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Makoto Sakaguchi
Theory Division, Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba,
Ibaraki, 305-0801 Japan
(Received 24 September 1998; published 27 January)1999

We present a geometric formulation of type-llA and -IIB superstring theories in which the Wess-Zumino
term is second order in the supersymmetric currents. The currents are constructed using supergroup manifolds
corresponding to superalgebras: the type-llA superalgebra derivedMraigebra and the type-IIB superal-
gebra obtained by &-duality transformation of the type-IIA superalgebra. We find that a slight modification of
the type-1IB superalgebra is needed to descBbstring theories, in which the (@) gauge field on the world
sheet is explicitly constructed in terms &-string charges. A unification of the superalgebras in a
(10+1)-dimensionaN=2 superalgebra is discussed t§80556-282(99)07202-]

PACS numbgs): 11.25.Sq, 11.30.Pb, 11.27d

[. INTRODUCTION terms of these currents, we write down the Wess-Zumino
terms, which are second order in the supercurrents. We find

It is now widely appreciated that suppibranes play an that one needs a slight modification of the type-1IB superal-

important role in nonperturbative string physics. The dynam : . : o !
ics of the supemp-branes is generally very difficult, but it gebra in order to describB-string theories, in which the

does possess some algebraic properties. One of these is2&t) 9auge field on the world sheet is parametrized by coor-

modification of the Poincarsuperalgebra in the presence of dinatés associated with te-string charges. The modified
superp-branes. type-11B superalgebra, which corresponds to the description

Siegel[1] found a manifestly supersymmetric formulation Of the type-IIB superstring and tfig-string on an equal foot-
of the Green-Schwarz superstring, based on a superalgebi}, is not related by th& duality to the type-IIA superalge-
discovered earlier by Gred@]. This superalgebra is a gen- bra obtained from thév algebra. As a trial to relate these
eralization of super Poincaadgebra, in which a new fermi- superalgebras, we consider a unification of the superalgebras
onic generator is contained and translations do not commuté a (10+ 1)-dimensionaN=2 superalgebra.
with the supercharges. He constructed a suitable set of su- This paper is organized as follows. We first present a
percurrents on the corresponding supergroup manifold antgview of the technology used in this paper and Siegel's
wrote down the Wess-Zumino term of the Green-SchwarZormulation. In Sec. Ill, we derive the type-IIA superalgebra
action in a manifestly supersymmetric form, without havingfrom the M algebra and show that the superalgebra corre-
to go one higher dimension. Bergshoeff and Sezgin showeg@ponds to the type-IIA superstring theories. Next, in Sec. IV,
that Siegel's formulation generalizes to higher supererforming aT-duality transformation, we obtain the type-
p-braneq3]. They introduced a set of new spacetime superdIB superalgebra. The algebra is shown to correspond to the
algebras. By introducing the new coordinates correspondintype-11B superstrings. In Sec. \D-strings are found to be
to the new generators of the underlying superalgebra andescribed by modifying the type-lIB superalgebra, in which
constructing the supercurrents on the supergroup manifoldéhe U1) gauge field is parametrized by the coordinates cor-
they were able to write the Wess-Zumino terms for superesponding to thé-string charges. In Sec. VI, considering
p-branes, which arep(+ 1)th order in the supercurrents and the identities, we show that the modified type-IIB superalge-
which equal the usual Wess-Zumino terms up to the totabra cannot be related to the type-llA superalgebra by
derivative terms(Thesep-brane superalgebrdp=1) were  T-duality transformations. A unification of these algebras in
further investigated ifi4].) a (10+1)-dimensionalN=2 superalgebra is discussed in
It is not known whether the formulation generalizes toSec. VII. The last section is devoted to a summary and dis-
type-ll branes: type-Il superstrings, Neveu-Schwarz 5-branegussions.
(NS5-branesand D p-branes(p=odd for the type-1IB su-
perstring theory ang=even for the type-llA superstring
theony. In this paper, we show that the formulation general-
izes to type-ll superstrings and-strings. To do this, we Let us denote the generators of an algebra collectively as
introduce a set of new spacetime superalgebras: the type-lI&,. The algebra can be written as
superalgebra derived from th\é algebra which was discov-
ered by _SezgilﬁS] and the type-11B superalgebra obtained by [Ta,Tel=fasCTc. 2.1
a T-duality transformation of the type-llA superalgebra. Us-
ing the new superalgebras, we construct supercurrents on the

supergroup manifolds corresponding to the superalgebras. g‘?ft_heddl;'a' basis, the Maurer-Cartan super one-forms are
efined by

Il. SUPERALGEBRA AND SIEGEL'S FORMULATION
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wheredZM are the differentials on the group manifold. The where coordinateg”= (¢, ,x,,0%) associate to the genera-
left-invariant group vielbeing ,,” and the pullbacks* are  tors T,=(2%,P?3Q,), the superstring action is written in

obtained by the left-invariant Maurer-Cartan form terms of left-invariant pullback vielbeins,
U 29U=9,ZMLyATaA=L{"Ta, (2.3
_ = | d2¢ — =J—ggiLeL.P —Ee”L-“L-
whereU is a supergroup element. The Maurer-Cartan equa- 2 i =i abT 5 b el
tions, which are expressed in terms of the dual forms (2.13
C 1 BrpA C . .
de~=— i 0e* ag”s (2.4  whereg;; and 5, are the world sheet and spacetime metric,

respectively, ang=detg; . A nontrivial feature of this new

contain equivalent information about the algebra. Given Zction is that the new coordinatefs, only occur as a total
super g-form G, the exterior derivative acts as follows: derivative term. Up to this total derivative term, the above

d(FOG)=FOdG+ (- 1)%dFOG. The Jacobi identities are action is identical to the standard Green-Schwarz superstring
satisfied iff the integrability conlditiondz A—0 hold action. Furthermore, the Wess-Zumino term in the above ac-
Similarly, the right-invariant group vielbeirR,,* ére ob- tion is manifestly supersymmetric, while in the usual Green-

tained by the right-invariant Maurer-Cartan form Schwarz formulation the supersy_mmet_ry IS UE toa toial de-
rivative term. These transformations involkg®* and L,

HUU 1= 9. ZMR,ATA=RAT,. (2.5  Wwhich remain unchanged by the presence of the new coordi-
nate ¢,. The coefficient of Wess-Zumino term is fixed so
Using the the right-invariant group VielbeirRMA’ super- that the action is also invariant under the usgaymmetry
symmetry transformations are obtained as follows. An infini-transformations. Following the same line, the authors of Ref.
tesimal transformation is written a3’ = (1+¢€)U, wheree  [3] showed thap-brane actions can be constructed by using
= €T, is the transformation parameter. This implies that New superalgebras.
=6UU 1= 6ZBRg"T,; one then finds that an infinitesimal

transformation can be expressed as
Ill. TYPE-IIA SUPERSTRING

A_ _Ap M
6Z7=€"Rp", (2.6 We derive the type-llA superalgebra by a dimensional

reduction of theM algebra. For later use in Sec. IV, we
include DO-brane and>2-brane charges in addition to su-
ertranslation and superstring charges. We then show that
he type-llA superstring action can be constructed using the
obtained type-llA superalgebra.

whereR,N is defined byRy "R N= 6}, . The transformation
parametere® associated with the superchar@e can be in-
terpreted as a rigid supersymmetry transformation paramet

Useful in calculating the left- or right-invariant Maurer-
Cartan equations are the Zumino’s formulas:

_e_¢

e bdet= ( 1 )qu& 2.7) A. Type-IIA superalgebra from M algebra
The M algebra found by Sezgifb] is characterized by
o_1 generators:  supertranslationQ,,, M2-brane zZMN,
de¢e‘¢=<—e )Ddd), 2.9 “superstring”! zZM, and M5-brane ZMNOPQ where 11-
¢ dimensional spacetime indicgsv,... and Majorana spinor
indices «,B,... are collectively denoted dsl,N,..., so that

e ?pe’=e ?0B, 29  Qu=(P,.Q,), ZMN=(z»*z**,z*F), etc. The Maurer-
Cartan equations, containing equivalent information about
e’Be” ?=e’0B, (2.10  the algebra, are described in terms of the dual basfs:

evn, ew ., andeynopo, respectively. It is sufficient for our

wherg the wedge denotes a compzact expression of the CorBresent purpose to consider the former thed®;: e,,, and
mutation relation¢Uy=[¢,], ¢“Uy=[¢,[¢,4]], and . The corresponding part of thé algebra iswe call this

10¢=y. . i ) aIgebraM algebra for simplicity throughout this paper
Siegel[1] found a manifestly supersymmetric formulation

of the Green-Schwarz superstring based on a superalgebra 1
[2], de”=—§e“DeB(y“)aﬁ, (3.2

{QaaQB}:(ya)aBPai [Qavpa]:(’)/a)aﬁzﬁa

(2.11 1
de,=—5e*0e’(y,) up (3.2
in which the translation does not commute with the super- 2
charge. Parametrizing the supergroup manifold as
U=e?a>"eXaP et (2.12 This was discussed if6] and[7].
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de,= —efOeX( ?’M)a5+(1—>\)eﬁﬂe;’,,( V") ap The type-IIA superalgebra is obtained by a dimensional
reduction of the 11th direction, say. The obtained type-

A s v IIA superalgebra is characterized by generators: supertrans-
~ 10 Deur( Y ap. (33 Jation Qa, superstringZ®, DO-brane3, D2-brane3*B, and
ZA" andz"’ originated from “superstring’z™ in 11 dimen-
de z—Ee“Deﬁ( ) (3.9 sions, where the indice#,B,... collectively denote ten-
wy 2 Yuv)ap: ' dimensional spacetime indices,b,... andMajorana-Weyl
spinor indicesg,B3, . .. anda, B,... with positive and nega-
de,.=—e’0e"(7,.) ap— " 0€,(¥) agp tive chirality, respectively. We find that the dual forms of the

(3.5 generators of the type-IIA superalgebra are defined in terms
of those of the generators of tiv algebra as follows:

1 1
de, ;= -e*le” ——-e, Ode*(y” . ;
aB™ 2 (Yur)ap 2w (¥)ap supertranslationQ,: e*=(e? e e%),

1 ; A. — .
_ Ze#ymey(w)aﬂ_z%amey( )5y, (3.6 superstringZ™:.  ex=(€y4.,€41€ya),
o L R DO-brane3: e=(e"),
where the Jacobi identities are satisfied due to the identities
in (10+1) dimensions: D2-brane 3 AB:

(7#)(01,3(7#]/)75):01 (Sn

€= (€ab €awCair1€ap €ap i)
ZV: ep=(el.e..e.),

(V) (@p(V*) yo) T %(VM)(aﬁ(YW)ya):O- 3.8 zV: e'=(el), 3.9
Throughout this paper we use a notation where a givemvhich is consistent with the fact that the superstring and

spinor always has an upper or a lower spinor index, and2-brane consist of a wrapped2-brane andVi2-brane,
never raise or lower a spinor index using the chargetespectively. The Maurer-Cartan equations of the type-IIA

conjugation matrix. superalgebra are found to be

1 .

de?=— Ee“DeB(ya)aﬁ— Ee“Deﬁ(ya)d'ﬂ, (3.10
1 1.

de;=— EeaDe’B( Ya)apt Eeameﬁ( Ya)ap s (3.1

de,= —e’0e(va) up— € 0€a( ") up. (3.12

de; =+ 5 06%(72) 45— €°Uea( ¥ (3.13

de=—eTef(1),.j, (3.14

deg,= —e“Deb(vab)ag, (3.15

des,=— 06" Yap) i+ €°Te( v2) op— €00 7°) st €°T0a(1) 1, (316

des= — €P 06 Yap) oy~ €°06( va) o~ € Tea( 1) s~ € Dea( 1) o (317

1 1 1 1 .
d eaB: + eDea( ')’a) af” E eabDea( ‘yb)aﬁ_ E ebDe( yb) af” Z ea'yDe‘y( ‘ya) aB” Z ea-yDey( ya) af
—2€,,08"(7*) g, 28,07(1) 5, (3.18
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1
e,0e”(1) 5~ 1 yDe“/(l)aB eaaDeV(ya)ﬁy+e Oe”(1) g,

(3.19

1 1 1 1 . .
de,js=— €06 Ya)ap— 5 CabIe (1) s~ 5 €0018(7) s~ 7 €ay[167(¥) s 7 €ay1€7(¥)ijs— 2€0:07(¥) 3

+2e,0e"(1)g,,

, 1 a B 1 P ‘
dea:_ie Le ('ya)aﬁ_ie Ue (')’a)d,ea

de, = — PTE% ya) oy PT(1) it (1— N)EPTL(7) gt (1—N)ePTe (1) 756" e 7)o

A s a
- ge Dea('y )aﬁv

del = — eP0e%( ) 4+ €0e(1) 5+ (1 N)ePTel(?) s~ (1 N)ePle’ (1),

A 3 an

de’=—e“DeE(1)a,‘3,

where we used the following relation§8]: (1),5=
—(1) o @nd (Yap)ap= T (Yan) g« - The type-lIA superalge-
bra is closed due to the following identities:
(’Ya)a(ﬂ(’ya)yé‘)zol (325)

(D) as(Y®) yo)+ (¥%) ags Yb)ya):(), (3.26

2 1
—(Dop(1) 56t g()’a)aa( Yyt E(Yab)a(;é( )55

=0, (3.27

and those in which the undotted spinor indices are exchang

for the dotted ones. The last identif3.27) is needed to

satisfy the Jacobi identity for primed dual forms originating

from “superstring” in theM algebra.

B. Type-llA superstring

(3.20
(3.2)
3.22
A
aB™ 1OeBDeab(7 )
3.23
(3.29

[Pn,Qpl= —2(v0)apZ%  [2°Qpl=2(¥") 52"
(3.28

which is closed due to the identi8.25 and the undotted
indices replaced by dotted spinor ones.

We show that the type-llA superstring action can be con-
structed from the above algebra. In this sense, we refer to the
algebra as type-llA superstring algebra. The supergroup
manifold is parametrized as

U = g% eleZ” alaZ" @ Pagt" Qgf" Qa, (3.29

and the left-invariant pullback supergroup vielbeins are ob-

etained as

Lia:ai 0“, Li&:&i 6d, (33@

1— . 1

We now consider a subalgebra of the type-IIA superalge-

bra generated by the following generatorgi,
={P,,Q,.Q,,Z2%2%,2%}. The algebra turns out to be

{Qa vQB} = ( ya)aﬁpa+ ( 7a) aﬁzay
{Qa.Qpt=("apPa— (va)apZ®

[Pb.Qpl=2(10)upZ® [Z°Qp1=2(7")upZ",

(3.3)
1 — . 1 —
I-ia:é’iza_ 5(07a‘9i 0)+ E(Q'Yaf?i ),
(3.32
Lia=dilat20iZa( 07) 0t 20:X3(07a) 4
2 — a _
+ 5(07 0"i 0)(07a)a! (333
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Lio=dilat20i2a(07) 4= 29:X%(07a) & b=— % La0L ,+ %L“DLaﬂL %LdDLd . (3.38
2 e . e
- a o .
3(97/ %0)(07a)a (3.34 The three-formh=db is calculated as
which are invariant under the following supersymmetry 1 1 o
transformations: h=— ELaDLaDLB( Ya)apT ELaDLaDLB( Ya) ap -
S0%=€, 50%=e, (3.39

Note that all of the dependence on the new fermionic coor-
dinates has dropped out from the expressiontom fact,

the antisymmetric part of the action is the well-known Wess-
Zumino term of the type-IIA superstrings up to total deriva-
tive terms:

f Eijb..:fieij
1] 2

11— L

Sx=— = (€0~ > (D)
2 y 2 ’y 1

1 1 .
52,=— 5 (€7°0) + 5 (e40),

FX3((07ad;0) — (0740, 0))

_ - 2 _
5§a: - 2Xa(67a)a_ Zza(eya)a+ §(€7a0)( eya)a )

— — 2 . =
08a=+2X*(€va) o= 22a(€¥") = 5 (€7a0) (077
(3.3 As a result, we conclude that the type-IIA superstring action
' is constructed from the type-llIA superstring alget3228.

In the case where we do not denote the spinor indices explic-
itly, it is always understood that they have their standard IV. TYPE-IIB SUPERSTRING

position, eg., §a6) = (va) apt”, (0729 6)
= 0°(va) op9 6°, etc:

We find that the type-llA superstring action can be con-
structed as

1 .
I=f d%[—ﬂ—gg‘wi%jbnab

1
4

In this section, the type-1IB superalgebra is constructed as
the T dual of the type-llIA superalgebra. The type-1IB supe-
ralgebra includesD-string charges as well as superstring
charges. We show that the type-IIB superstring action is con-
structed by means of the type-1IB superalgebra.

1 A. Type-IIB superalgebra and T duality
ZLiaLj"" , (3.3 In order to obtain type-IIB superalgebra, we consider a
T-duality transformation of the type-llIA superalgebra. We
denote the ninth spacelike direction a$ with respect to
which T duality is performed. The type-11B superalgebra is
generated by supertranslation§®,, superstringZ”, and
D-string =4, which can be expressed in terms of generators
of the type-IlA superalgebra. Since the type-1IB superalgebra
is generated by generators with undotted spinor indices, the
chirality of the fermionic generators with dotted spinor indi-
a_ a B @ (1_TVe B cesa in the type-llA superalgebra is flipped by multiplying
00" =(IH )%, 8, 07=(1=1) %, y¥, as was done in Ref9]. We denote chirality flipped

—56” LiLjat 7 Li"Ljat
whereg;; and »,, are the world sheet and spacetime metric,
respectively, andj=detg; . The last three terms in the ac-
tion constitute the manifestly supersymmetric form of the
Wess-Zumino term. The coefficient of the Wess-Zumino
term is determined so that the action enjoys fermiosic

symmetry:

L = 1 — . spinor indices a& and (@,«,«) asA collectively.
0,X :§(5K‘97 0)+ 5(5:<97’ 0), (3.37 It turns out to be easy to perform tfleduality transfor-
mation by using the Maurer-Cartan equations. We found that
wherel' =[1/(2y/—g) 1€ L;?L;° Yap. the dual forms2?, &,, and@, of generatorQ,, Z*, and
The two-formb is defined from the Wess-Zumino term in 34, respectively, can be written in terms of those of the
the action as generators of the type-llA superalgebra as follows:

supertranslationQ,: &'=(8=(e',e;), &*=e”, & =yfe"),

superstringZ®:  e,=(@,=(e; %), &,=e,, &=y%e?),

(¢}
<
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D-string 3/ & =(&,=(e,i,—€), &,=ey,, &.=7ve;.), 4.2
|
wherei runs, except fort. We use a notation in which the [P,,Q3]=—2(y )~~ZE+ 2(a) a3,
primed dual form corresponds to a dual form rstring arep alap b
charges. Since the dual forng;, e,;, ande,; of the [22,Q51=2(¥?) 2% [Za,QB]ZZ(?’a)aZgZS‘,

type-llA superalgebra are parts of the type-1B3-brane
charges, we neglect them here. The resulting Maurer-Cartan 32 —2(+A) 3¢ 3807 1=2(4?)=-=34
equations for the type-1IB superalgebra are found to be [2%.Qp]=2(¥ap=", 127 Qpl=2(735 4.10
(dropping carets

Parametrizing the supergroup manifold by

1 1. -
A— _ _ aqab( 42 _ aamaB( Ay~ - - ~
de’=—Se'De’ (v ap— 5 € (v)ap, (4.2 U = g%l elal" aloZ g¥a gd3t “edad X *Pag? Qg Qu

) . (4.11
de;=— EeaDe’B( Ya)apt Eeameﬁ( Ya)ap: we obtain the pullback vielbeins of the left-invariant super-
4.3 group as follows:
de, =~ P T6%(ya) up— €°Tea( ¥ up (4.9 Lif=ai0%  Lif=ao% .12
= = 1 1. -
dea: + eﬁDea( Ya)ak_ eﬁDea( Va)aﬁ, (45) Lia: aiXa'f‘ E(ﬂya&, 0) + E(Gya&, 0), (413)
de; = —e“0e”(7a) 3. 4.6) - L
- Lia=dizat 5 (6¥°010) = 5 (8v°9,0), (4.14
de,=—e0e(va) up—€°0en(¥) ap (4.7)
del= —eﬁDea('y ) B_e?o’Der(,ya)N:é (4.9 Lio=0ilst 28iZa(;ya)a+2&iXa(gya)a
a a’a a a3 .
2 _ _
where the Jacobi identities are satisfied due to the well- +§(9’yaz9i 0)(0Y2)q» (4.15
known identity (ya).(s(¥?),5=0. Here the tildes on the
spinor indices ofy matrices are not written because the iden- _ = o a5
tity is not affected by the tildedness of the spinors. But if one Liz=0iat20iZa(0y")5—20x(07a)z
wants to see how the identity is used, one finds that the >
following identities are used: - §(9ya¢9i 0)(0y.)=, (4.1
(Ya)a(g(¥)y5 =0, (va)ag(¥")y5=0, (4.9 ; : 1
Liy=adiyat (0y.0,0), 4.1
and those in which the tilded spinor indices are exchanged |moe o
for the untilded spinor indices. Note that the numbers of r_ a3 .2
. : . o . . . L/ =did,t 20 + 20,
tildes in the identities are 0, 4, 1, 3 and the identity with two a=0ibat 20X°(0Ya)at 20Ya( 67 )a
tilded spinor indices is absent. Since thAedual of the — . - 1. .~
Maurer-Cartan equatior(8.21)—(3.24) cannot be rearranged +(07%9,0)(0ya) ot 3 (0770, ) (07a)a>
in a covariant form, we drop them here. We return to this
point later in Sec. VI. (4.1
B. Type-lIB superstring Liz=dida+ 20X (0ya)at 20)ya( 072
We show that the type-IIB superstring action can be con- s . _ 1. _
structed from the type-1IB superalgebra obtained in Sec. +(077010)(0va)at 3(07°010)(0va)a-
IV A. We start with writing down the type-IIB superalgebra: 419
4.1

{Qu:Qpt = (¥ apPa™t (Vva) apZ®
g o aab The supersymmetry transformations are found to be
{Qz vQB}: ( Va)EBPa_ ()’a)abza, -

S0°=¢", 56=¢, (4.20
{QaQz = (Ya)ap=?, . .
[Pa,Qp]=2(7a) apZ+ 2(7a) 253", ox=—5(e¥"0)— 5 (&y"0), (4.2
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1 1 - o _ a B @ (1 _T\a~ E
5Za=—§(6739)+§(€7a0), (422 51(6 (1+F) BK ’ (SKg (1 F) ,BK ’

1. ~ 1
) 8. X%= =5 (07"6,0)— 5(0y*5,6), (4.32
5§a: - 223(?‘)/a)a— 2Xa(?7a)a+ § (?'yag)( eya)a ’
(423 whereI'=[1/(2{—0)]€'L;L; yap.
5 In this way, we construct the type-1IB superstring action
_ = = YT from the type-IIB superalgebra. Note that by constructing the
8l=-2 2)+2x2 - = 2)-
& Za(€Y7)5t 2X(&a)5 3 (€%20)(07z, type-11B superstring action, thB-string charges.” play no
(4249  role. This is consistent withS” representingD-string
_ charges. In this sense, we refer to the algebra corresponding
6Ya=—(€vab), (425 {0 the Maurer-Cartan equatiori4.2—(4.5) as the type-11B
B o B _ superstring algebra.
8bo=—2X(€Ya)a— 2Ya(€Y") 0t (€¥°0)(07a)a

1 - V. TYPE-IIB D-STRING
+ 3 (&Y (87a)., (4.26 , _ , S
The D-string action characterized by left-invariant viel-

beins correspond t®-string charges cannot be constructed

Spa=—2x*(€Ya)z—2Ya(EY)a+(EY0) (072)z by means of the type-lIB superalgebra. We show that the
1 . Wess-Zumino term and the modified two-form field strength
+ 3 (ey*0)(0va)z - (4.27  F=F—b, whereF is the two-form field strength artdis the

pullback to the world sheet of thR®R two-form gauge
Qotential, can be constructed in terms of the left-invariant
vielbeins corresponding t©-string charges if we start with a

1 . superalgebra obtained byodifyingthe type-IIB superalge-
|=J dzf[— E\/__gg”Liaijnab bra.
We start with themodifiedtype-11B superalgebra: Eqgs.
(4.2—(4.6) and

We find that the type-IIB superstring action is constructed a

Lilva o Lw 1z

2
P ﬂ a _ ,B ’ ay ~
where g;; and 7,, are the world sheet and the spacetime de, e”le’(va)ap—€"0ea(¥") up, (5.0
metric, respectively, and=detg; . The last three terms in -
the action constitute a manifestly supersymmetric form of deg = —efle¥( ya)ag—eﬁﬂeg(ya)a 8
the Wess-Zumino term. The two-forimis defined in terms (5.2
of the Wess-Zumino term in the action as
1 1 1 . which is closed due to the well-known identity
b= > La0L,+ ZL“DLawL ZL“DL-& , (4.29 (72 aE(¥?),5=0. Asin Sec. IVA, if one puts tildes on the
spinor indices of they matrices, one obtains the following
identities:

and the three-fornm=db is calculated as

- ~ a _ ay_— __
h:_%LaDLaDLB(ya)a'B_i_%LaDLaDLB(,ya)a.B. (7a)a(ﬁ(7 )75)_0; (’ya)a(ﬁ(y )'yé)‘)_oa (53)
(430 and those in which the tilded spinor indices are exchanged
for the untilded spinor indices. The numbers of tildes in these
identities are 0, 4, 2 in contrast to the identities in the type-
IIB superalgebra, where the numbers of tildes were 0, 4, 1, 3.
The difference in the number of tildes tells us that the modi-
fied type-1IB superalgebra is not related to the type-llA su-
peralgebra by th&-duality transformation, as shown in Sec.
— -~ VI. The modification is simply to interchangg® with .

3 x*(0yad;0) — (6029 0)) This is trivial from the type-IIB perspective, because the gen-
eratorsy,“ and3 ¢ are not distinguished inherently. From the
type-llA perspective, however, this is nontrivial, since a

' (4.3 spinor index with a tilde corresponds to one with a different
chirality underT duality.

The coefficient of the Wess-Zumino term is chosen so that The left-invariant vielbeins are found to be E¢4.12—

the action is invariant under thesymmetry transformations (4.17) and

Note that all of the dependence on the new fermionic coor
dinates has dropped out from the expressioh. df fact, the
antisymmetric part of the action is the well-known Wess-
Zumino term of the type-IIB superstring up to total deriva-
tive terms:

f eijb..:fifii
1] 2

1 - -
+5(07ad, 6)(6y%9;6)
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L{ =i ot 20 X3(07a) at 20y a( 7%
+(67%910)(8va) ot 5(67°0160)(6a)ar (5.9
L/== 07+ 20X y2) 7+ 2d:ya( 07z

_ . 1. - .
+(07%9,0)(07a)at 5(07’6‘&0)(073)3- (5.9

The supersymmetry transformations are obtained as
(4.20—(4.25 and

8ho=—2X(€Va) s 2Ya(EY") o+ (E¥20)(072)
+ %(?yam (07a)a (5.6
8= —2x*(&y2)z— 2Ya(e¥)a+ (E¥70)(072)5
+ %(éy%(ém. (5.7
The two-formb is defined as
b=— Ll—l(L“DL;— Le0LL). (5.9

The primed vielbeins correspond to tBestring charge& ?,

Eq

PHYSICAL REVIEW D 59 046007

Note that this is parametrized y-string coordinates asso-
ciated withD-string charge€”. The supersymmetry trans-
formation is found to be

R l — .
SA = — > —X¥(€y,0;0)+ g(f’}’ae)( 0?9, 6)

1 — ~
- 30((87.0)(0¥9)).

(5.12

S.
In order to see the relation to the well-known supersymmetry
transformation of the (1) gauge field in Ref[10], we con-
sider a U1) gauge transformation and obtain an alternative
form

—(6—0,e—7%)

1 . 1 1 -
Ai=5|0iYa( 072 0)+ 5 01,0~ 5 91 z67|. (5.13
2 2 2
This transforms under the supersymmetry transformation as

1
5Ai:__

_ 1 —
3 0 x3(ey,0)+ g(f)’a@)(@)’aﬁia)

1 a o
—Z(aﬁﬁaf —diz€e),
(5.19

which is similar to the well-known forni10] except for the

—(6—6,e—7%)

and the action constructed with this Wess-Zumino term caf@St two terms. These two terms are the total derivative

be regarded as a “gauge-fixedJ-string action. In fact, the
three-formh=db turns out to be Eq4.30 obtained for the

type-11B superstring. All of the dependence on the new fer

mionic coordinates has dropped out from the expressidn of
Can the total(gauge-unfixed D-string action be con-

terms, and the supersymmetry transformat#ét; is nothing
but the one obtained there. We conclude that tk® dauge

field on the world sheet can be constructed in this way. It is

interesting that the (1) gauge field is constructed explicitly
in terms of theD-string charges. Using the modified field

structed? To this end, we must first determine a superinvarreNgth”, one constructs thB-string action, as in Ref10]

ant modified two-form field strengtf=dA—b, whereA is

a U(1) gauge field on the world sheet. Thes the conven-
tional two-form which is read off from the integrand of the
right-hand side(RHS) of Eq. (4.3)). If we obtain the two-
form F, theD-string action can be constructed as in R&€)]

or [11]. We observe that

1. ~ .
EEII(LiaLj/a_LiaLja):_ZEIJ(Fij_bij), (59)
where we introducé;; as

EijFij

= 1 1 ~
3Yad;(6y%0)+ 5 0ibadj 0%+ 5 d1ha0) 0“} .
(5.10

The RHS of Eq(5.10 is a total derivative term, and then we
can regard-;; as the field strength of a(l) gauge fieldA, :

=3

Yadi(0y26)+ > ba0;0“— > b0 aa} .
(5.11)

1
Ai:_z

or [11]. In this sense, we refer to the superalgebra corre-
sponding to the Maurer-Cartan equatiqds?), (4.6), (5.1),
and(5.2) asD-string superalgebra. Hence the modified type-
IIB superalgebra describes type-lIB superstrings and
D-strings on an equal footing.

We now comment on the existence of &lJgauge field
in type-ll superstrings. We observe that the modified field
strength for type-IIB superstrings is constructed by observing
that

1 .
ZLiaLja+ _ZEII(Fij_bij),

(5.19

. 1 .
6|](Lia|_ja+ ZLiaLjEz)

whereF;; is introduced as

1 1 -
&ixa&iza‘f' Z ﬁigaaj 0%+ Z&, g"a&j 0“}
(5.16

and theb;; is the conventional two-form defined by the inte-
grand of the RHS of Eq4.31). Thus the W1) gauge field
can be defined as

EijFij = - Efij

046007-8



TYPE-IIl SUPERSTRINGS AND NEW SPACETIH. .. PHYSICAL REVIEW D 59 046007

which is rewritten in a covariant form as

1
Ai:_

1 1 -
5 2,0 x%— 7 5a010%— 7 8200° (5.1

1
(3~ (Y1) 5+ = (Y22 ) 7 5(¥°) 15 =0. 6.6
and is parametrized by coordinates corresponding to type-IIB (7 Das(7 ) 2 (7 )a(Y) o €

superstring charges. The supersymmetry transformation is o o
found to be This is a characteristic identity in the presenc®@-branes.
In turn, fora=#, one finds the identity

1 _ 1
OAi=— 5| 9ix%(evad) + g(evaé’)(ﬁyaﬂiﬂ) (Ya)as(¥") y5=0, (6.7)

2

1 o _ which is used in satisfying the Jacobi identities for the type-

—50(x*(€720))~(6—0,e~€) |, (518 1B superalgebra. Th& dual of the identity(6.3) is found to

be identitieg6.6) and(6.7) with exchanging the tilded spinor

which is identical to Eq(5.14 up to a total derivative term. indices for the untilded spinor indices. Identiti€s.4) are
In this way, we can construct a(l) gauge field for type-1I1B  transformed into
superstrings. For type-lIA superstrings, one can construct a o A e
U(1) gauge field parametrized by coordinates corresponding (7a)a(g(7) =0, (va)aa(7")79=0,
to type-llA superstring charges in a similar way. The fact
that a U1) gauge field can be constructed in type-Il super-
string theories is consistent with the spacetime scale-
invariant formulation ofp-branes and type-ll superstrings 1
[11,12. For p-brane theories, the same procedure presented (Y (ap(Y"*) yo) + E(yw)(aﬂ(yﬂ”)w;)zo, (6.9
above will produce not only the supersymmetry transforma-
tion of the p-form gauge field, but also the explicit form of
the p-form gauge field in terms of thp-brane charges.

(6.9

respectively.
The second identity of thM algebra is Eq(3.8):

which reduces to the identity in the type-llIA superalgebra,

VI. T-DUALITY AND IDENTITIES (dd)(Ppd)+ §(¢7a¢)(¢7a¢) + E(d’?’abd’)(d"yabd’)

The modified type-IIB superalgebra will not be related by
the T duality to the type-IIA superalgebra. This is seen by
recognizing the fact that identities characterizing the type- . ) _ .
lIA superalgebra cannot be written in a covariant form afterwhere ¢ and ¢ are Grassmann-even spinors with opposite
the T-duality transformation. chirality each other. This is characteristic identity for the

For completeness, we start with identities in Malgebra  Maurer-Cartan equation$.22) and (3.23 for primed dual
and reduce to ones in the type-lIA superalgebra. Then, pe,fprms. Under theT-duality transformation, this transforms
forming the T-duality transformation, we determine whether into an identity which is not rewritten in a covariant form:
the resulting identities are rearranged in a covariant form or

=0, (6.10

— — 2 . 2 =
not. £ F) 4+ — ' v d)— — (bt 74
One of the two identities characterizing tMealgebra is (67 2)(¢7 91+ 5(¢7d)(¢7 8) = 5 (Y (97" 9)
Eq. (3.7): 1 _ 1 —
il SO T4 )+ = (byi d '$)=0.
(‘y#)(aﬂ(’yﬂy)'yﬁ)zo (61) + 10(¢‘yljﬁ¢)(¢7 ¢)+ 5(¢Yl¢)(¢7 ¢)
We reduce this identity to ones of the type-IlA superalgebra (6.17)

as follows. Forv=Db+# i, one obtains the identities This was the reason why the “superstring” charges in the

, a ay. by _ type-llA superalgebra are discarded in performing the
(DY) y9+ (Vb)aal7) 79 =0, ©.2 'Iy-l?juality traﬁsforgmation in Sec. IVA. P ’
(1) (YD) 25+ (Y20) a5(Y2) 55 =0 (6.3 Let us consider, conversely, the identity in the modified
BN T 7d) (B 7 Ty type-IIB superalgebra:
which are the characteristic identities in the presende @f
andD2-branes. As fow= 1Y, the well-known identities (7a)a(s( )79 =0. (6.12

(Y2 a(g(¥) y5=0,  (¥a)a(z(¥*)5=0 (6.4  This is transformed into an identity

are obtained. We next consider theluality transformation. ) ap(Y) 35~ (¥8) ap(¥) 35+ (Yin) ar( ¥ ) 58
By the procedure explained in Sec. IVA, we obtain the T ‘ . . o
dual of the identity(6.2) for a=i# #: F8)as Yyt (Day(Dgat (Das(1) =0,

. . . . (6.13
(Y)ais(Y) ye = (Y)ag(¥) ye+ (¥ Da(¥) 15 =0, o . _ _
(6.5 which is not rewritten in a covariant form.
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From these observation, the modified type-IIB superalge- We first present the relevant part of (£Q)-dimensional
bra is not rewritten as @ dual of the type-IIA superalgebra. N=2 superalgebra and then consider the relations tdvthe
In the next section, we try to relate the type-lIA superalgebraalgebra and the modified type-lIB superalgebra. We begin
and the modified type-IIB superalgebra. with the N=2 (10+1)-dimensional superalgebra generated

by bosonic charges:

VII. UNIFICATION OF TYPE-Il SUPERALGEBRAS 1 1. -

= — —@?[]eB(v*) — —e[]eP( vH*)~=,

We encountered two type-1IB superalgebras. One is the de 2e ey ) ap 2e Def(yHap, (1.2
type-11B superalgebra, which is thE dual of the type-llIA
superalgebra; the other is the modified type-1IB superalge- _ 1 5 1 - B s
bra, which describes the type-I1I1B superstring &rdtring on de,= 7€ He(v,)apt 7€ 0e(v,)as.

an equal footing. The type-llA superalgebra is related to the (7.3
type-11B superalgebra by th€ duality, but not to the modi- L L
fied type-1I1B superalgebra. T a8 T areB -
As a trial to relate the type-lIA superalgebra to the modi- de,,= 2 "0 (Yur)ap™ 5 "0 (y)ap
fied type-lIB superalgebra, we examine a unification in a (7.9
(10+1)-dimensionalN=2 superalgebra of the modified 1 1
type-IIB superalgebra and tiM algebra(hence, the type-IIA detr= — —e®0eB(vAY) .+ = ea[] By vy~
superalgebra This is motivated by the fact that the identity, 58" 0e (Y ) apt 5 "0 (v ),
in N=2D=10+1, (7.9
N de,,=—e0e’(vu.) b, (7.6
(V) (ap(¥*")75=0, (7.9 -
de,=—e*0e’(y,) 5 (7.7
is projected into the identity6.12 in the modified type-lIB  In addition to these equations we consider the following
superalgebra. equations:
Bam B M 1 B %
de,=—e"De (v apt (1= N)€7LeL(¥*) ap™ 758 0w Y*") ap
1 B v 1 ’b ! v\ ~ ’k ! ~
+ 191N (v ap 75(2 7 Ne7De,, (Y ap— (2= N)€PLe,(¥) up, (7.9
5 S o1 N L Breuriy -
dez=—e 0 (7,)a5+ €0, (v)ap+ 158700 (¥ )35~ 1@ 00" (Vu)ap (7.9
de, o=~ 0" (V) up— €0, (¥") s = €°T06,,(7) 5~ € TRL( 7, i
—ePUe"(y,,) o~ P06, (v") up— €206, (¥") ap— e’ 0el (¥, ) ap (7.10
deﬂa: - eBDeV( ’Y,U,V)’&E_ eBDe,uv( ’yv)'&%_ eBDe;u)( )’V)?iﬁ_ eBDe:}( Y#V)Eﬁ
—eP0e"(¥,)ap— € 06,,(¥")ap— "6, (v)a5— e 0el(v,")ap, (7.10
1 , 1 ) 1
dea,B: Ee'uDe (’Y/.w)a,8+ Ee#De,u,V('y )a,B_ ZeyDe,ua( ’yﬂ)ﬂy_ ZeyDepxy( ’y'u)aﬁ
~ 1- 1 ' ’ v ' v
_Zeyljep,a( ’yﬂ)ﬁ‘y_ Ze)/[le/.ﬁ/( ’yM)a,B_l— Ee,u,ljey( ,y,u )aﬁ+e’u[|ev( Yu )a,B
1 ! v 1 ! ’ A\ v 1 ’ A v
+ EGMDGMV(’)/ )aB+ EeMDey)\(Y )aﬁnﬂ + Ee,uDeV)\('y )a,(ﬂl” . (712
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The Jacobi identity for the dual forme,,, is satisfied such have constructed supercurrents on the supergroup manifolds
that the exterior derivatives of the first and second lines ircorresponding to the superalgebras. We then wrote down the
Eqg. (7.10 vanish separately. However, the Jacobi identityWess-Zumino terms, which are second order in the supercur-
for the dual formde,; requires both lines in Eq7.10. rents. The modified two-form field strength forstrings was
Let us consider the relation to thé algebra. We discard identified with a second-order expression of the supercur-
the dual forms with spinor indices with a tilde, since we needrents. From this expression, the(l) gauge field on the
only N=1 supersymmetry. In addition, we discard theworld sheet ofD-strings was obtained explicitly in terms of
primed dual forms. These procedures cause the following teoordinates corresponding -string charges, including the
occur: Eqgs.(7.9) and (7.11) decouple from our analysis; new fermionic charges.
Eq. (7.8, with identifying e*” with e,,,, turns out to be Eq. We succeeded in constructing the pullback tolhstring
(3.3); E@s.(7.10 and (7.12 result in Eqgs.(3.5 and(3.6),  world sheet of theR® R two-form potential from the modi-
respectively. We thus find that tHé=2 superalgebra in- fied type-1IB superalgebra in Sec. V. We now comment on
cludes theM algebra in this way. the relation toD-strings of the type-1I1B superalgebra, which
We next consider the relation to the modified type-lIB was obtained in Sec. IV by &duality transformation of the
superalgebra. We project the spinor indices to ones with thtype-1IA superalgebra. We observe that using the pullbacks
same chirality and perform a dimensional reduction of theof left-invariant vielbeing4.12—(4.19 corresponding to the
11th dimensiorx®. The dual formse,,, €', ande;, are  type-lIB  superalgebra, the second-order expression
identified withe?, e,, ande,,, respectively. We find that if —3(L?0L;+zL*0L,+zL“0LY) is calculated to be, up to
we setA=2, Eq. (7.9 turns into Eq.(4.4) after a trivial total derivative terms,
overall scaling. Equatiofi7.9) is found to become Ed4.5).
Equationg7.10 and(7.11) with w= 4, after a trivial overall
rescaling, turn out to be 1 — _ 1 _ L
- — 5| XAO(6y.d0) +(0y,d6) ]+ 5 (0y*dO)O(y,d6)
'~ ePe(v.) ~—eBe (4 .— ePled 2 3
dea_ e’lle (’)/a)a,B € Dea(y )aﬁ e’le (‘}/a)aﬂ

. 1= - =
—ePleL(1Y) ap, (7.13 +3(0y°dO)L(0y,do) |, (8.9

de} = —e/0e™(yo)zs— € Dei(¥)— e 06 73
(7.14 which corresponds to the pullback to th®string world
' sheet of the N®NS two-form potential. Thus we find that

Note that the RHSs of these equations are constructed Hjiterchanging new fermionic generatd$ and= “ results in

adding the RHSs of Eqg4.7) and (4.8 of the type-IIB su- exchangingR®R gauge potentials for the NENS one,

peralgebra and the RHSs of E¢S.1) and(5.2) of the modi-  since the modification was simply interchang§ andX “.

fied type-11B superalgebra. The rest of the equations will be In turn, the pullback to th&-string world sheet of th&®

a part ofD3-brane charges. ®R two-form potential can be obtained from the pullback to
In summary, we find that thl=2 superalgebra includes the D-string world sheet of th(R®R two-form potential.

the M algebra and the free parameiein the M algebra has Using the resulting expressions, we can constrigt)-

to be 2 in order for the type-1IB superstring algebra to besuperstring actions in a manifestly supersymmetric form. We

included. These imply that Eqg5.1) and (5.2 for the  hope to report on this issue in the futyfs]. In addition, it

D-string superalgebra naturally arise as well as Egsi) is interesting to see whether the formulation can be general-

and(4.9) of the type-1IB superalgebra. Note that the commu-ized to the other type-ll-branes: NS5-branes abd

tators of theD-string superalgebra, which are not related top-branes(p=odd for the type-1IB superstring theory amd

the type-lIA superalgebra by tHE duality, emerge by con- =even for the type-llA superstring thegrEspecially, now

sidering the (168-1)-dimensionaN=2 superalgebra. How- that we have the type-llA superalgebra, including the

ever, D-strings do not correspond to the superalgebra obb2-brane charges, the generalization tolt#-branes has to

tained from theN=2 superalgebra, since the pullback be examined. We leave this to the future.

vielbeinsL/, andL/- contain the RHSs of Eq¢4.18 and We found a modified type-lIB superalgebra which in-

(4.19. It is interesting to seek a unified superalgebra fromcludes the type-lIB superstring aiistring superalgebras as

which one can construct type-IIA superstrings, type-1IB su-Subalgebras and describes type-llB superstrings and
perstrings, andD-strings. D-strings on an equal footing. However, this is not related by

the T-duality transformation to the type-IIA superalgebra de-
rived from theM algebra. In order to relate these superalge-
bras, we considered a unification in a (10)-dimensional
We have presented a set of new spacetime superalgebrd$=2 superalgebra. The unification implies that the free pa-
the type-llA superstring superalgebra, the type-lIB superfameter in theM algebra is fixed as = 2. By considering the
string superalgebra, and tlestring superalgebra. Using the unification, the commutation relations @-strings, which
new superalgebras, we have shown that Siegel's formulatiowas not obtained by th&-duality transformation of the type-
generalizes to type-ll superstrings abestrings. Namely, we [IA superalgebra, are found to emerge. However, unneces-

—eley( Y)ag-

VIIl. SUMMARY AND DISCUSSION
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