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Ramond-Ramond Central Charges in the Supersymmetry Algebra of the Superstring
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The free action for the massless sector of the type II superstring was recently constructed using close
Ramond-Neveo-Schwarz superstring field theory. The supersymmetry transformations of this action are
shown to satisfy anN ­ 2 D ­ 10 supersymmetry algebra with Ramond-Ramond central charges.
[S0031-9007(97)03906-9]
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One of the most important reasons for believing s
perstring theory is related to a higher-dimensional the
is the fact that nonperturbative superstring states ca
D-branes carry Ramond-Ramond (R-R) charge [
This provides a connection between eleven-dimensio
Kaluza-Klein states and superstring theory since Ramo
Ramond charge is related to momentum in the eleve
direction. In this Letter, it is shown that R-R centr
charges are present in the supersymmetry algebra of
superstring, providing an even more direct connect
with a higher-dimensional theory.

Ramond-Ramond central charges are usually assu
to be absent in the spacetime-supersymmetry algebra o
superstring. This assumption is based on three argume
(i) No Perturbative superstring states carry Ramon
Ramond charge. (ii) The left- and right-moving spacetim
supersymmetry generators anticommute with each othe
the RNS formalism. (The left-moving with left-moving
SUSY generators anticommute to give the usual m
mentum and NS-NS one-brane charge, but no NS-
five-brane charge [2].) (iii) There is no Wess-Zumin
term for Ramond-Ramond fields in the standard Gre
Schwarz (GS) sigma model [3].

Although all of these arguments are correct, it will b
shown here that R-R central charges are neverthe
present in the supersymmetry (SUSY) algebra of
superstring. Because of the first argument, these cha
can be detected only through the Abelian transformat
of the R-R gauge field. Note that when the “pictur
is treated properly [4], zero-momentum R-R gauge fie
are present in the string field, although they decou
from all perturbative superstring states. Using superstr
field theory, the transformation of the R-R gauge field
enough to construct the global R-R charge out of RN
matter and ghost world sheet variables. When act
on perturbative superstring states, this charge is BR
trivial, which is not ruled out by the second argume
since the supersymmetry algebra in the RNS descrip
closes only up to gauge transformations and equation
motion. Finally, the dependence of the R-R charge
world sheet ghosts explains why the third argument
inapplicable. In the standard GS sigma model, world sh
ghosts are not understood, as can be seen by the abs
0031-9007y97y79(10)y1813(4)$10.00
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of a Fradkin-Tseytlin term [5] which should couple th
spacetime dilaton to world sheet curvature.

Because of picture-changing difficulties, a free acti
for the R-R fields of the type II superstring has only r
cently been constructed [4]. In the massless sector,
R-R string field depends on an “electric” gauge fie
A

ab

s1d, a “magnetic” gauge fieldA
ab

s2d, and an infinite set
of auxiliary fields F

ab

snd for n ­ 1 to `. [a and b are
16-component SO(9, 1) spinor indices whose chirality d
pends on whether one is discussing type IIA or Type IIB
This set of massless fields can be understood using
usual RNS formalism if the R-R vacuum state is chos
to be annihilated byg0

L and b
0
R (as opposed tob0

L and
b

0
R), wherefb

0
L, g

0
Lg andfb

0
R , g

0
Rg are the zero modes o

the left- and right-moving bosonic ghosts.
After adding the NS-R, R-NS, and NS-NS massless s

tors, the action is invariant under coordinate andbmn gauge
transformations, under localN ­ 2 D ­ 10 supersymme-
try transformations, and under R-R gauge transformatio
of A

ab

s1d andA
ab

s2d. It will be shown here that the commu
tator of two supersymmetry transformations gives a co
dinate transformation, abmn gauge transformation, and
R-R gauge transformation. This means that the SU
algebra of the type II superstring contains R-R cent
charges as well as the usual NS-NS one-brane cen
charge.

Note that even without knowing superstring field theor
the presence of Ramond-Ramond central charges co
have been predicted based on the role of the dilaton a
conformal compensator [6]. InN ­ 2 D ­ 4 supergrav-
ity coupled to vector multiplets, it is well known that th
N ­ 2 D ­ 4 SUSY algebra contains central charges
the form [7]

fdqa
i
sua

i d, dq
b

j
syb

j dg ­
X
n

dCsnd sWsndu
iayj

aeijd , (1)

wherei is an SU(2) index,Wsnd is the expectation value
of the complex scalar in thenth vector multiplet,dqa

i
sua

i d
is the SUSY transformation with parameterua

i , and
dCsndsrsndd is the gauge transformation of thenth gauge
field with parameterrsnd.

One of these vector multiplets is the vector compensa
multiplet and, as shown in [6], the expectation value of t
© 1997 The American Physical Society 1813
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scalar in this multiplet iske2fl ­ g21, wheref is the
dilaton andg is the string coupling constant. So one ex
pects R-R central charges in the type II superstring, at le
after compactifying to four dimensions. This suggests th
a proper understanding of conformal compensators in
dimensions will help in understanding the role of R-R ce
tral charges.

Superstring field theory (the massless R-R sector).—
The massless R-R contribution to the free type II s
perstring action was recently constructed using clos
superstring field theory [4]. Although “nonminimal” fields
[8] were needed for this construction, the equations of m
tion and gauge invariances can be easily analyzed us
the standard RNS world sheet variables.

Physical closed superstring states are described
fields jFl of zero total ghost number where total gho
number is gL 1 gR 2 2, gLyR ­

H
dssbLyRcLyR 2

hLyRjLyRd, and the bosonic ghosts have been fermioniz
as b ­ ≠je2f and g ­ hef. (The 22 is present so
that physical states carry zero ghost number, implying th
the SL(2)-invariant vacuum carries a22 total ghost num-
ber.) Note that this definition of ghost number is slight
modified from the standard one,g ­

H
ds sbc 2 ≠fd,

although they agree at zero picture. [Picture is defin
by P ­

H
ds shj 2 ≠fd.] The modified definition of

g is necessary in order that the spacetime-supersymm
generators carry zero ghost number.

These string fields must satisfy the constraintsb0
2 3

jFl ­ L0
2jFl ­ h

0
LyRjFl ­ 0 and are defined up to the

gauge transformationdjFl ­ QjLl, where Q ­ QL 1

QR is the BRST charge,b0
2 ­ b0

L 2 b0
R , L0

2 ­ L0
L 2

L0
R is the difference of the left- and right-moving ene

gies, respectively,h0
LyRjFl ­ 0 implies no dependence on

j
0
LyR , and jLl is a gauge field of21 total ghost number

satisfying L0
2jLl ­ b0

2jLl ­ h
0
LyRjLl ­ 0. The equa-

tion of motion isQjFl ­ 0.
Finally, there is a constraint coming from the restrictio

to a single picture. Surprisingly, different choices of lef
and right-moving picturesPL andPR give different sets of
on-shell fields. (This occurs because the inverse-pictu
changing operator,y ­ c≠je22f does not commute with
b0

2.) For example, it will be found that there are on
shell constant modes in the R-R sector ifsPL, PRd ­
s2 3

2 , 2
1
2 d, but not if sPL, PRd ­ s2 1

2 , 2
1
2 d. Since one

wants to reproduce the equations of motion from Ref. [
where on-shell zero-momentum R-R fields were fou
using an action principle,sPL, PRd will be chosen to be
s2 3

2 , 2
1
2 d in the R-R sector.

This means that R-R states can be constructed using n
negative modes acting on a vacuumj0lab

R2R which satisfies
b0

Lj0lab
R2R ­ b0

R j0lab
R2R ­ g0

Lj0lab
R2R ­ b0

Rj0lab
R2R ­ 0 .

(2)
[The picture sPL, PRd ­ s2 1

2 , 2
1
2 d would correspond

to a vacuum satisfyingb0
Lj0lab

R2R ­ b
0
R j0lab

R2R ­ 0.] In
terms of the SL(2)-invariant vacuum,j0lab

R2R is cL 3

e2 3

2
fL

Pa
L cRe2 1

2
fR S

b
R , where

Pa
LyR is the left- and right-
1814
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moving spin field of weight 5
8 . The c

m
L and c

m
R zero

modes are treated like SO(9, 1) gamma matrices wh
transform the bispinor indices onj0lab

R2R. Furthermore, all
string states must be GSO projected in the usual way.

Constructing all possible states of zero ghost numb
the massless R-R states of the type II superstring are gi
by

jFlR2R ­
X̀
n­0

fAab

snd sxd sb0
Ldnsg0

Rdn

1 F
ab

snd sxdc0
1sb0

Ldn11sg0
Rdng j0lab

R2R , (3)

where c0
1 ­ c0

L 1 c0
R. Note that the GSO projection

implies that the bispinor indices onA
ab

snd and F
ab

snd have
different SO(9, 1) chirality ifn is even or odd. [In the
above expressions, contracted spinor indices always h
opposite SO(9, 1) chiralities.]

Using the gauge string field,

jLlR2R ­
X̀
n­2

L
ab

snd sxdc0
1sb0

Ldnsg0
Rdn22j0lab

R2R , (4)

it is easy to check thatA
ab

snd can be algebraically gauged
away for n . 1. The equation of motionQjFl ­ 0,
together with the requirement that only a finite number
fields are nonzero (this requirement can be interpreted
a normalization condition on the string field [4]), implie
that the remaining fields satisfy [4]

F̂
ab

s0d ­ ≠agA
gb

s0d 2 ≠bgA
ag

s1d ,

≠bgA
ag

s0d 2 ≠agA
gb

s1d ­ 0 , (5)

≠agF̂
gb

s0d ­ ≠bgF̂
ag

s0d ­ 0, F
ab

s2n11d ­ F
ab

s2n12d ­ 0 ,

whereF̂
ab

s0d ­ F
ab

s0d 1 ≠agA
gb

s0d and≠ab ­ G
ab
m ≠m. The

fields and equations of (5) are the same as those of Ref.
and correspond to the Bianchi identities and equatio
of motion for a zero-form, two-form, and four-form field
strength (for type IIA) or a one-form, three-form, and sel
dual five-form field strength (for type IIB).

The R-R fields A
ab

s6d ­ A
ab

s0d 6 A
ab

s1d play the role
of electric and magnetic gauge fields with the gau
transformations

dA
ab

s1d ­ ≠agr
gb

s1d 1 ≠bgr
ag

s1d

dA
ab

s2d ­ ≠agr
gb

s2d 2 ≠bgr
ag

s2d ,
(6)

described by the gauge string field

jLlR2R ­ fr
ab

s0d sxdb0
L 1 r

ab

s1d sxd sb0
Ld2g0

R

2 ≠bgr
ag

s1d sxdc0
1sb0

Ld2g j0lab
R2R , (7)

wherer
ab

s6d ­ r
ab

s0d 6 r
ab

s1d . The constant modes ofA
ab

s6d

are in the BRST cohomology sincej0lab
R2R andb

0
Lg

0
R j0lab

R2R
cannot be written asQjLl if jLl is restricted to con-
tain a finite number of terms. (If an infinite num
ber of terms allowed, j0lab

R2R ­ Q
P`

n­0s21dnc0
1 3

sb
0
Ld212nsg0

Rd2nj0lab
R2R and b

0
Lg

0
Rj0lab

R2R ­ Q
P`

n­0 3

s21dnc0
1sb

0
Ld312nsg0

Rd112nj0lab
R2R.) One way to see the
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necessity of this restriction onjLl is to note thatkDj0lab
R2R

is nonzero wherekDj is the D-brane boundary state [9]
SincekDjQ ­ 0, j0lab

R2R cannot be BRST trivial [10].
Note that these constant modes ofA

ab

s6d would not be
present if one had instead chosen the R-R vacuum to be
nihilated byb

0
L andb

0
R . In such a picture, the only mass

less R-R state would beFab with the equations of motion
≠agFgb ­ ≠bgFag ­ 0. However, in this case, there i
no action in terms of justFab (i.e., without gauge fields)
which can reproduce these equations of motion. This
especially problematic for the type IIB superstring whe
one needs an infinite number of auxiliary fields to write
action for the self-dual five-form field strength [4,11].
t

s

d

t

an-

is
e
n

Superstring field theory (the massless NS-NS, NS
and R-NS sectors).—The NS-NS, NS-R, and R-NS sec
tors of the type II superstring are similarly described
a string field constructed from non-negative modes act
on a vacuum. The vacuumj0lNS2NS will be defined in the
picture sPL, PRd ­ s21, 21d, j0la

NS2R will be defined in
the picturesPL, PRd ­ s21, 2

1
2 d andj0la

R2NS will be de-
fined in the picturesPL, PRd ­ s2 3

2 , 21d. So likej0lab
R2R,

these vacua are annihilated by all negative modes and
b

0
R , g

0
L, andb0

LyR . In terms of the SL(2)-invariant vac
uum, these vacua arecLe2fL cRe2fR , cLe2fLcRe2 1

2
fR ,

andcLe2 3

2
fLcRe2fR .

The massless states in these sectors are described
jFlNS2NS ­ hfgmnsxd 1 bmnsxdgc
1

2
m

L c
1

2
n

R 1 fsxdb
1

2
L g

1

2
R 1 f̃sxdg

1

2
L b

1

2
R 1 Bmsxdc0

1b
1

2
L c

1

2
m

R 1 B̃msxdc0
1c

1

2
m

L b
1

2
R j

3 j0lNS2NS ,

jFlNS2R ­ fxa
m sxdc

1

2
m

L 1 tasxdc0
1b

1

2
L 1 Jasxdb

1

2
L g0

Rg j0la
NS2R ,

jFlR2NS ­ fx̃a
msxdc0

1b0
Lc

1

2
m

R 1 r̃asxdc0
1b

1

2
R 1 J̃asxdc0

1sb0
Ld2g

1

2
R 1 Ma

msxdc
1

2
m

R 1 Nasxdb0
Lg

1

2
R g j0la

R2NS .

(8)
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Note that fBm, B̃m, ta , t̃ag are auxiliary fields, andff̃,
Ma

m , Nag can be eliminated by algebraic gauge transfo
mations.

The remaining fields transform under coordina
reparametrizations,bmn gauge transformations, andN ­
2 local supersymmetry transformations as

dsgmn 1 bmnd ­ ≠myn 1 ≠n ỹm ,

df ­ ≠ms ym 1 ỹmd ,

dxa
m ­ ≠mea , dx̃a

m ­ ≠mẽa ,

dJa ­ ≠abeb , dJ̃a ­ ≠abẽb ,

(9)

which are parametrized by the gauge field

jLlNS2NS ­ f ymsxdb
1

2
L c

1

2
m

L 1 ỹmsxdc
1

2
m

L b
1

2
R

2 ≠mỹmc0
1b

1

2
L b

1

2
R g j0lNS2NS ,

jLlNS2R ­ easxdb
1

2
L j0la

NS2R ,

jLla
R2NS ­ ẽasxd fc0

1b0
Lb

1

2
R 2 c0

1sb0
Ld3g

1

2
R g j0la

R2NS .

(10)

Note that these transformations have been chosen to p
serve the gaugẽf ­ Ma

m ­ Na ­ 0.
Conserved charges.—When the gauge parameter

f ym, ỹm, ea , ẽa, r
ab

s0d , r
ab

s1d g of Eqs. (10) and (4) are con-
stantsQjLl ­ 0. The21 ghost-number states describe
by jLl are

P
m
R ­ b

1

2
L c

1

2
m

R j0lNS2NS, P
m
L ­ c

1

2
m

L b

1

2
R j0lNS2NS ,

qa
R ­ b

1

2
L j0la

NS2R ,

qa
L ­ fc0

1b0
Lb

1
2

R 2 c0
1sb0

Ld3g
1
2

R g j0la
R2NS , (11)

C
ab

s0d ­ b0
Lj0lab

R2R, C
ab

s1d ­ sb0
Ld2g0

Rj0lab
R2R ,

which are the conserved charges associated with the glo
part of the gauge transformations. These states canno
r-

e

re-

bal
be

written asQjVl, wherejVl has a finite number of terms
so they are in the BRST cohomology at21 ghost number.

Note that the conserved R-R chargesC
ab

s0d and C
ab

s1d
are in the same cohomology class as the statessb

0
Ldn 3

sg0
Rdn21j0lab

R2R, where n is an arbitrarily large odd or
even number. This means that the R-R charges ac
BRST-trivial operators on any superstring state whi
carries a finite left-moving ghost number. This includes
perturbative superstring states, but notD-brane boundary
states which contain the ghost dependenceeb

0
Lg

0
R [12]. For

this reason,D-branes can carry a nonzero R-R charge b
perturbative superstring states cannot. Since R-R cha
is related to momentum in the eleventh direction, there
a relation between nontrivial dependence on world sh
ghosts and nontrivial dependence on the eleventh direct

By hitting with the left- and right-moving picture-
changing operatorsZLZR , it is easy to see that the
NS 2 NS charges are thesPL, PRd ­ s21, 21d versions
of the translation and NS-NS one-brane generatR

ds s≠txm 6 ≠sxmd, and the NS-R and R-NS charge
are thes2 3

2 , 21d ands21, 21y2d versions of theN ­ 2
supersymmetry generatorsqa

LyR ­
R

ds e2 1

2
fLyR S

a
LyR .

However,ZLZR annihilates the R-R charges so one nee
to develop a “picture-raising” prescription which preserv
BRST cohomology. This has been accomplished in [1
where it will be shown that the R-R chargeC

ab

s0d of (11)
is the sPL, PRd ­ s2 3

2 , 2
1
2 d version of the R-R chargeR

ds l
a
L l

b
R which was proposed in Ref. [14] using

twistorlike construction.
Supersymmetry algebra of the superstring.—Finally, it

will be shown that the supersymmetry transformations
the superstring close to anN ­ 2 SUSY algebra including
R-R central charges. Since the SUSY generators car
picture, one needs to be careful to choose the right pict
1815
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when defining the super-symmetry transformations of t
string field. For a global supersymmetry transformatio
parameterized byua andũa , the correct choice is

djFlNS2NS ­ ũaqa
L jFlR2NS 1 uaqa

R jFlNS2R ,

djFlR2NS ­ ũaqa
L jFlNS2NS 1 uaqa

R jFlR2R ,

djFlNS2R ­ ũaqa
L jFlR2R 1 uaqa

L jFlNS2NS ,

djFlR2R ­ ũaqa
L jFlNS2R 1 uaqa

L jFlR2NS ,

(12)

where qa
LyR carries a2

1
2 picture andqa

LyR carries a

1
1
2 picture. The easiest way to define the action

qa
LyR or qa

LyR on the string field is to first write the
string field in terms of the SL(2)-invariant vacuum
then take the contour integral of

R
ds e2 1

2
fLyR S

a
LyR orR

dsse
1

2
fLyR G

ab
m S

b

LyR≠LyRxm 1 bhe
3

2
fLyR S

a
LyRd around

the vertex operator, and finally reexpress the resulti
-

n

t

t

f
b

n

1816
e
n

f

,

g

vertex operator in terms of the string vacuum. Note th
in the gauge wheref̃ ­ Ma

m ­ Na ­ A
ab

s2d ­ 0, one
also needs to include compensating gauge transformat
which cancel the supersymmetry transformation off̃,
Ma

m , Na , and A
ab

s2d . For example,djFlNS2NS needs to

include the termQũat̃asxdc0
1b

1

2
L b

1

2
R j0lNS2NS to cancel

the variation off̃, anddjFlR2R needs to include the term
QubJ̃asxdc0

1sb
0
Ld2j0lab

R2R to cancel the variation ofA
ab

s2d .
The simplest nontrivial computation is the field

independent part of the transformation resulting fro
the commutator of a global supersymmetry transform
tion with a local supersymmetry transformation. (Th
field-independent part vanishes for the commutator of t
global SUSY transformations, and is complicated for t
commutator of two local SUSY transformations.)

Using (12) and (10), the field-independent part of th
commutator is
f

mmetry
djFlNS2NS ­ ũaqa
L Qẽbc0

1fb0
Lb

1

2
R 2 sb0

Ld3c
1

2
m

R g j0lb
R2NS 1 uaqa

R Qebb
1

2
L j0lb

NS2R 1 Qũa≠agẽgc0
1b

1

2
L b

1

2
R j0lNS2NS ,

djFlNS2R ­ djFlR2NS ­ 0 ,

djFlR2R ­ ũaqa
L Qebb

1

2
L j0lb

NS2R 1 uaqa
RQẽbc0

1fb0
Lb

1

2
R 2 sb0

Ld3g
1

2
L g j0lb

R2NS 1 Qub≠agẽgc0
1sb0

Ld2j0lab
R2R ,

(13)

wherefua , ũag are global parameters andfeasxd, ẽasxdg are local parameters.

Converting to the SL(2)-invariant vacuum to compute the action ofqa
LyR andqa

LyR , and then reexpressing in terms o
the original vacuum, one finds

djFlNS2NS ­ G
m
abQsuaebb

1

2
L c

1

2
m

R 1 ũaẽbc
1

2
m

R b
1

2
R 1 ũa≠bgẽgc0

1b
1

2
L b

1

2
R d j0lNS2NS ,

djFlNS2R ­ djFlR2NS ­ 0 ,

djFlR2R ­ Qsũaeb 1 mbẽadb0
Lj0lab

R2R .

(14)

So the field-independent part of the transformation resulting form the commutator of a local and global supersy
transformation is given by

fdqa
L
sssẽasxdddd 1 dqa

R
ssseasxdddd, dq

b

L
sũbd 1 dq

b

R
sũbdg ­ dP

m

R
ssseasxdGm

abub 1 dP
m

L
sssẽasxdGm

ab ũbddd
1 dC

ab

s0d
sssũaebsxd 1 ubẽasxdddd , (15)
.

.

wheredP
m

R
symd and dP

m

L
s ỹmd are NS-NS gauge transfor

mations parametrized byym and ỹm of Eq. (10),dqa
R
sead

and dqa
L
sẽad are R-NS and NS-R gauge transformatio

parametrized byea and ẽa of Eq. (10), anddC
ab

s0d
sr

ab

s0d d
are R-R gauge transformations parametrized byr

ab

s0d of
Eq. (4). Therefore, supersymmetry transformations of
type II superstring form anN ­ 2 SUSY algebra with an
NS-NS one-brane central charge and with 256 R-R cen
charges.
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