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1. Introduction

Conformal (world—sheet) interface :
natural extension of conformal boundary

CFT ? CFTT1 | CFT2
boundary interface (defect)
cond. mat. w/ boundary cond. mat. w/defect

D-brane ’?’?



originated from

condensed matter w/ defect [Won—Affleck ' 94]

twisted partition fn. [Petkova—Zuber * 00]

may play an interesting role In

condensed matter phys.
conformal field theory (CFT)
string theory

In fact,

Interesting properties have been found



permeable iInterfaces [Bachas—de Boer—Dijkgraaf—-Ooguri ~ 01]

transform set of D—branes to another [Graham-Watts " 03]

“generator" of RG flow [Graham—Watts " 03] [cf. Gaiotto ' 12]

“generator’ of symmetry (duality) of RCFT
[Frohlich-Fuchs—Runkel-Scweigert " 04, " 07]

target—space interpretation as “bi—brane”
in G x G (WZNW model) [Fuchs—Schweigert—Waldorf * 07]

fusion of interfaces [Bachas=Brunner " 07]
~ spectrum generating “algebra’ of string theory?
[cf. Geroch group, U—duality group]



Transformation of D—branes [Graham-Watts " 03, ..]

o Interfaces transform

a set of conformal boundaries/D—branes to another

e

CFT1 | CFT2 CFTT
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)

B
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'

J

non—perturbative trans. in string theory



cf. target space geometry of D—branes

flat space—time : hyperplane R1Pr <~ R1°

group manifold G : conjugacy class

Bh:-gnﬂwEG:g:xhx_ln

Calabi—Yau manifold : = holomorphic cycle

= gspecial Lagrangian submanifold



Target space interpretation [Fuchs—Schweigert-Waldorf * 07]

o world—sheet interface in WZNW model

* not domain wall in target G (group mfd)

- but “bi—brane” or “bi—conjugacy class” in G x G



However,

interfaces : not fully understood,
especially, in string theory

generally, only 1 Virasoro is preserved

—> ghost problem if embedded in string theory?
[Bachas—de Boer—Dijkgraaf—-Ooguri ~ 01]

conformal interface in full string
world—sheet had not been discussed



Motivation of this work is simple :
o to construct interface in string theory [fixed genus]
o to study its basic properties

o to address issue of ghost, if possible

To avoid subtleties concerning ghosts, work
w/ Green—Schwarz formulation in light—cone gauge



2. Results

o obtained 2 classes of susy (= conformal)
interfaces for type Il GS strings in flat spacetime

factorized D—branes

“topological” interfaces

o properties : * generate T—duality/Fourier—Mukai trans.

* interpreted as a submanifold
in doubled target space (bi—brane)

- transform (rotate) D—branes

e correspond to those preserving 2 Virasoros

—> evade ghost problem



3. Outlook

NSR formulation ? —> [Bachas—Brunner-Roggenkamp " 12]

more general interfaces ? —> probably, No [Bachas et all]

rich algebra among interfaces when compactified

—> monoid (semi—group) extension of O(d,d|Q)
[Bachas et al.]

double field theory ?

symmetry of string theory ?
applications ?
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2. Conformal interfaces

World—sheet conformal interface

o consider 1 dim. defect/interface in 2dim. world—sheet
o condition to keep conformal Ward id.

Ti(2)! Ti(2) " Tu(z)! Tp(z)  CFTI CFT2

[along interface]

o When Ti(z) ! 1T5(2), Tl(ﬂ) l Tg(ﬂ)

—> * Interface : freely deformed
- called topological interface




(Un)folding trick >
CFTT

a way to construct interface : | —> | CFT CFT2
unfold conformal boundary o
T=0
take b.d. state in CFT1 ® CFT2 /[ Tt o7
(O‘% 5‘%) — (_&Q—n _O‘Qn)

B) =) cij|Bi)i ©|Bj)2
Yot (Ll4L2-_[1 (2 )B)=

then, 1 = Zzg Cij\Bz‘>1 ' 2<Bj‘

~

satisfies (LY — L' VI =T(L2 — L% ) < interface

|5



Permeable inerface [Bachas—de Boer—Dijkgraaf—-Ooguri ~ 01]

unfolding D—brane in c=2 theory = “permeable” interface

%24

B)o

CHexp{ Mt Lol
D1

—Ccosd —sin29
€8 M;; = (—sinze 00329)

* boundary cond. (Oéfz — Mij&‘in)|5> —

1
— T =C]]exr [E (M! 2L, — Mgt D00 — My bkl + Mkl 2) | T

. (o, . al ), (a?,a2) act from left and right, respectively

e.g. exp[! . %} Ty = Z (' P o (1)
z

|6



o« when 0 =nxk/2 (ke€Z) 2

o a1 o0, L — L' ~0 [i=1,2]

v
-

—> factorized D-branes 7 ~ |B7) - (Bs]

o When 0 =xn(142k)/4 (keZ) 24
04711 ! ::ozi, 54711 ! ::54%

L'V L2, E'! E?

—> topological

. 11 V4
o generic { : permeable
1

—, 1 sin20 -«

ot 4 cos20 - a

Q

SO 3N

2 . n 1 n
r=, —sm2"-I'. +cos2" -



Generating renormalization group flow [Graham-Watts 03]

o another way to view conformal interface :
turn on relevant operator only on one side

CFTuv | CFTuv »  (CFTuv | CFTR

dQQU (I)relevant _
>0 [different central charge]

» QGaiotto constructed RG interface [non-rational/Cardy]
[Gaiotto ~ 12]
Mp—l—l,p | Mp,p—l 9 | relevant — ¢1,3
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Generating symmetry of RCFT

[Frohlich—-Fuchs—Runkel-Scweigert ' 04, " 07]

» topological interfaces generate symm. of RCFT

e.g.) order/disorder duality in Ising CFT

7 g . . g
NG OO
X X 2 X X
o o o) o
| T
— — o o [ J
p i

[from Frohlich et al ~ 04]



Target space interpretation [Fuchs—Schweigert-Waldorf * 07]

world—sheet interface in WZNW model

* not domain wall in target G

 but “bi—brane” or “bi—conjugacy class” in G x G

Fhiohs = {(91’92> Xy " Gigr=xh1y g = Xhzy_l}

[cf. D-brane in G : conjugacy class]

Bh:-gllﬂxEG:g:xhx_ln
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Transformation of D—branes

[Graham-Watts ~ 03, ...]

o Interfaces transform a set of D—branes to another

CFT1 | CFT2

7

NN

—

CFT1

/

AN

)

B

non—perturbative trans. in string theory
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Fusion of interfaces [Bachas—Brunner ~ 07]

conformal boundary (D—-brane)
=~ interface w/ one side being empty

interfaces fuse to a new interface

CFT1 [ CFT2 | CFT3 —>  CFT1 | CFT3

(11 7
form “algebra

spectrum generating algebra of string theory?

[cf. Geroch group, U—duality group]



3. Supersymmetric boundary states
for GS string

Tvpe II GS string

» in the following, we work w/ type Il GS string

in flat spacetime in light—cone gauge

» nhotation (IIB):

ay, o (I =1,...,8) : right, left bosonic modes

5S¢ 5% (¢ =1,...,8) : s0(8) spinor modes

= , : 8-dim. gamma matrices

23



supercharges

linear susy QY = /2pTS]

. - 1
non-linear susy Q% := a Y Sh.an,
n

Vot
{Q",Q"} =2p" 6", {Q",Q"} = V2ajol,, {Q*,Q"} = P~
and 2, Q?
spinor zero—modes, e.g.,

Sl R = “504,1)r, S§Il )R ="500:10r

24



D—branes [Green—Gutperle " 96]

GS string in l.c.—gauge: not a CFT

Conformal boundary states
—> space—time susy boundary states s.t.

(Q +iMaQ")|B) = (Q4 + iM QY |B) =

~

j |B C H exp{ M[JOé — iMabSﬁnSﬁn} |B>b0|B>fO

B)wo = Z\kl;kKMKﬂ
Byo = Mr|Dgr|J)r —iM,;la)plb)r

Mk = (ewIJEIJ)KL’ Map = (e%wﬂu)aﬁz ( I\/lOaLb Moab )

* b.d. cond. (o, — My;a’,)|B) = (S5 +iMaSY,)|B) = 0

25



simple Dp—brane [ (p+1)-instanton ]

My = ~lon

[IA case: é,g — SNTaL

o In GS, “conformal’” =

Conformal interface

— 1 +1
. Mag=11..17

etc.

1 . . 7
space—time supersymmetric

! susy Interface

26



4. Susy interface for GS string

we would like to find susy interface defined by
(Qf +iRLQANI = 1(Q5 +iR2,Q5) w.s. 1 | w.s. 2
(QF + iRLGNT = T(Q4 + iR%, @)

for some be : R?B (A=1,2) [IIB case]

for this,

prepare boundary states w/ “doubled” fields

(@6, (5,61

n n

[just as an intermediate step]
= unfold this to interface

27



we then obtain

1 =C1y, Is
Ib:HeXp{%IAI S 'BJ:| IbO
n=1

I = H exp |:—ZTAG * SAB K T_B£:| - Lo

n=1

Al = (o, —&?), T2 =(S1% -S%2) etc.

Too = Z ’kll LBl SI J| ) "# L.2K ,#kBI /SIIB}
Tso = Mijrliyirlgie - 20 (kl2r(], = (I,a)

Uax Vg :=napUaVp, nap = diag(+1,—1)

need to determine R*, Sap, Mk
by susy cond.

28



Condition for linearly realized susy

only zero—modes are relevant

0= M, JdeI ZRleIbde MIJKL gt ZRQbMIchb

bb

0= MaJéLb-I ZRleIbcngb_MIJ dbL ZR bM[JKL. gg
L 2 K

- MIbded — 1Ry, Mpi.1.9:,

0= Mijrr! oo — iRay My 95, — My i85, — iReMager s,

0= MbKLbf iR} Myt ;jb

0= MIbcL aa ZRlb]WaJcL I;]b Mabédbj; _iRQ M, bKL bé
0= MIbKd ad @Rle JKd’ z;]b M1 fd"' ZRQbMabcdb
0= MIch ad ZRleabcde Mejer! Ld + ZR2bM JKd
0= M. i8Bq + iRg M, ! be Miper fd + ARZ M e d! b

29



simple solutions :

(1) R4 = M4
Mjkl NlNkl

1

2 2 ‘172
NKL = Mpg, Nyp= —tMy,

1 _ agl 1 _ argl
N}, =M}, N} =—iM}

a

(2) R4 = M4
M R = N Nrot

(

rot 1 2 rot
NJK - MIJMIKa Nbc

_ 1 2
= M} M2

30



Sufficient condition for non—linearlv realized susv

after some algebras

_ I QlJ _ ;_J Qab _ I cab 4 ;J QlIJ
0=0,515 — 104,517 , 0 = 0,,577 +10},,513
_ I QlJ J pl Qab _ I gab J pl QlJ
0=0,511 — o R 517 0=0,,510 —0;; R.; 514
_ T QJI J p2 cba _ I gba _ _J p2 QJI
0=0,,695 —0,; 1R, 595 0= 0,523 —0;; B 555

_ I pl oJI | :-J P2 cba _ I pl gba _ ;-J p2 QJI
0=0 ;S +ioy 16,551, 0=0, R, S — ioy, [, S5

simple solutions :

R4 = M4
ab ab
]_ .
Sl = ( aiM a12013 ) Gab ( a11 M, ! ia1204
AB y AB — . 1 5 5
anMéJ M;% 322|V|J2| tagr M, Mg, a0 Mg,

aap : orthogonal

31



consistency : same form of continuity cond.
for zero, and non—zero modes

1 0 0
aup ;= ai%:< ) or ag;g:<
0 1 —1

find 2 classes of interfaces

0

32



factorized D—branes

LMl OélI &1J —iMl Sla S’vlb
I (M17M2) — CH en IJ"—m—"—n ab™~ —nt~—n IbOIfO

"= o T et Misadtan vintz,se82
n=1

IbO _ Z ’k’ll, ]%1J><];2K7 kZL’ ’ kAI _ Mf]lju'AJ

Tio = Mp,|D)|J) —iMy @b (K[(LIME g —iM} (G (M

= 0~ Q% +iMAQY,, 0~ Qi +iM 4Q4
0~ S4% +iM ASA, 0=~ 9 XA —MPAo, XA
O%TA—TA

= 1 ~ |B){B] “factorized”

33



“topological”_interface

) 11 21 1 2 ~11 ~2J
(MY, M?) = C o (@l o+ My My ;67 G

n=1 la o2a 1 2 &la &2b
X GS_n Sn _I_Mca Mch—n Sn 'IbOIfO

IbO _ Z ‘kll 7];1\3 ><];2K ’kZL ‘
B — g2 My D = M2 Y
Ito = [I)Tz(I] + |a)Tz(al
Tr = Mp; Mpy|J)(K]| + M M. |b)(¢]

= Q7 ~ @3, Malb@li ~ MaQng
QY ~ Q5. MEQY ~ MZ QS
Gla SQa7 Malbglb ~ MaQbSQb
O_X" ~ o X2 MLOXVY ~ MZEo XV
T, ~ T, T, ~ Ts

1 . 77
topological

34



9. Properties

in the following, we

- concentrate on topological, un—compactified case

- set for simplicity

A _- 11 A+1 0 <
MA = L (P1 <Pp2)
d8]€ iy p2+1 ; ;
= (YY) :/(%)8 e~ Y |k (k| TT 2mo(k7)

J=1

35



Target space geometry

target space geometry is probed by localized states

) = / Pke "k

then,

2| Zpo(Y) |2'" # H (27 $ 27 $ YT
I=p2+2

— interface : localized in a submanifold (bi—brane)
r=2+Y

iIn common Dirichlet directions
in doubled (transverse) target space R x RS 3 (X, x")

36



Coupling through interfaces

consider massless NS—NS fields |()) := (3 |I)|J)

coupling is read off from
(¢l Zo [¢")) = CryMrrr Ll
when p1+1= po = p (IIB-IIA)

_C;—Flp—l—lC}/)—l—lp—l—l T Czkp—l—l I)C[/p—l—l I] + Cf;)—kl I]Cép—l—l I) + Z C?JC}J

I,J#p+1
—> nothing but Buscher rules
. 1 g = bp+11 o Opiil
+1p+1 — 9 +171 — 9 +11 —
pHlp Ip+1pt1 P Ip+1ip+1 Ip+1p+1
1

¢/ = ¢ — 9 log gp+1p+1

37



Partition fn. w/ interfaces inserted
[cf. Bachas—Brunner ~ 07, Sakai-YS ' 08]

s oOne can compute partition fn.

w/ interfaces inserted
_ (o g

o e.g,insert 7 and its conjugate | J I

F2— plif1
— 4 = tr (ZQQ ’ qufo+LO) CQZb()ZfOZf;SC oo¢
(Zosc osc _ H(l —q qn)16

Lo = Vp2+9(ﬂ'\/27t)p2_7, L = (5][ — 5@@)2 =0

[q192 = e 27Tt]

38



when qi(or go) — 1, 7 and 7 are fused

—. modes coupled to 7 are read off @
—. same as D—brane

I 7
__ A 2nd/T [Bachas—de Boer-
b — 0 and g =€ — 1 Dijkgraaf—-Ooguri * 01]
—> Casimir energy between 7 and 7 5 4
L \
Ep = —& =0 J

I I
other pairs = susy is broken

£ 40
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Transformation of D—branes

interface transform D—branes as T 3

B'(M')) = lim Z(M", M?) ¢+ 0| B(M))

q—1

in the present case, results in SO(8) trans.

M/:M(M2)TM1

40



6. Summary

conformal interfaces : (expected to)
play an interesting role in CFT, string theory, ...

we have constructed [fixed genus]
susy (= conformal) interfaces for type Il GS string

they

- generate T—duality (Buscher rules)

= are Interpreted as a submanifold
in doubled target space (bi—brane)

- transform (rotate) D—branes

41



partition fn. w/ interfaces inserted

= coupling of massive modes

- Casimir energy

our interfaces correspond to
those preserving 2 Virasoros

—> evade ghost problem

42



Future directions

NSR formulation ? —> [Bachas—Brunner-Roggenkamp " 12]

more general interfaces ?

—> probably, No [Bachas et al]

richer algebras among interfaces when compactified

—> monoid (semi—group) extension of O(d,d| Q)
[Bachas et al.]

double field theory ?

symmetry of string theory ?
applications ?
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