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Upshot

3 non-trivial stable D-branes for trjvial type Il superstring backgrounds

» toroidal topnpactifications = free worldsheet SCFT
> gs— 0 supercanformal boundary states
» = Dp-branes (with or without flux)

v

no tachyons in the open string (boundary) spectrum
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BCFT: exact boundary state at R = V2 from “bosonic Gepner construction”
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Motivation

Extended (rational) chiral algebra at R = V2 '00 Affleck, Oshikawa, Saleur

c1=

4 co="58 _
Aot = W5 2 @W2 2 DVir™  st. A, ={0X",0X*} & Aext

Bulk spectrum:
e =4 co=
Hy = @M“ (H;, ° @H,,
i1,12,71,72 run over W5 MM irreps with ¢c1 = 4/5 and c2 = 6/5
bulk field multiplicities M;; non-diagonal

Aext-symmetric boundary states:

_ = (Ln — L-n)|IB) =
[(Wr)n + Qr(Wr)-n]| B)) =
= (an +Q".0%,)|B) =

Q, =+1, r=12 QY g = Gpoy p=1,2
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Superstring setup

Type Il superstring on R*® x T%:

light-cone transverse external
—_—N———
RL5 . X0 Xt %2, X3 x4, x5
T=7"x71*: X° X', X°X°
S—— N—\—
T2 T2

T3u ) X Tsu )

Could alternatively consider rectangular 7% with R; =1 and B =0



N = 2 superconformal algebra in two dimensions

Generators:



N = 2 superconformal algebra in two dimensions

Generators:

Commutation relations:

[Lny Lin] = (0= m) L + 15 (n® = 1)8usm 0
[Ln, Jm] = —mdnim

(Lo, Gial = (5 = (£ @) Grtyrs
[T, Jm] = §n5n+m,0

[’]"7 GTj‘:ia] = :tGT:&l»'ria

{thi—av G;—a} = 2L7‘+5 + (T — s+ 20’)']’F+S + E ((T + a)2 - i>6T+S,U

3
NS sector: a=1/2

R sector: a=0



N = 2 minimal models

Coset construction:

SU(2)x x U(1)4
MM, = ——Z-——
§ U(1)2k+4
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N = 2 minimal models

Coset construction:

MM, =
’ U(1)2k+44
Central charge:
3k
=_= k=12
C k + 2 ) b b
Primaries:
(bgmﬁsl 0§l<k, mEZQ(k+2), 86247
coset field id. : (I,m,s) ~(k—Il,m+k+2,s+2)
NS sector: s even

R sector: s odd
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N = 2 minimal models

Coset construction:

MMy, =
* U(1)2k+4
Central charge:
3k
== k=1,2
& k Jr 2 ? ’ b
Primaries:
i 0<I<k, MEZypyay, S$EZs, l+m+sc2Z,
coset field id. : (I,m,s) ~(k—Il,m+k+2,s+2)
NS sector: s even
R sector: s odd
Weights:
(14+2)—m? & ! m s
Rl s = = d1 =—— = d?2
ms =T g2y g M4l dms =g g Mo



TgU(?)) X T§U<3)r (k = 1)% Gepner-like model

Extended chiral algebra: '88 Gepner; '97 Recknagel, Schomerus; '98 Gutperle, Satoh

2 6
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TgU(?)) X T§U(3)3 (k = 1)% Gepner-like model

Extended chiral algebra: '88 Gepner; '97 Recknagel, Schomerus; '98 Gutperle, Satoh

2 6
Aexe = (@ﬁ‘(z)l) & <EBMMk=1) o Syt
r=1 a=1

i H 2 2
external fermions internal TSU(3) XTSU(:S) SCFT
Aext primaries:
2 2

Tsuisy Tsuc)
A: (ll,lg,lg,l4,l5,lﬁ) la,ma,sa MM}CZl primaries
p=(o1,02;m1,...,Me;81,...,56) 01,02 ... $0(2)1 primaries

—— ——— ——

2 6 6



T2

SU(3) X TgU( ): (k= 1)6 Gepner-like model

Extended chiral algebra: '88 Gepner; '97 Recknagel, Schomerus; '98 Gutperle, Satoh

Aext = (é}lﬁ(z)1>

6
® <EBMMk:1) > Svirc?
a=1

external fermions
internal TSU(3)

Aext primaries:

Téue  Tiue)

—— —
A= (llvl27l3al47l57l6) la7ma75a
,u:(0'170'2;777,1,...,m6;81,...786) 01,02
—— ——— — —

2 6 6

Aext characters:

A
Xu(Q) = X<71 XU2 H X’mmsn

SCFT

MMg=1 primaries

$0(2)1 primaries

tensor product characters



TgU(B.) X T§U(3)r (k = 1)% Gepner-like model

Partition function:

1
1A, Gep ZB Z Z (—1)S+FC—xA 3>
T2 xT32 B e Bl By A, vpB

SU(3) " 'suU(3) 8)\, CL €212 vpels +Po 0 p YpPp

+ .
. . s €7+ 1/2 locality w.r.t. supercharges
Gepner-like [3-constraints: Po-p +1/ . Y -p &
Bpne” spin structure alignment



TgU(?)) X T§U(3)3 (k = 1)% Gepner-like model

Partition function:

1
ZIIA, Gep 2 :B§ : 2 : ( 1)C++C,X)\ Y)\
T2 x T2 At B By + B
SU(3) ™7 SU(3) SA,;L CLeZisvpels +~o o+, vpBp

+ .
. . s €7+ 1/2 locality w.r.t. supercharges
Gepner-like [3-constraints: Po-p +1/ . Y -p &
Bpne” spin structure alignment

Notation:

BF =(1,+1;1,1,1,41,+1,4+1;1,1,1, +1, +1, +1)
2 6 6

(2,2;0,0,0,0,0,0;0,0,0,0,0,0) p=2
L
2 6 6
By = (6 + p)*h position
(2,0;0,0,0,0,0,0; 0,...,2,...,0 ) p>2
2 6 6




TgU(B.) X T§U(3)r (k = 1)% Gepner-like model

Can show that:

ZIIA Gep — 9 _0 4_0 412 Zbos 12
T2 T2 @D = Iy ,8! s (@) = 020" [273, | (0,0)]
where

1 L o
o q) = ——— hnz,n,r,s*h'm,n,r,s
0D = g 2 4

m,n,r,s€Z



TgU(:i) X T§U(3)r (k = 1)% Gepner-like model

Can show that:

_ 1 2o s
ZIIA,Gep , ) 4_0 4_0 4 bos :
T3z, @0 = o l0a@) — 04(0)" = 02(0)" " [235, | (0,0
where
1 L R
Zbos ,q) = —— o on,rsghmon,r s
Fow 0= g, 22 0

m,n,r,s€Z

where we define

1

htn’n’hs = Zkaljn,n,r,s : kl;n,n,r.s ’ (kl;n,n,r,s)ﬂ = (km,n)u + (g + B)Ltu(wr,s)y
1
R R R R .
hm,n,r,s = ka,n,r,s . kmyn,’!‘,s s (km,n,r,s)u = (kaL)“ - (g — B),ul/(wr,s)

(km,n)u :(m,n)u, m,n € Z p B <
(wr, )" = (r,8)", r,s €”Z v

= ol

0 +l>
s B, = 2
) ® <—% 0

ol



Gluing conditions on N = 2 SCAs
A-type:
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Gluing conditions on N = 2 SCAs
A-type:

(U= T-a)llom) =0, (GF +inGT,)[b,m) =0

B-type:

(o + T-m)lbom) =0, (GE +inG,)|bym) =0



Gluing conditions on N/ = 2 SCAs
A-type:
B-type:
— . =+t
(T + T=m)[[b0) =0, (GF +inG=,)[[b,m) =0
Permutations: '02 Recknagel
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n times
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Gluing conditions on N/ = 2 SCAs
A-type:
B-type:
— . =+t
(T +T=m)[b0) =0, (GF +inG=,)[[b,m) =
Permutations: '02 Recknagel

MM @ ... ® MMy (J + QuT ") o,n) =0 Qo =+1,7 € S,

n times

in total n! x 2" possibilities

Notation (n =6, k = 1):

(IO = TE b, ) =
D 47D b, =
D — T ) =
(I~ J“’” )b, m) =
D £ T )b,y =
O £ T )b,y =

0
0
eg w= (1A3B4A)(2A5B)(6B) <~ 8
0
0



wo = (18)(2B)(3B)(4B)(58)(6B)

Boundary states: '97 Recknagel, Schomerus

lehwo = 1A, M) ZBB" i 1A e

where

8 it —2impeM 2 51“[3“ +1)(La +1)]

ByY0 = —(—1)72e
Ao 9( ) sin2 [5(la +1)]

a=1



wo = (18)(28)(38)(48)(58)(6B)
Boundary states: '97 Recknagel, Schomerus
lahwn = A, Mo = D "B IA, )
A

where

6 T
Bz))\c,loio — §(71)§672i‘np-M Sm[g(la + 1)(La + 1)} .
’ az1 sin2[F(la +1)]

Open string spectrum:

w 0 t - 9 4 0s

20 (g s = 2D 08 ooy 5 1 994g 4 207647 + ..
21(q)

62(q)*

2n(0)] Z85(q) = 8 + 224q + 2976¢> + . ..

Z33 ((I)R =

where




wo = (18)(2B)(3B)(4B)(58)(6B)

Can match massless NSNS and RR couplings, conserved spacetime
supercharges, tensions and open string spectra to identify

)

Ywo = DO/D267)
[L1=—Mi=1))w, = [|D267))
|Ls=+Ms=1))u, = ||[D0/D2sy))

Dwo = [|D2so)

wo = DO/D267/D2s9/D4))

1==Mi4=1)u, = ||D4))
[ L1,a=+Mi=—Ms=1))., = [[D2s9/D4))
| L1,a=—Mi=+Ms=1)u, = [[D267/D4))



wo = (18)(2B)(3B)(4B)(58)(6B)

Can match massless NSNS and RR couplings, conserved spacetime
supercharges, tensions and open string spectra to identify

)
Jwo = |IDO/D267))
| L1 =—M1=1)u, = ||D267))
Jwo = [|D0/D2sg)

Dwo = [ID2s9))
Jwo = [ID0/D267/D2s9 /D4))

||L1 4=—Mis=1 >wo = ||D4>>
[ L1,a=+Mi=—Mi=1)w, = [[D2s0/D4)
[L1,4a=—Mi=+Ms=1)w, = [D267/D4)

= 1/2-BPS (bound states of) Dp-branes




w1 = (1)(2B)(3848)(58)(6B)

Boundary states: '02 Recknagel

[aher = 1A M), = D7 BUSH A e
A p

)
lz=l4, mz=my

where

2 H ™
1 _2irpeM H Sm[é(la +1)(La + 1)) %

4
Bl = 5(-DFe :
* 3 a=1,2,5,6 sin2 [%(la + 1)}
sin[5(ls + D(Ls + D] iz nry
sin[5 (I3 + 1)]




w1 = (1)(2B)(3848)(58)(6B)

Boundary states: '02 Recknagel

[aher = 1A M), = D7 BUSH A e
A p

)
lz=l4, mz=my

where

B;’:l _ é(_l)ée—%W“.M H sin[%(lf +1)(La + 1))
’ 3 a=1,2,5,6 sin2 [%(Za + 1)}
sin[5 (I3 + 1)(Ls + 1)]
sin[5 (I3 + 1)]

X

i ma M

Open string spectrum:

Z¥ sk = 12+ 16¢5 + 48¢5 + 368¢ + 368¢3 + 86445 + O(¢%)

> tachyon-free, bose-fermi degenerate
> 12 massless states in both NS and R sector

> 12 #8 = cannot be Dp-branes



w1 = (1)(2B)(3848)(58)(6B)

Claim: w gives 1/4-BPS (truly) bound states of Dp-branes
10,0))w;, = [|D267/D2s0/D4))
11 =+M:i=1), = [DO/D4)
L1 ==My=1)u, = |D0/D2s7/D2s0))



w1 = (1)(2B)(3848)(58)(6B)

Claim: w gives 1/4-BPS (tryly) bound states of Dp-branes

10, 0)w, = [[D267/D2so/D4))
Li=+M;=1))., =|D0/D4))
|L1=~M1=1))., = |D0/D267/D2s0))

For non-zero, non-selfdual B-field, have

MDO/m < Mpo + Mgz
ie. [ID0/D) + DoY) + |DT)



wi = (18)(28)(3848)(58)(68)
Check #1: RR charges

eg  wnTeTsma| L1 =M =1)w, = wo{T172T374||DOY + wo(T1T27374||D4Y)



w1 = (1p)(28)(3B48)(58)(6B)
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Check #2: tensions

Mboundary state — \/gMDO = MBPS—mass
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Check #2: tensions

Mboundary state — \/gMDO = MBPS—mass

Check #3: spacetime supersymmetries

2w 1
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1,72,73,73 1,72,73,73
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w1 = (1p)(28)(3B48)(58)(6B)
Check #1: RR charges

eg  wo{mmemsmal|Li=Mi=1)w, = wy(T1727374||DO)) + wo(T1727374||D4))

Check #2: tensions

Mboundary state — \/gMDO = MBPS—mass

Check #3: spacetime supersymmetries

2w 1
(QI‘; T, T3,T: € 5782tz Ma)QET T9,T3,T: )th M»wl =0
1,72,73,73 1,72,73,73

QL'R act on the boundary states by spectral flow '98 Gutperle, Satoh

Check #4: moduli space dimension

## massless open string states = 4kN+ 8 =4x1x14+8=12
ADHM  CoM
where

EN = ‘ZZ6789 _ 267289‘



w1 = (18)(2B)(3848)(58)(6B)
Check #b5: 1B SUGRA solution for D1/D5 on T§U(3) X T§U<3):
'99 Dhar, Mandal, Wadia, Yogendran

ds® = f(r) "' [—(dz")® + (da®)?] + f(r)(dr® + r*dQ3)+

+ (dz®)? + (dx")* + (da®)? + (da”)?
2¢ _ 1’
B= %(dazfj Adz” + da® A dz?)

where
8v3mwtgN
r2

flr)y =1+



w1 = (18)(2B)(3848)(58)(6B)
Check #b5: 1B SUGRA solution for D1/D5 on TEU(S) X T§U<3>:
'99 Dhar, Mandal, Wadia, Yogendran

ds® = f(r) " [—(da")® + (dz®)?] + f(r)(dr® + r°dQ3)+
+ (dz®)? + (dx")* + (da®)? + (da”)?
26 _ 4

B = —(dz® A d2” + da® A dz),

5
1
V3

where
8\/§7r4gN
r2

fr)=1+

This gives precisely the asymptotic metric and dilaton deviation profiles
predicted from the boundary state in RY"®  '97 Di Vecchia et al.

« 8v3rtgN
hij(r) = Tig

¢%(r) =0

diag [+1,4+1,+1,+1,+1,-1};;, ¢,57=0,...



w1 = (18)(2B)(3848)(58)(6B)
Check #b5: 1B SUGRA solution for D1/D5 on TEU(S) X T§U<3>:
'99 Dhar, Mandal, Wadia, Yogendran
ds® = f(r) " [=(dz")* + (da®)’] + f(r)(dr® 4 r*d25)+
+ (da®)? + (da”)? + (da®)* + (da”)?,
20 _

B = —(dz® A d2” + da® A dz),

)

1
V3
where
8v3mwtgN

r2

fr)=1+

This gives precisely the asymptotic metric and dilaton deviation profiles
predicted from the boundary state in RY"®  '97 Di Vecchia et al.

« 8v3rtgN
hij(r) = Tig

¢%(r)=0
Similarly for RR forms

diag [+1,4+1,+1,+1,+1,-1};;, ¢,57=0,...



wa = (1p4B)(2454)(38)(6B)

Boundary states: '02 Recknagel

where

Qw2
BA,M -

[aDws = IA, M), = Zﬁ Bgws

li= l4,m1 +my
la=l5, ma=—mg

1A, 1) s

2
1(_1)%672”"“1\4 7Tm4]\/[4 7ﬂ mg M; H Sln
2

POt 1)
smz[ (la +1)]
S+ 1)(La +1)]

I

s1n[ (la +1)]



wa = (1p4B)(2454)(38)(6B)

Boundary states: '02 Recknagel

ehes = 1A, Mo, = Zﬁ BXu A ) ws

li= l4,m1 +my
la=l5, ma=—mg

where
B;,;}Q _ 1(_1)§6721wu M 7Tm4]\/[4 7ﬂ mg M; H Sln 1)(La + 1)} %
’ 2 uz3 sin? [ (la +1)]
H 2 (ly +1)(La +1)]
et s1n[ (la +1)]

Open string spectrum:

5

Z22 (q)ns = 28 + 44q3 + 192¢5 + 884g + 1288¢3 + 345643 + O(¢?)

Z22(q)r = 16 + 80q3 + 19245 + 704 + 1648¢3 + 345695 + O(q)

> tachyon-free = stable

> massless level: 28 bosons, 16 fermions = no supersymmetry



wa = (1p4B)(2454)(38)(6B)

Massless couplings:

NSNS sector: mass M., = 3Mpo
RR sector: forbidden

—> w2 branes uncharged



wa = (1p4B)(2454)(38)(6B)

Massless couplings:

NSNS sector: mass M., = 3Mpo
RR sector: forbidden

—> w2 branes uncharged

Interbrane potential:

(222 (q)ns — Z22(q)r # 0 = no-force condition violated)

° dt ,i —4 s
Vp(r) = — . Te = (87) "% n(q) ' Z22(q)
where ¢ = e~ 27t

P . number of N directions in R*"°

r . separation in RYS
with

Z22(q) = Z22(q)ns — Z22(q)r = 12 — 36¢5 + 180q — 360¢5 + O(¢?)



wa = (1p4B)(2454)(3)(6B)

0.0 . . . . S p——— — -
—0.1 } /,/"/v i
-7
—0.2 Vs
K4 SR
0.3 | 7/ 1
—04 | / ]
4
o /
= 05} / 1
5 ;
—0.6 L / ]
./ ,“
/ - i
07
; .
08 | ]
I N P2 e
—0.9 »// p=1 9
! -0 ———
_10 £ 1 1 L L L 1 vp 1 L
0 1 2 3 4 5 6 7 8 9
T
Vp(r) <73 as r— oo
r¢ p=
Vp(r) o r? p= as r—0

r p=



w2 = (1p4p)(2454)(38)(6B)

0.0 T r

—0.1
—0.2
-0.3 Vi

-0.4 | /

—0.6 L /
-7t/
—0.8 | /

—0.9 t/

3

Vp(r) xrP™% as r— oo

r
Vp(r) o r? p=

Dilaton profile from SUGRA:

® 1— KrP~3
e’ = | ——m8—
1+ Krp—3

p=

r p=

1 (p_1y, /4=p
‘/§<p R 3P

as r —



General (k = 1)% Gepner-like gluing conditions

Computer algorithm was developed to classify boundary states for all
6! x 2% = 46 080 Gepner-like gluing conditions:

unstable

stable
uncharged

» no unstable RR charged boundary states

> all RR charged boundary states are supersymmetric



