = nEDy(0).

We thus obtain

nF~(t) = F~(1)D, ().
In terms of F(¢), we have

D,(t)F(t) = F(t)n.

An important relation can be obtained when we multiply both sides of (4.26) by F(¢):

1 =F@)nE+ F(t)EDy(t) = D) F()E + F(t)ED,(1).
We thus find
{Dy(), Ft) B} = 1.
Therefore, any state A in the Ramond sector annihilated by D, (1),
D,(t)A =0,

can be written as
A={Dy(1), F(t) E} A= D,(1)F (1) EA.

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

431)

(4.32)

(4.33)

While we use F'(¢) in the construction of the action in the Ramond sector, it will be convenient to

introduce f(¢), which acts on a state in the NS sector and satisfies
{Dy(0), f(1) &0} =1.
The action of f(¢) on a state A in the NS sector is defined by

F(OA =A+&[A,(0), A] + &[A, (1), &[A, @), A]] +- -

= E[An). &[Ay (). - &[Ay ), A]--]]

n=0

n

when A is a Grassmann-even state and

FOA = A+ &ofAy0). A} +5of A1), S Ay(0). A} + -

= Eo{Ay). &ofAy). -+ &A1), A} -}

n=0

n

when A is a Grassmann-odd state.
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The string fields QA (¢) and F ()W in the action (4.1) are annihilated by D, (¢):

Dy (1) QA (1) =0, (4.37)
D,(0)F(t)¥ = 0. (4.38)

The first relation (4.37) follows from (4.17), and the second relation (4.38) follows from (4.29) and
nv =0:

D,(t)F(t)¥ = F(t) n¥ = 0. (4.39)
The string field 0, A, (¢) is also annihilated by D, (z):
Dy (1) 3 A, (t) = 0, (4.40)
which again follows from the relation (4.17). Therefore, d; A, (¢) can be written as
0 Ay(t) = Dy(t)As (1), (4.41)

where A, () is a string field of ghost number 0 and picture number 0. Since A, () is a pure gauge
for any ¢, an infinitesimal change in ¢ should be implemented by a gauge transformation, and A; (¢)
corresponds to the gauge parameter. One choice of A;(¢) is f(#)§0d; A,(¢), but it is not unique.
Suppose that A" (t) and A? (1) both satisfy (4.41):

9, A, 1) = D,()AV (1), 8,A,(1) = DAL (). (4.42)
Then the difference AA,(t) = A;l)(t) — A;Z)(t) is annihilated by D, (¢):
Dy(0) A (1) = Dy (4 (1) = AP 1)) = 0. (4.43)

The string fields A, (¢) and A,(¢) in the action have to satisfy (4.41). The ambiguity in A, (7), however,
does not affect the action because

(84,0, 04,0 + FOW)) = ({ Dy ). F D50} AA0). QA1) + (F(D)WY?)
= <f(t)§o Dy (1) AA(t), QAy(1) + (F(t)\l’)2> +(f ()& AA (1), Dy(1) QA (1))
+(f (D& AA (1), (Dy()F()W) (F()W) — (F()W) (D, (1) F(1)W)) = 0. (4.44)

When we parameterize A,(7) in terms of ®(z), the variation § A, (¢) under §®(¢) is annihilated
by D, (t):

Dy, (1) 8A,(t) = 0. (4.45)

This follows from (4.17), and the underlying reason is the same as in the case of 9, A, (t). The string
field A, () is a pure gauge for any ®(¢), and an infinitesimal change in ®(¢) should be implemented
by a gauge transformation. We write

A, () = Dy(t) As(1), (4.46)

where As(t) corresponds to the gauge parameter. When A, (¢) is given, the gauge parameter As()
satisfying (4.46) is again not unique, but we only use the relation (4.46).
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We will also need a relation between §A,(r) and 0, A;s(t). First, consider §9; A, (t) using (4.41).

We find
83 Ay(t) = 8Dy(1) A (1) = [8, Dy(1)] Ac(t) + Dy(1) 8A, (1),
where the action of [8, D, ()] is defined by
[8, Dy(1)] A = 8Dy (t)A — Dy(1) 8A,
and we have
[6, Dy()] A= —(84,()) A+ (=D A (8A,())
= — (Dy()As(1)) A+ (—DAA(Dy()As(1)) .
Therefore, § 0, A, (¢) is given by
80; Ay (1) = Dy(1)8 A, (1) — [Dy(1)As(1), A;(1)].
Second, consider 3,5 A, (f) using (4.46). We find
38 Ay(1) = 8, Dy(1) As(t) = [3;, Dy(1)] As(t) + Dy(1)8,; As(2),
where the action of [3,, D, ()] is defined by
[0, Dp(D] A = 9, Dy(1H)A — Dyp()3A,
and we have
[8:, Dy()] A = — (3 A,0)) A+ (=D A (3,A,(1))
= —(Dy(MOA®)) A+ (=D A(Dy() A1)
Therefore, 8 8A,(t) is given by
38Ay(1) = Dy(1)d;As(t) — [Dy(1) As (1), As(1)].

Since §0; A, (1) — 9;8A,(t) = 0, we find

Dy(t) 8A,(t) — [Dy(t) As (1), A (1)] — Dy(1) 0, As(t) — [As(t), Dy (1) A/ (D)]

= Dy (1) (§A,(t) — 0, As(t) — [As(1), A, (1)]) = 0.
We write this as
Dy (t) Fs5 (1) = 0,

where
Fsi (1) = 6A; (1) — 0, As(2) — [As(2), A (1)].

When we parameterize A, (1) as A, (1) = (ne®®) e ®® and choose A, (t) and As(7) to be

A1) = <3te<1>(t>> PO A(r) = ((SeCD(z)) 0

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

4.57)

(4.58)

the string field Fj;(¢) vanishes. In general, however, this is not the case, and in fact it was found in

Ref. [23] that Fj(¢) is nonvanishing for the parameterization of A, (¢) and A,(¢) to reproduce the

action with the Ao, structure constructed in Ref. [10] with a choice of As(¢). It was also confirmed
in Ref. [23] that the nonvanishing Fj; () is annihilated by D, (), which is in accord with the general

discussion.
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4.3.  The equations of motion

We are now ready to derive the equations of motion from the action (4.1). We first show that the
variation § (A, @), QA (1) + (F (t)\IJ)Z) is a total derivative with respect to ¢. The variation consists
of three terms:

5(4:0), 04, (0) + (FOW)?) = (84,0), 04,0 + (F()W)?)
+ (A1), Q8A,(D) + ([A (1), FO)W],8F(1)W).  (4.59)
The first term on the right-hand side of (4.59) can be transformed as follows:
<8Ar(t), QA1) + (F(t)\IJ)2>
= (8,450, 04,0 + FOW2) +([4:0), 4], 04, ) + (F ) w)?)
+(Fo (). 04,0 + (F0))?)
- <8,A5(t), QA (1) + (F(t)\I/)2> + <[A5(;), At(t)], QA () + (F(t)\IJ)2>, (4.60)
where we used
(Fsi0, 0430 + (FOW?) = ({Dy(0), f 0} Fr 1), 04, (0) + (FOW) =0 (4.61)

because Fs;(t) and QA, (1) + (F (1)W)? are annihilated by D, (t). The second term on the right-hand
side of (4.59) can be transformed as follows:

(A1), 084, (1)) = (Ai(1), QDy (1) A5(1))
=(A/(1),{Q, Dy(1)} As (1)) — (A1 (1), Dy (1) QAs(1)). (4.62)
Using the identity
{0, D,(0} A=—-[04,1, A], (4.63)

we find
A1), 08A,0) = (A1), [ As1), 04,0 ) + (Dy ) A1), QAs (1)
( )=(a0.| I+ )
= (94,0, 0450) + (A, [ 450), 04, 0])

- <A5(t), 8,QA,7(t)> + <At(t), [Aa(t), QAn(t)]>- (4.64)

To transform the third term on the right-hand side of (4.59), let us calculate o; F (r)W and § F () W.
For o; F (1), we find

B =10, FOIY = —F® [0, F' ()| F) W = =F() E[3,, Dy FO) W, (4.65)
where the actions of [0;, F(t)] and [d;, F~'(¢)] should be understood as
[0, F()] A(t) = 8, F (1) A(t) — F(t) 3, A(0),
[at, F—l(z)} A) = 8, F 1) A) — F~1 (1) 3,A(1). (4.66)
We then use (4.53) to obtain

W F ()W = F(t) E [ Dy (1) A1), F()W} = F()ED, (1) [A,(1), F(1)¥]. (4.67)
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For 8 F ()W, we find
SF(OW =[5, F()] W + F(1) 8% = —F (1) [5, F_l(t)] F()W + F(1)8W
=—F@) E[8, Dy()] F()¥ + F(1) 8V, (4.68)
where the actions of [, F (1)] and [8, F~!(#)] should be understood as
[6, F()]A@) =8F (@) A(r) — F(1) A1),
[3, F—‘(z)] A() = SF~V (1) A(t) — F~1 (1) SAQ). (4.69)
We then use (4.49) to obtain
SF(OW = F(1)E {D,(1)As(t), F(t)¥) + F(1)nE 8
= F(1)&D,([As(1), F()W] + Dy (1) F(1)E 6%
= [As(1), F()W] + D, () F()E (8W — [As(t), F()W]), (4.70)

where we also used (4.29) and (4.31). The third term on the right-hand side of (4.59) can now be
transformed as follows:

<[A,(t), F(t)\IJ], 8F(t)\IJ>
= <[A,(t), F(t)\If], [Ag(t), F(r)\p]) n <[A,(t), F(t)\IJ], D, (1) F(1) s(axp —[A(g(t), F(t)\IJ]))

_ <A,(t), [Ag(t), (F(t)\l!)z]> n (D,,(z)[A,(z), F(z)\p], Ft) E(S\If — [Ag(t), F(t)\If]>>.
471

Note that the structure of the second term on the right-hand side of the last line is similar to that of
0; F (t)V in (4.67). In fact, the operator F(¢) E is BPZ even:

(F(1)EA, B) = (~1)*(A, F(1)EB). 4.72)

This can be shown using

as follows:
(F(VEA, B) =) ((E(n— Dy(1)))" EA, B)
n=0
=Y (=D*{A, E((n— Dy®)) )" B) = (=D (A, F(t)EB). (4.74)
n=0
We thus find

(A1), (D)W, 8F ()W)
= (4. [450). FOW?]) + ([FOED, 0 14:0), FOW, 8% — [A5(), FO)W))
= {40, |40, FOWR])+ (O F 0w, 8% — [450), FOW)

= (40, | 40, FOWR])+ (450, 0 (FOW)?) = (6, 0, F (1) W). (4.75)
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The sum of the three terms on the right-hand side of (4.59) is then
5 <A,(z), QA, () + (F(t)\Il)2>
= (3450, @A, + FOW?) +([45(0), 4], QA1) + (F)W)?)
+(As(1), % QAL () + (A1), [As(D), 0A,])
+{4: ). [ 450, FOWR])+ (450, 0 (F0)w)?) - (6w, 0, F ()W)
= 3, (450, QAL () + (FOW)?) = 8, (59, F()w), (4.76)
where we used
(1450, A1, 04,0 + (F()W)?)
+ (A1), [As(0), 0A,(]) + <At<t), [ 450, (Fywy?] > =0, 4.77)

The variation & (A, (), QA (1) + (F (t)\I!)z) is a total derivative with respect to ¢ so that the ¢ depen-
dence is topological. This shows that the action is a functional of ® and W, where @ is the value of
®(r) at t = 1. The variation of the action 6. is thus

88 = — <A5, QA, + (F\Il)z) + (5, FW) — (W, Y QW)). (4.78)
The second term on the right-hand side can be transformed as

(W, FW) = (n& XYV, FV) = — (XYW, nFW¥)) = — (YW, XnFW))
=— (YU, XYXnFV) = — (XYSV, YXnFW) = — (W, Y XnFW¥)), (4.79)

and the final form of 8§ is
58 = — <A5, 0A, + (F\y)2> — (W, Y(QW + XnFW))). (4.80)
Therefore, the equations of motion are given by

QA, + (F¥)? =0, (4.81a)
QW + XnFV = 0. (4.81b)

Note that the second term on the left-hand side of the equation of motion derived from §W is
multiplied by X 7. The factor 5 ensures that this term is in the small Hilbert space:

nXnFwv = 0. (4.82)
The factor X ensures that this term is in the restricted space:
XYXnFW¥ = XnFW¥ (4.83)

because XY X = X. As we mentioned in the introduction, this is the structure that we anticipated
from the approach by Sen in Ref. [50].
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4.4. The gauge invariance

Our remaining task is to derive the gauge transformations (4.6). When we set ¥ = 0, the action (4.1)
coincides with the WZW-like action Swzw shown in (4.15) or in (4.16), and it is invariant under the
gauge transformations,
S Swzw =0, 88 Swzw =0, (4.84)
with (SE\NS) ® and (SézNS) ® given by
ASE\NS) = QA, A(SS\IS) = D,Q, (4.85)
where A(S;\NS) is Ag with 6® = (SE\NS)CI) and Aagvs> is Ag with §® = 8§2Ns)d>. Let us calculate the

variations of § in (4.1) under SE\NS) ® and (SézNS)dD.
First, the variation (Sést) S is given by

AR —— (D,,sz, QA, + (F\If)2> —_ <sz D,7<QA,7 n (F\Il)z)) —0 (4.86)
because QA; and FW are annihilated by D,,. Therefore, there are no corrections to 8§2NS) from the
inclusion of the Ramond sector, and we find

3aS =0 (4.87)
with
Asqg = D2, ¥ =0, (4.88)

where As,, i1s As with §® = 5o ®.
Let us next calculate the variation SE\NS)S:

sNSg = <QA, QA, + (FlIl)2> - - <A, 0 (QA,7 + (FID)2>> — ((FW, A}, QF V). (4.89)
The string field Q FW is given by
QFV = [Q, FI¥ + FQW = —F [Q, F_l] FV + FQU
=—F[0,1—8n+ ED,|FV + FQUV
= F(Xn—{Q.E}D, + E{Q, Dy})F¥ + FQWV. (4.90)
Using D, F¥ = 0 and the identity (4.63), we have
QFV = F(QW + XnFWV) — FE[QA,, FV]. 4.91)

Note that QW + Xn F'\W in the equation of motion (4.81b) appeared in the first term on the right-hand
side. Since [(F\IJ)2 , FlIJ] = 0, we can also make QA; + (FW)? in the equation of motion (4.81a)
appear in the second term on the right-hand side:

QFW = F(QV + XnFWV) — FE [QA,7 +(FU)?, F\IJ]. (4.92)
We can further transform Q FW as follows:

OF U = FnE<Q\Il + XnF\IJ> — FE[QA,, + (F\D)z, F\IJ]

= D,,FE(Q\IJ + XnFlIJ) n FE[F\IJ, 0A, + (F\IJ)Z]. (4.93)

Since D,, FE, and the graded commutator with FW are BPZ odd, BPZ even, and BPZ odd,
respectively, any BPZ inner product with Q FW can be brought to a sum of an inner product with
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QW + XnFW¥ and an inner product with QA, + (F W)2. This allows the nonvanishing variation
Sﬁ\NS)S to be canceled by correcting the gauge transformations. We find

S5 = ((FW, A}, D,FE (QV + XnFW¥)) + <{F‘11, A}, FE [F\If, QA + (F‘IJ)ZD

= (FED77 {FW, A}, QW + XnF\IJ) + <{F\D, FE{FWY,A}}, QA, + (FlIJ)2>. (4.94)
Since
<QA +{FVY, FE(FVY, A}}, QA, + (F\If)2> + (FED,7 {FW, A}, QY + XnF\IJ> =0, (4.95)

we conclude that
daS =0 (4.96)
with
As, = QA +{FV, FE{FVY,A}}, AV =XnFED,{FY, A}, (4.97)

where As, 15 As with §® = 5, P.
Finally, let us derive the correction to the gauge transformation

3% =0, sP0=0x. (4.98)
We use the form of the variation of S in (4.78) to find
89S = (O, FW) — (Q1, YQW) = — (A, QF V). (4.99)

This takes the form of an inner product with Q F\W so that it can be canceled by correcting the gauge
transformation. We find

89S = — (1, D,FE(QV + XnFW)) - <x, FE [Flv, QA + (F‘I’)z]>

= —(FEDyA, Q¥ + XnFW) — <FEA, [F\IJ, QA, + (F\Il)z]>

= —(FED,L, QW + XnF¥) — <{F\I’, FEA}, QA, + (F\IJ)2>. (4.100)
We thus conclude that
5,85 =0 (4.101)
with
As, = —{FW, FEA}, 6% = QA — XyFED,A, (4.102)

where A, is Ay with 6@ = 6, D.

In Sect. 3, we chose the form of the gauge transformations with the gauge parameter A such that A
appears in the combination EA except for QA. While A in As, appears in the combination EA, this
is not the case for the term XnFED;A in §, W. Using (4.31) and nA = 0, we can bring §; ¥ to this
form in the following way:

8% = Qr — Xn(l — D,FE) A = QA + XnD, FEA. (4.103)

Since XnD, FEL = —Xn {An, FEA}, we see that this reproduces 8)(})\11 and 6;2)\11 in Sect. 3.
Furthermore, the gauge transformation §; W in (4.103) can be brought to the form
HW = QA+ XnFA (4.104)

because FA = FnEA = D, FEX . Note that the right-hand side of (4.104) has the same structure as
the equation of motion QW + XnFW¥ = 0 with W replaced by A. We expect that this structure will
play a role in the Batalin—Vilkovisky quantization.
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5. Relation to the Berkovits formulation

As we mentioned in the introduction, the equations of motion of open superstring field theory includ-
ing the Ramond sector were constructed by Berkovits in Ref. [28]. In this section we investigate the
relation between the equations of motion in Ref. [28] and ours.

The equations of motion in Ref. [28] are given by

2

10 e®) + (ny?) =0, 0(e® (ny?)e®) =0, (5.1)
where @ is the string field in the NS sector and 2 is the string field in the Ramond sector. Both
string fields are in the large Hilbert space. Let us discuss the relation between our string field ¥ and

the string field ¥ 2. Since ¥ is in the large Hilbert space, it is convenient to uplift our string field
to the large Hilbert space as well. We introduce the string field i in the large Hilbert space by

U =ny. (5.2)
The condition that W is in the restricted space is translated into
XYny = ny. (5.3)
The equations of motion in terms of ® and v are
QA, + (Fny)? =0, (5.4a)
Ony + XnFny = 0. (5.4b)
In order to find a relation between v and ¥ 8, it is convenient to introduce ¥ ? defined by
VB =ie®yBe?. (5.5)
Then the equations of motion in terms of ® and ¥ # are given by
0A, + (D,,{ZB)2 —0, (5.62)
oD,y =0. (5.6b)
Since
Fny = Dy F, (5.7)

where we used (4.29), the equations of motion (5.4a) and (5.6a) in the NS sector coincide under the
field redefinition

UE = Fy. (5.8)

Let us next consider the equation of motion in the Ramond sector. When @ and v satisfy the

equations of motion (5.4), the string fields ® and @ B mapped by the field redefinition (5.8) satisfy
the equation of motion (5.6b) because

0D, = QF iy = F(Qny + XnFiy) = FE [ QA, + (Fny)?, Fnv |, (5.9)

where we used (4.92). On the other hand, we can transform (5.9) as
Ony + XnFny = F~' QFny + E[ QA + (Fny)?, Fny |
-1 B | = ~B\> 7B
= F oD, 38 + 8| 0A, + (an ) Dy |, (5.10)

so the string fields ® and  satisfy the equation of motion (5.4b) when ® and JB satisfy the equations
of motion (5.6). We thus conclude that the two sets of the equations of motion (5.6) and (5.4) are
equivalent under the field redefinition (5.8).
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Finally, let us see how the condition (5.3) that n is in the restricted space is mapped by the field
redefinition (5.8). Since

nF~' =nED,, (5.11)
the condition (5.3) is translated into the following condition on JB:
XYnED, Y8 = nED,yE. (5.12)
We can also translate it into the condition on ¥ 8 as
XYn&E (ed) (an) e_d>> =& <eq> (171//3> e_(b). (5.13)
Both forms of the constraint are highly nontrivial since they are conditions on nonlinear combinations
of string fields involving not only the string field in the Ramond sector but also the string field in the

NS sector. This suggests that our choice of the string field in the Ramond sector, W or 1, is canonical
in constructing an action, and no field redefinitions in the Ramond sector seem to be allowed.

6. Conclusions and discussion

In this paper we constructed the action (4.1) for open superstring field theory. It includes both the
NS sector and the Ramond sector, and it is invariant under the gauge transformations given by (4.6).
This is the first construction of a complete action for superstring field theory in a covariant form. The
gauge invariance ensures the decoupling of unphysical states, and we believe that correct scattering
amplitudes at the tree level will be reproduced (H. Kunitomo, Y. Okawa, H. Sukeno, and T. Takezaki,
work in progress).>

We use the large Hilbert space for the NS sector and the small Hilbert space for the Ramond sector.
Let us first discuss the possibility of formulations within the framework of the small Hilbert space.
As we have already mentioned, our action can also be interpreted as the action for the string fields in
the small Hilbert space both for the NS sector and the Ramond sector. We only need to parameterize
A, (t) and A, (t) satisfying the relations (4.3) in terms of a string field in the small Hilbert space. We
can use the partial gauge fixing in Ref. [3] or use the string field in Ref. [10] for the action with the
Ao structure, as demonstrated in Ref. [23]. While the resulting theory is described in terms of string
fields in the small Hilbert space, the structure of the large Hilbert space is used in an essential way in
these formulations. In our context, it is manifested in the aspect that we need to use the operator E.
However, we do not foresee any fundamental obstructions in constructing a gauge-invariant action
within the framework of the 8y ghosts by extending the approach in an upcoming paper (K. Ohmori
and Y. Okawa, work in preparation) based on the covering of the supermoduli space of super-Riemann
surfaces to the Ramond sector. The reason we use the large Hilbert space for the NS sector is to have
a closed-form expression for the action, and it would be an important problem to construct an action
in a closed form based on the 8y ghosts.

Let us next discuss the possibility of formulations based on the large Hilbert space. As we did in
Sect. 5, it is straightforward to uplift the string field in the Ramond sector to the large Hilbert space,
but the structure of the small Hilbert space is crucially used in the characterization of the space of
string fields in the Ramond sector in terms of the operator X. It would be more flexible if we could
characterize it in terms of £(z), n(z), and ¢ (z). For example, in the approach by Sen [50], the zero
mode X of the picture-changing operator is used for the propagator in the Ramond sector, and this

3 See Ref. [55] for a mathematical discussion on the S-matrix of superstring field theory.
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seems to suggest a possibility of characterizing the space of string fields in the Ramond sector in
terms of X¢, as the information on degrees of freedom should be reflected in the propagator. If this
is possible, we may be able to replace E with the zero mode &y, as the origin of the operator E is the
relation X = {Q, E} and X can be written as Xo = {Q, &y}. Use of the large Hilbert space obscures
the relation to the supermoduli space of super-Riemann surfaces at the moment, and we had to use
the framework of the 8y ghosts in describing the space of string fields in the Ramond sector. We hope
to have formulations of superstring field theory where the large Hilbert space and the supermoduli
space of super-Riemann surfaces are integrated in a fundamental fashion.

Now that we have the complete action (4.1) for open superstring field theory, we can address inter-
esting questions. First of all, we are now at a starting point for quantizing open superstring field the-
ory. One important question that we can address by quantizing open superstring field theory would be
whether we can describe closed strings in terms of open string fields or whether we need closed string
fields as independent degrees of freedom. The first step is the construction of a classical master action
in the Batalin—Vilkovisky formalism [16,17] for quantization. As we mentioned before, the action
in the NS sector can be described by multi-string products satisfying the A, relations [10,23,24],
and the Batalin—Vilkovisky quantization is straightforward. In addition, as we commented at the
end of Sect. 4, the equation of motion (4.81b) in the Ramond sector and the gauge transformation
8, W in (4.104) share the same structure, which is promising for the Batalin—Vilkovisky quantization.
It would also be a promising approach to adapt the recent construction of the equations of motion
including the Ramond sector in terms of multi-string products satisfying the Ao, relations [36] so
that string products in the Ramond sector are consistent with the projection to the restricted space.

Another important question that we can discuss with our action would be spacetime supersymme-
try preserved by the D-brane. It would again be helpful to see Ref. [36] for a recent discussion on
supersymmetry based on the equations of motion.® A more ambitious question would be to uncover
the supersymmetry spontaneously broken by the presence of the D-brane.

It would also be fascinating to extend the present formulation to closed superstring field theory.
While the construction of a complete action for type II superstring field theory seems challenging,
we hope that our construction can be extended to heterotic string field theory [30-33].”

Construction of a complete action for open superstring field theory is not the end of the story.
It is just the beginning. We hope that this will provide a useful approach complementary to other
directions such as the AdS/CFT correspondence and help us unveil the nature of the nonperturbative
theory underlying the perturbative superstring theory.
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Appendix A. The integration over the fermionic modulus

As we mentioned in the introduction, the operator X given by

X = —8(Bo) Go + 8'(Bo) bo, (A1)

which is used to characterize the restricted space of string fields in the Ramond sector, is related to
the integration of the fermionic modulus of propagator strips in the Ramond sector. In this appendix
we elaborate on this aspect and show that the expression (A1) can be obtained from the expression

X :/dgfdg eCGo—Eﬂo (A2)

by carrying out the integration over the fermionic modulus .8

In Ref. [44] the extended BRST transformation was introduced, and the fermionic modulus ¢
is mapped to the Grassmann-even variable ¢ by the extended BRST transformation. The extended
BRST transformation acts in the same way as the ordinary BRST transformation for operators in the
boundary CFT, and in particular it maps By to Go. Therefore, the combination Gy — ¢ By in (A2)
is obtained from —¢ g by the extended BRST transformation.

Let us carry out the integration over ¢ in (A2). Using the commutation relations

[Go, Bol = —2bo,  [Bo, bol =0, {Go,bo} =0 (A3)
and the Baker—Campbell-Hausdorff formula, we find
. 1 - . 8 . .
o$Go—Cho — e-z[ﬁ“Go’?ﬂO]e—zﬁoecGo — pttbo,—EB0,8Go — e—§ﬁ0<1 + by + {Go)‘ (Ad

By integrating over ¢, the operator X can be written as
X = —/di fd;e—fﬁo (1 + Echo + {Go) — fdie—fﬁo (—Zbo _ GO), (AS)

where we treated d¢ and d¢ as Grassmann-odd objects. As emphasized in Ref. [44], the integral
over the Grassmann-even variable ¢ should not be considered as an ordinary integral, and it should
be regarded as an algebraic operation similar to the integration over Grassmann-odd variables. See
Ref. [44] for more details. In this context, we define §(By) and §'(Bp) by

5(Po) = / die*P, 8/ (By) = — / dize™h, (A6)
and the operator X is written as

X = 8'(Bo) bo — 8(Bo) Go. (AT)

Note that 8§(Bp) and 8'(Bo) are Grassmann-odd operators because we treat d¢ and d¢ as Grassmann-
odd objects. We have thus obtained the expression (A1) for X.

8 This appendix is based on the results for the NS sector in an upcoming paper (K. Ohmori and Y. Okawa,
work in preparation).
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Appendix B. Properties of E

In this appendix we first show that the anticommutator of n and Z is given by

{n,g8}=1 (B1)
for
&= 0o, (B2)
where © is the Heaviside step function. We begin with the identification [57]
OB (0)) =§ (o), (B3)
where
BO)=> Pue". E(0)=) & e, (B4)
We then separate (o) as ' '
B(o) = Bo + B(o), (BS)
where
vo. ol = 1. [w.B(@)] =0, (B6)
and we rewrite £(o) in the following way:
£(@) = O(Bo + B(0) = P76 (Bg) e P, (B7)
We invert this relation to write & in terms of £ (o) as follows:
E = O (fo) = ¢ PONE(0) F O, (BS)
It follows from (2.1) that
[1.B@)] = [n. B(o) = fol =0, [1. 0] =0, (B9)
and we also use
{n,§(@)} =1 (B10)
to find ~ ~
(n, B} = e PO [, £(0)} PO = 1. (B11)

Let us next show that E is BPZ even based on the expression (BS). We denote the BPZ conjugate
of an operator O by O*. Consider the mode expansion of a primary field ¢(z) of weight 4. In general,
the BPZ conjugate of the mode ¢, with [Lg, ¢,,] = —ng, is given by

oy = (=1)"g_,. (B12)
We therefore have
1 w3
Ey=(=D"6, yr=CD"2y,, Bi==D"28,. (B13)
The right-hand side of (BS) is actually independent of o, and it is convenient to set ¢ = 7 /2. Since
~ /TT\* 3~ /T 1 TT\* T
—) =(—1)2 — r=(=-1)"2 —) =& = B14
B(3) =DiB(3). w=cD"tn &(3) =¢(3) (B14)

we find

o* — (eﬁ(ﬂﬂ)yo)*g(%)* (e—E<n/2>yo)*

— e—Voﬁ(”ﬂ)g(%) B/ _ g (B15)
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