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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 Il superstring was recently constructed using closed
Ramond-Neveo-Schwarz superstring field theory. The supersymmetry transformations of this action are
shown to satisfy anV = 2 D = 10 supersymmetry algebra with Ramond-Ramond central charges.
[S0031-9007(97)03906-9]

PACS numbers: 11.25.—w

One of the most important reasons for believing su-of a Fradkin-Tseytlin term [5] which should couple the
perstring theory is related to a higher-dimensional theorygpacetime dilaton to world sheet curvature.
is the fact that nonperturbative superstring states called Because of picture-changing difficulties, a free action
D-branes carry Ramond-Ramond (R-R) charge [1]for the R-R fields of the type Il superstring has only re-
This provides a connection between eleven-dimensionalently been constructed [4]. In the massless sector, the
Kaluza-Klein states and superstring theory since Ramondr-R string field depends on an “electric” gauge field
Ramond charge is related to momentum in the eIeventlAaB, a “magnetic’ gauge fieldaa_ﬁ, and an infinite set
-amo . 1 (+) & mag 95 <)
direction. In this Letter, it is shown that R-R central of auxiliary fields 7,y for n = 1 to . [« and 8 are
charges are present in the supersymmetry algebra of tHg-component SO(9, 1) spinor indices whose chirality de-
superstring, providing an even more direct connectiorpends on whether one is discussing type IIA or Type 1IB.]
with a higher-dimensional theory. This set of massless fields can be understood using the
Ramond-Ramond central charges are usually assumesual RNS formalism if the R-R vacuum state is chosen
to be absent in the spacetime-supersymmetry algebra of the be annihilated byy(L) and ,8,2 (as opposed t(ﬁ? and
superstring. This assumption is based on three argumentgy), where[ 8, y?] and[ 8%, y2] are the zero modes of
() No Perturbative superstring states carry Ramondthe left- and right-moving bosonic ghosts.
Ramond charge. (ii) The left- and right-moving spacetime-  After adding the NS-R, R-NS, and NS-NS massless sec-
supersymmetry generators anticommute with each other itors, the action is invariant under coordinate apg gauge
the RNS formalism. (The left-moving with left-moving transformations, under locl = 2 D = 10 supersymme-
SUSY generators anticommute to give the usual motry transformations, and under R-R gauge transformations
mentum and NS-NS one-brane charge, but no NS-NSf A’ andA{". It will be shown here that the commu-
five-brane charge [2].) (iii) There is no Wess-Zumino tator of two supersymmetry transformations gives a coor-
term for Ramond-Ramond fields in the standard Greendinate transformation, &,, gauge transformation, and a
Schwarz (GS) sigma model [3]. R-R gauge transformation. This means that the SUSY
Although all of these arguments are correct, it will bealgebra of the type Il superstring contains R-R central
shown here that R-R central charges are neverthelestharges as well as the usual NS-NS one-brane central
present in the supersymmetry (SUSY) algebra of theharge.
superstring. Because of the first argument, these chargesNote that even without knowing superstring field theory,
can be detected only through the Abelian transformationhe presence of Ramond-Ramond central charges could
of the R-R gauge field. Note that when the “picture” have been predicted based on the role of the dilaton as a
is treated properly [4], zero-momentum R-R gauge fieldgonformal compensator [6]. IN = 2 D = 4 supergrav-
are present in the string field, although they decoupléty coupled to vector multiplets, it is well known that the
from all perturbative superstring states. Using superstringy = 2 D = 4 SUSY algebra contains central charges of
field theory, the transformation of the R-R gauge field isthe form [7]
enough to construct the global R-R charge out of RNS o
matter and ghost world sheet variables. When acting [0 (uf), Sqﬁ(uf)] = ZSC(“)(W@)M’%{YQJ-), (1)
on perturbative superstring states, this charge is BRST ! n
trivial, which is not ruled out by the second argumentwherei is an SU(2) indexW,) is the expectation value
since the supersymmetry algebra in the RNS descriptionf the complex scalar in theth vector multiplet,8 ,« (u;")
closes only up to gauge transformations and equations @ the SUSY transformation with parametaf’, and
motion. Finally, the dependence of the R-R charge ord¢, (pw) is the gauge transformation of thegh gauge
world sheet ghosts explains why the third argument idield with parametep,).
inapplicable. Inthe standard GS sigma model, world sheet One of these vector multiplets is the vector compensator
ghosts are not understood, as can be seen by the absemaeltiplet and, as shown in [6], the expectation value of the
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scalar in this multiplet ige#) = ¢!, where ¢ is the  moving spin field of weight3. The i/ and y4 zero
dilaton andg is the string coupling constant. So one ex-modes are treated like SO(9,1) gamma matrices which
pects R-R central charges in the type Il superstring, at leagtansform the bispinor indices df)a'z. Furthermore, all
after compactifying to four dimensions. This suggests tha&tring states must be GSO projected in the usual way.
a proper understanding of conformal compensators in ten Constructing all possible states of zero ghost number,

Sin?eﬂsions will help in understanding the role of R-R cen+the massless R-R states of the type Il superstring are given
ral charges.

Superstring field theory (the massless R-R secter). -
The massless R-R contribution to the free type Il su- gy, . = Z[A&/)B(X)(,Bg)”(y?g)”
perstring action was recently constructed using closed =0
superstring field theory [4]. Althoqgh“nonm|n|rr_1al"f|elds + F&f(x)c‘l(ﬁ?)"“(yg)”]|0>ﬁ'ng, (3)
[8] were needed for this construction, the equations of mo- 0 o o
tion and gauge invariances can be easily analyzed usinghere ¢} = ¢, + cg. Note that the GSO projection
the standard RNS world sheet variables. implies that the bispinor indices omffff and F(‘ff have
Physical closed superstring states are described hyifferent SO(9, 1) chirality ifn is even or odd. [In the
fields |®) of zero total ghost number where total ghostabove expressions, contracted spinor indices always have
number is g, + gr — 2, grr = $ do(brrcr —  opposite SO(9, 1) chiralities.]
n1/réL/r), and the bosonic ghosts have been fermionized Using the gauge string field,
asB = dée ? andy = ne®. (The —2 is present so -
that physical states carry zero ghost number, implying that  |A)g g = Z Agf(x)cﬂ(ﬁg)”(yg)”*ﬂ()}ﬁf}, (4)
the SL(2)-invariant vacuum carries-& total ghost num- n=2
ber.) Note that this definition of ghost number is slightly it is easy to check thaA\fo can be algebraically gauged
modified from the standard ong,= § do (bc — d¢), away forn > 1. The equation of motionQ|®) = 0,
although they agree at zero picture. [Picture is definedogether with the requirement that only a finite number of
by P = § do (né — d¢).] The modified definition of fields are nonzero (this requirement can be interpreted as
g is necessary in order that the spacetime-supersymmetey normalization condition on the string field [4]), implies

generators carry zero ghOSt number. that the remaining fields satisfy [4]
These string fields must satisfy the constraibfs x B VB ay
|®) = LO|®) = 5} /x|P) = 0 and are defined up to the Foy = a%7Ag — 9P Ay,
gauge transformatiod|®) = Q|A), whereQ = Q; + BT AL — a”Aylﬁ =0, (5)
Ox is the BRST chargep? = b0 — 5%, 10 =10 — B g par o up
L% is the difference of the left- and right-moving ener- IV Fq) = 977 Fg =0, Fonin = Foniz =0,

. . 0 o . . R
gies, respectivelyy, x|P) = 0 implies no dependence on whereF(C(“)B _ F‘f))ﬁ + aayA(voﬁ and @8 — Fﬁﬁa”. The

gg/R, and|A) is a gauge field of-1 total ghost number o145 and e i

R» @ h * gat ) e quations of (5) are the same as those of Ref. [4]
;atlsf¥|ngL_IA> —ql)7—|_A> = nrklA) = 0. The equa- 5.4 correspond to the Bianchi identities and equations
tion of motion isQ|®) = 0. of motion for a zero-form, two-form, and four-form field

Finglly, th(_ere isa constia_int com_ing from th? res‘triCtionstrength (for type IIA) or a one-form, three-form, and self-

to a single picture. Surprisingly, different choices of left- 4 -\ five-form field strength (for type IB)
and right-moving picture®; andPy give different sets of aB
)

. aB L ap
on-shell fields. (This occurs because the inverse-picturedfngctﬁéRa;'gldn? ;(ﬁét;: A(gt)u if}l% | dspl\?v)ithﬂiﬁerm:u o
changing operator; = cdée >? does not commute with 9 gaug gaug

b°.) For example, it will be found that there are on- transformatlonsaB 5 N
she3|| constant modes in the R—Rlsec'{or(ﬁL,PR) = SALL = a7 p(l) + 0P p()) 6
(—5,—73), but not if (P, Pg) = (—5,—5). Since one BAEIfi _ aayp(vf) _ aﬁ'yp(oi)’ (6)

wants to reproduce the equations of motion from Ref. [4] _ o
where on-shell zero-momentum R-R fields were founddescribed by the gauge string field
;JSII;\g an )gctlti)]n i:)zan]eClpleiPL’PR) will be chosen to be |A)r r = [pg)r)’f(x)ﬁg + P(oi)ﬂ(x)(ﬁg)%;%
—73,—3)In e R-R sector. _ By QY 0 0,2 a
This means that R-R states can be constructed using non- 0% pqy e (BN OrR, (1)
negative modes acting on a vaculyk " which satisfies wherep’”’ = p&? = p2?. The constant modes af’’
0128 _ b0|0>aB _ 0|0>a,8 _ 0|0>a[3 -0 i (=) (0) (1 ) B o o a(g)
brlO)R'r = bRlO)R"R = Y[IO)r'R = BrlO)r"r - are in the BRST cohomology sinf@®g"r andB? vz |0)r &
L (2)  cannot be written ag|A) if |A) is restricted to con-
[The picture (P.,Pg) = (—5,—=) would correspond tain a finite number of terms. (If an infinite num-

to a vacuum satisfying?[0)a% = B2l0)eP = 0] In  ber of terms allowed, [0)p'r = O 3 _o(—1)"c? X
terms of the SL(2)-invariant vacuumOa’z is 1 X (B2 00" and  BYyRlo)Rr = 037, X
e TP cpe TSN, where) { . is the left- and right- (—1)"e% (B2 (y9) 121 |0)aP:.) One way to see the
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necessity of this restriction dr ) is to note thatD|0)e’% Superstring field theory (the massless NS-NS, NS-R,
is nonzero wheréD| is the D-brane boundary state [9]. and R-NS sectorsy-The NS-NS, NS-R, and R-NS sec-
Since(D|Q = 0, [0)&?; cannot be BRST trivial [10]. tors of the type Il superstring are similarly described by

Note that these constant modesAffﬁ would not be & string field constructed from non-negative modes acting
present if one had instead chosen the R-R vacuum to be afi! & Vacuum. The vacuutﬁ)Ns,Es will be defmeql n the
picture (Pz, Pg) = (—1,—1), |0)§s_r Will be defined in

nihilated byB? andB%. In such a picture, the only mass- _ A ; \

less R-R state would be®# with the equations of motion the Picture(P., Pg) = (=1, —7) ?nd|0>R—Ns will be de-

99V FYE = 9BYFay = (). However, in this case, there is fined in the picturéP,, Pz) = (=, —1). So like|0)a ,

no action in terms of jusF*# (i.e., without gauge fields) these vacua are annihilated by all negative modes and by
. . h oo 50 0 0 . .

which can reproduce these equations of motion. This iz, yr, andby . In terms of the SL(2)-invariant vac-

especially problematic for the type 1B superstring whereuum, these vacua are e Pege %, cre epe 2%%,

one needs an infinite number of auxiliary fields to write ananche‘zfl’LcRefm_

action for the self-dual five-form field strength [4,11]. | The massless states in these sectors are described by

(D ns = (L8 (6) + bW Ui+ BWBEvE + Sy Bi + By B ui" + Bl B}
X |0>st1\[15, l ]

[P)ns & = [xg " + 7902 B+ E2 ()L vR1I0s & , | ©

[®)r ns = (XG0 BLE + F () Bi + B (B vs + MG + N®(0)BLvi 11008 xs-

Note that[B*, B*, 7%, 7] are auxiliary fields, and¢, | written asQ|Q), where|Q) has a finite number of terms,
My ,N“] can be eliminated by algebraic gauge transforso they are in the BRST cohomology-at ghost number.
mations. Note that the conserved R-R chargégf and Cﬁ)ﬁ
The remaining fields transform under coordinateg.q in the same cohomology class as the stgad3” X
reparametrizations; ., gauge transformations, and = (72)”71|0>§€R1 where  is an arbitrarily large odd or

2 local supersymmetry transformations as even number. This means that the R-R charges act as

0(guy + buy) = puys + 0,5, BRST-trivial operators on any superstring state which
5= 0"(yu + F,). carries afinite Ieft—mo.ving ghost number. Thisincludes all
(9)  perturbative superstring states, but @bbrane boundary
OXp = Iue€”, X, = 0u€”, states which contain the ghostdependeewﬁ,gééf(i [12]. For
SEX = 9g*Peh, SE* = g*Peh this reasonD-branes can carry a nonzero R-R charge but

perturbative superstring states cannot. Since R-R charge
1, Lo is related to momentum in the eleventh direction, there is
2 2 ~ 2 2 . ..
[Ans ns = [yu()BL ¥ + 5,09 Br a relation between nontrivial dependence on world sheet
_ang 0 ﬁ%ﬂ%] 10) ghosts and nontrivial dependence on the eleventh direction.
Yu€+PL PR 1IV/NS-NS » By hitting with the left- and right-moving picture-

which are parametrized by the gauge field

[Adns R = 6“(x)ﬂf|0>§sz, (10) changing operatorsZ; Zg, it is easy to see that the
L L NS — NS charges are théP;, Pg) = (—1, —1) versions
IR s = €[ BLBr — S (BL v TI0)R s - of the translation and NS-NS one-brane generators
Note that these transformations have been chosen to pré-do (9,x* + 9,x*), and the NS-R and R-NS charges
serve the gaugé = My = N% = 0. are the(—%, —1) and(—1, —1/2) versions of theV = 2

Conserved charges-When the gauge parameters supersymmetry generatorgy , = fdae_%"’”"Ef/R.

[y F 0 €9, ga’pg)f,pgf] of Egs. (10) and (4) are con- However,Z; Z annihilates the R-R charges so one needs

stantsQ|A) = 0. The —1 ghost-number states described to develop a “picture-raising” prescription which preserves

by |A) are BRST cohomology. This has been accomplished in [13]
1oL, 1y 1 where it will be shown that the R-R chargéf))ﬁ of (11)
Pk = BL YR |Ons~s,  PL =7 BrlOns s, is the(P., Pg) = (—5,—=) version of the R-R charge
a _ B%|O>a [do A,’f)\g which was proposed in Ref. [14] using a
Ik LTY/NS-R> ] twistorlike construction.
i =[S B8)Br — LB vR 110} s (11) Supersymmetry algebra of the superstriagrinally, it
ap 01 @B ap 02 01 @B will be shown that the supersymmetry transformations of
Cioy = BrlOx"R, Cay = (B vrlOR"R the superstring close to ah = 2 SUSY algebra including

which are the conserved charges associated with the globBFR central charges. Since the SUSY generators carry a
part of the gauge transformations. These states cannot Ipécture, one needs to be careful to choose the right picture
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when defining the super-symmetry transformations of therertex operator in terms of the string vacuum Note that
string field. For a global supersymmetry transformationin the gauge wherep = Mg =N = A(z =0, one

parameterized by, andii,, the correct choice is also needs to include compensating gauge transformations
S|P)ns ns = 0G| PR Ns + ugR|PI)Ns R » which cancel thg supersymmetry transformation ¢of
510 ——— b Ut Mg, N¢, andA( For examqle,'cl)‘ltb)Ns,Ns needs to
NS = U _ u R, B
R-NS LI /NS-NS IrIT/RR (12) include the termQa7
8| P)ns.r = @G| P)r-r + g7 |PINs Ns 5 the variation of¢, and%l(lb)R,R needs to include the }germ
= 0 a . a
S|P R = @%q%|PIns r + UGE PR Ns s QuP E*(x)c. (BL)*0)r R to cancel the variation of ) .

The simplest nontrivial computation is the field-

where ¢§p carries a—% picture andg?/, carries a independent part of the transformation resulting from
1. . : . the commutator of a global supersymmetry transforma-

+5 picture. The easiest way to define the action of

o ol 7% on the string field is to first write the tion with a local supersymmetry transformation. (The

dr/r O 49L/R 9 . field-independent part vanishes for the commutator of two

string field in terms of the SL(2)-|nvar|ant vacuum, . X .

i Lhunya global SUSY transformations, and is complicated for the
then take the contour integral qfd"'e 2L commutator of two local SUSY transformations.)
jda(e2¢L/R FM EL/RaL/Rx“ + bne2¢L/R2L ®) around Using (12) and (10), the field-independent part of this
the vertex operator, and finally reexpress the resultingommutator is

8|P)ns ns = @” aQEBC(-)i—[:BLﬁR - (.BL)3¢R 11008 ns + MaqngﬁﬁL%mKI&R + Qﬁ“a”éyc‘lﬁfﬁze%|0>stNs,
8|P)nsr = 8|P)r s =0, (13)
51Dk x = a7 0P B 105 x + u"gROEALBYBE — (B v W s + QuP 77 (BRI0NR
where[u®, 2*] are global parameters ahé*(x), €*(x)] are local parameters.

Converting to the SL(2)-invariant vacuum to compute the actiop;of andgy,z, and then reexpressing in terms of
the original vacuum, one finds L L

casB T 0T | ~aaBys T az
8|P)ns ns = ThpOu” 6'3,3L lﬁR + a%ePyr Br + a*9P7E" L BL BR) 10)ns s
8|P)nsr = 8|P)r.ns =0, (14)
SlD) r = Qe + pPe")BYlOR" R

So the field-independent part of the transformation resulting form the commutator of a local and global supersymmetry
transformation is given by
[64:(8%(x)) + 8,0(e%(x)), & ﬁ(uﬂ) + 6 ﬁ(uﬂ)] = Bp#(ea(x)raﬁuﬂ + 5p#(6“(x)ralgu )
+ 5C(z(v])ﬁ(u“eﬁ(x) + uPe*(v)), (15)
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