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l. INTRODUCTION

€ Motivation is to understand “superstring theory” —a
candidate of quantum gravity — & its characteristic
feature “T-duality” in order to explore

* big bang singularity which is removed by the minimum
length from T-duality

* new aspects of superstring theory
* alternative way to represent the superstring theory

@ Our approach is to construct a theory with manifest
T-duality as well as supersymmetry and gauge
symmetries.
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Double Face: Two Eleventh Dimensions... 2015 Takashi Murakami

Il. LOCAL GAUGE SYMMETRIES OF

SUGRA FIELDS
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II-1. Gauge symmetry of

bosonic gravity fields

* Bosonic gravity fields
(Gmﬂ; an) - EEE — Ca Ca Bﬂl‘n )

0 €m"
 Gauge symmetry parameters

(€, &m) = &5

* Covariant derivative current algebra

9 oxm) =B,

c, (pm:I?Xm; ) :
[Dg(gl): DE(GQJ] — —in@@f@(az — 01) O(d,d) inv. metric

Y L U
Um— 511:1 0
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II-1. Gauge symmetry of

bosonic gravity fields

 Manifest T-duality

— Gravity fields
Gl G-1B ) )
( _BG! G- BG'B ) =EQE" ) = (

EnE' = n = (
— Under O(d,d) T-duality transf.

O(CLdJBA(i 2)
a(G+ B)+D

I G B I ?
Fractional transf. (G + B) (G1D)+d

. 111 11 1m
Linear transf. E2 — E2A,2 e
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II-1. Gauge symmetry of

bosonic gravity fields

'93 Siegel
* Gauge symmetry transformation |[ERe g Ne) (s1gs sat=le

E.— ﬁ'm(al)j &= ﬁn(agj ~ T-duality manifest
= —i0¢ B2 D, 6(01 — 02) — i B2 (09) N 50 (02 — 1)

e B2 = E20,68 — 0, B2 + ER0RCn, = [E2 ¢r

"C-bracket
One parameter ambiguity 12 Kimura & M.H.

* Gauge transf. in component with 5H1EHE(XIH;XJ — ()

by gauge choice

06Grn = 'OGu, + Omé' Gip

5£an = tflalen + é)[mlellﬂ] + @[mfn]
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Treatment of Schwinger term

* Double coordinate & derivative
[['>£j P(X=)| = —i0,P(X=)

e o diffeomorphism generator & o derivative
Mo = puls X = = — D>, =0

12 Kimq_ra & M.H.
O B(X2(0)) = i / Ho. (X)) = 220, (X) Dy
*

o-derivative gives cov. derivativel
* Section condition on fields
(PH, ) =0, for"® ¥ = 020,¥ = 0 = 92P0, W
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I1-2. Gauge symmetry of type |l SUGRA fields

"14 Kamimura,
* Supergravity fields Siegel & M.H.

L ! ! N
(Gmﬂ? Bmﬂ: (.D: Tr"'-"m#: @-’Tm : @H 1# I “ ?nn: Fﬁ; FPTE) < EAJ!

* Gauge symmetry parameters

(A“mn; Aﬂl,ﬂ,: E,U» &-m &-m [ARRHL’D EA}.J

e Double coordinates + central extension

M = (M. M"Y .F]
Left/right indices
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I1-2. Gauge symmetry of type |l SUGRA fields

* Covariant derivatives Ii'mr = (r}gﬂr._ [;:/I\'ﬁ{.jff: Tm,,,f._ F’t”’})
I:/I\'I'u,-jf — (S:-*n,n D Pﬂ‘l QFL Eﬂln) [Lef.r/(;n:%h(:’r {n(j:{/lc SJ

v amin\ \ L = (o = 0, X™) V2
DIH" — (Sm"-n’; D,u,’; mef QF X

'ﬁondegenem’re 5 bpa 21:\
group metric p / _ \
* Current algebras N = p i
Q) 1
N\ s\ ! )/

[%1(01) >y (09)] = —ifun™ > 6 0(2=1) — inpN Oy (2=1)
[Dﬂ,ﬁ(ﬁl) D’N(JQ)] ifaun’ > g 0(o=1) + NN Oy0(2=1)
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Condition from current algebra

 Nondegenerate group metric: /v N
& Totally antisymmetric structure constant :/a/n T
— from Jacobi identity of current algebra
det nayrn # 0
- 1
fune = fun"nxr = 1/ MINL
* String action
— Wess-Zumino term is constructed by fanr
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Nondegenerate Super-Poincare algebra

 Covariant derivative: >, = (Smm D,. P,, Q" Emn)

* Algebra
{l)ﬁ(l)rl)ﬂ(g)}

D,u(1), P,(2)]
[Smn(1), E*(2)]
{D,(1),Q"(2)}

[Pou(1), Pu(2)]

2016/1/28

totally antisymmetric

Q
fopp = fprp = fpp

QP -~ 1T 6(2:1)

T “_“’}

2 (F}HQ) [t 0 (2:1)

—i8" Sl 6(o=1)

m

+10! é‘k] Oy (2=1)

m n

_ izﬂlﬂ (ﬁ”:mn)p;t 6(2:1) —|—?6ii a::r (2:1)

izmn 5(2:1) —l_?jnmﬂ- aﬂ’ (2:1)
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Central extension

* Type |l supercovariant derivative: (D,,, D)
e Superalgebra with central extension

( {D,u: Dy} — A~/ T

m |y
< {D;L:DL’"} — Tpp"
: .
| {Du.Du} = —Pur,

* Nondegeneracy

F (1), Yo (o))
(O“’Em’ n' ( o ! ) W, -+ OL’ Emn( fﬂlﬂ)Hp)

-
,--—-\

1) 4 0167, 0,0 (51

1’ ;_1,
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I1-2. Gauge symmetry of type |l SUGRA fields

* Gauge symmetry transformation
[EADp(01). ARDy (o))

= _?OﬂEA_—DM 0(2=1) —?EAM h(ﬁz)f]ﬂm 0y0(2=1)
Oﬂ EAP-J _ EA _ah f'-J A aﬁ EAP-J + Eéﬁ ( Di"-,f AL)

Pu' —
TEASA 1™

= [EA_E: Alr  Supersymmetric C-bracket

* Gauge transf. of RR gauge field
EﬁmaEaT — CRR;m,tw’ | A’I‘ _ ARR,{W’

Y ! ! v’
OﬂT (?R.R.;mlIL — Dm/‘xRR.*t + gFNS /\ /‘XRR)m‘IL
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* Local SUSY transf. of gravitino prEngg‘i

L ; nlf{.,~~ ~\1t
(L)m‘:*’t + Wm (f-nﬁ‘:)’t E rf()m‘:_

-

o)y L
OE h":rl'ﬂj-

]

+Fme)( 'mfi)v =+ Fg 'up ( 'm‘-:)rﬁ)

mEDfPDDl ‘FRR;”D e fP’D’D"
 SUGRA fields in vielbein field
— Gravitino U= = emﬁEﬁg, EEQ — _EQE
— NS/NS field strength  ( Fns'™”. FNS“'J’”;) = (EDD_. EDIDI)
— R/R field strength [rp"” = EPP = pP'P

* Gauge transf.
(SﬁEiE = Eii()lfxw —A—O;\ E4 +E4—(D \L) N L

HEAEAE fy 2
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I1-2. Gauge symmetry of type |l SUGRA fields

* Local susy transf.

. . L /
065" — —Ba“amg*t_ + Q.f-"a# (ﬂ:' )H =+ ’L ‘a ( IHE)H’
\ ' F o~ /y ! ~
OE‘an — _B[m|,ua|n] =T ﬁ-”[m”( fn]g),u, - jl.'r'-’[m*u} ( fn]g),u,’
c 1 ) [ ‘ vV
OE@-’TmH — 9 (DIHEH + Labfmfn ( mﬁg) EHEaIHE_
6
. iy Lorentz
+Fns" (Ym€)y + Frr! ( unc‘i“)pf
< S & R fluxes
- / 1 Conl (A
OE?}"-’TIHH — 3 (Dmf‘f'bL — u-'mﬂ ( fﬂf’l’c‘f)*t — E Kaméf—

_I_FNb Hv' ( 'm& )u + FRRWL ( Img)r )

/ 1 ' f
5-Cram® =4 (Ve . (Um) ") — e (qme)”)
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Treatment of Schwinger term

e 0 diffeomorphism generator

1

7‘[5 — Ii'ﬂff]@bj\ — —D'AI] D’B — O

2

e Covariant derivative in curved spaceY\l

e Orthonormal vielbein

DA — EAE |>Pu’

M N
Ea=—FEp=nun = 1aB

Orthonormality
guarantees the
o-diffeo. inv.

e Double coordinate & derivative

2016/1/28

[ |>£'»I

d(XE)] = —?DM@(XJ\”)

honhabelian

\\__—|_derivative
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Enso: Black Hole 2015
Takashi Murakami

lll. GLOBAL TYPE Il SUPERALGEBRA
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I1I-1. Global type Il superalgebra

e SUSY theory has

global SUSY Qp} = / ﬁ#} with {Q,u,; Qu} — 2?;1,;.»
e Jo
local susy y = WH with {D,u: D,} = —%?ﬁ.-,y

where SUSY charge is local super-invariant {Q,. D, } =0

o~

V.gl ., dgg =dzL = V = L71o

0g =ANg=|A

e Super - Symmetr://generatorgenerates left action
e Super - Covarian¥ derivative generates right action

0g = g\ = | /\V 9], g tdg = dzR = V R0

2016/1/2%
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Puzzle: WZW construction for type IT?

* WZW construction: G = g(z(c™)). ¢ (z(07))

g=y9(z(07))g (2(c7))
- Symmetry generator for left moving sector_
Drggt =0.g997 (0") = Do) . 7D>(07)?

— Covariant derlvatlve for right moving sector
g lo_g=g""0_g(c7) = D(c")?. Do)

* Type Il SUSY needs super-symmetry generator &

super-covariant derivative for both left/right sectors !
HOW??

n . R M_
2016/1/28 Duality and Novel Geometry in
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Answer: Chirality from "Doubling”

'91 Tseytlin (abelian case)
* Double the group 14 Kamimura, Siegel & M.H.

G—-G=GxG3g9=99 =4y
G3g(ZM(™)), G’ > g’(ZMI(J_))
then it gives

— Symmetry generators for both left & right |
dgg™" =dgg ' (o*) +dg'g"(o¥) = N(a7).. V(e

— Covariant derivatives for both left & right!
g dg =g~ dg(o” )+4 dg'(c7) = V(T). V(o)

= N=2 global and local SUSY algebras !

2016/1/28 "Duality and Novel Geo mty n M-
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Local & Global by "B-field & dilatation”

Covariant derivative ﬁM & Symmetry generator >,

Do), Da(oa)] = —ifun®Pk 6(o=1) — inuy 950(2=1)
Do), Py(og)] = +ifunEPk 0(o=1) + inuy 9r6(a=1)
Du(a1), By(a)] = 0 i.e. Global SUSY generator is

inv. under local supersymmetry.

* By fieldis related to dilatation dimension

Dur = Vs + (s + Byan)| By = Vg — (s + By)

15 Kamimura, Siegel & M.H.
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Covariant derivative Symmetry generator

— —

5‘}1,{ = (Smnf D,u: ij Q'u; Emn)E&JM — (Smn: D,u,: Pm: QH: imn)

Smn = = L(Vs—2(J%+--))
D= = H(Vp+3(J7+-)
P = = =(Vp—(J7+-)
= = 5(Va—3(J7+-))
s T

% Dilatation dimensions appear in 52& E>£. ‘

= Covariant derivatives are used for superstring action later.
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I11-2. Global type Il superalgebra

& dimensional reduction constraints

* Type Il superalgebra (¢™.¢"") string algebra
{QLPH Ql f-’} — mf}/,u;u + Q,u,u — f@m + qNSaJXm\)-}/pu
< {Ql;m QQ;M} — EE — j QRRﬁaXm’}’E,
\ {QQW Qﬂ;v} — Pm’?’ﬂ:.» - EE — j@m - QNSaUXm)'?’E;

 Doubled superalgebra
{Dm Dv} —( - Pm’}’ﬁf A

o . Now
 {D,.D,} =| =Y. compare |

{D DDVtyidNo;Ge\m P 7:310

etry i n
theory"@APCTP
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I11-2. Global type Il superalgebra

& dimensional reduction constraints

* Physical symmetry generators
[Du — Ql g zD‘uﬁ' — QQ L m + P’m’ — Pm]

All constraints
* Dimensional reduction constraints are 1st class |

pm _ Nm"(H QNS) — 0 N,u,f; (<_> QRR) — 0 for flat
s s’ i — OF — B = 0 for flat
e Coset constraints: Smn = Sm/n =0

* Kappa symmetric Virasoro constraints:

1 (PD)" + ($Q)" = @' D) + ($'Q) =0
Z(P2Lymng YLD, = (P 24X S VL QD =0
9 / /
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1A <11B by parity transformation

* Discrete T-duality interchanging p < dX is parity
transf. in doubled space (after dim. reduction)

— Ex. po < 0, X Py — — Py
P, :(Pm—l—ﬁng)/\/i (Pm_}Pﬂ_QﬂmP'n
P = (pm - ‘E)ﬂr)(m)/\/5 K’nﬂ = (0; nmf) = (0;0,---,0, 1l

— Flip the chirality of D, i.e. interchange IIA & |IB

~\

D Flip chirality
1A L
D, ( Dy* ) m/ p A
)T (e e
D ) \{Df.Df} =P — 2P -,
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2.

3.

4.

5.

SUGRA in type Il superspace with manifest T-duality

Superspace is given by flat space covariant derivatives:
>

Introduce SUGRA fields in curved space cov. derivatives:
>a = EA DM

Torsions include curvature tensors: ex. TEE = Rm&
[D’i} DE] — —ZT££D£§(2:1) — ’i’lyﬂagtg(gzl)

Kappa-Virasoro gives torsion constrains & Bianchi identity
includes field eq.

DiaTpep) + Tiap=Ticp)e =0
Reduce dimensions.
Pp = Py = Q= Q' = 3 = 3’ =)
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Superflat DOB: DNA
2015
Takashi Murakami

IV. SUPERSTRING ACTION WITH

MANIFEST T-DUALITY
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IV. Type Il superstring with manifest T-duality

* Gauge invariant action
2d. diffeo. is needed

for kappa-symmetry!
[ = /deJ[@Tzﬁ@ﬁ —Hl. H=MH, + \Hy + N

— Hamiltonian form action

— 19t cIass constraints

1.
H: = —D’MWMN I>N =0 Hy = 5 |>M el l>£ =0
2d. diffeo.
(PD)* + ($Q)" = (P'D)* + (F'Q) =
appa-sym.

gb’i — S mn — S m'n’ — 0
local Lorentz

P,— P, =Q=Qr =ymn = ymn _
suppress auxiliary dim.
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IV. Type Il superstring with manifest T-duality

"15 Kamimura,

* Gauge invariant action Siegel & M.H.

[ = /deJ[ﬁg + Lwz + Lwzo] < Written in terms of
2-d. diffeo. inv. even double coordinate

for chiral field actionl

Winding
i 7+ 7+ + -
Lo = —hh'.J, Jj — €5, Jj coordinate
| P component
Lwy, = —JNJIMByn+ JNIM By b
S e Q 7D 3 7S/ O 1D .
£wz;0 = J[U Jl] + J[U Jl] — J[O Jl] — J[U J” 98 Sakaguchi

(in simple gauge

J:I: = JP + J;J!(R_lL)pr!(L_lR)pP R1L=1, J5=0,Y=0)

1 1

= Green-Schwarz action
in simple gauge & winding coordinate =0

ality and Novel Geometr
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V. Conclusions

* We have presented

— covariant derivatives to define the type Il superspace with manifest
T-duality

— cov. der. algebra which gives gauge transf. of type || SUGRA fields

— symmetry generators which give the global type Il SUSY algebra

— dimensional reduction constraints, k -Virasoro & coset constraints

— a type Il superstring gauge invariant action with manifest T-duality
e Future problems

— Curved space example ex. type Il chiral affine super-AdS algebra

— D-branes & exotic branes in the doubled superspace

— S & U-duality extension

— Cosmological application with manifest T-duality
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