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1. Introduction

In recent years, fermionic boundary fields have been used in a number of different field
theoretical settings. Soon after the introduction of boundary fermions for the massive Ising
model defined on a manifold with boundaries in [fl] in the context of integrable boundary
models, Warner initiated in [Q] their application in the study of N’ = (2,2) supersymmetric
Landau-Ginzburg models. In this case, terms corresponding to the boundary fermions are
chosen to cancel a generically nonzero boundary contribution (the so called Warner term)
in the supersymmetry variation of the bulk Lagrangian in the presence of D-branes. In
the context of integrable boundary field theories similar ideas have thereafter been used
in [B, {]] to construct boundary conditions compatible with supersymmetry and integrability
for extensions of the sine-Gordon model. In the string community they finally led to the
study of matrix factorisations and the relation of D-brane physics and coherent sheaves,
compare for example with [J—[] as initial references.

Although we will use a Lagrangian analogously to those appearing in [, i, fi], we want
to mention that similar boundary fermionic fields also appeared in constructions aiming
at nonabelian extensions of Dirac-Born-Infeld D-brane descriptions. Going back to [§],
the boundary fermions are in this case interpreted as representing Chan-Paton factors. A
discussion along these lines in the context of pure spinors is presented in [ and a treatment
using the Green-Schwarz formulation is to be found [[[{].

The relation of plane wave physics to boundary fermionic fields in the context of
N = 2 supersymmetry is most easily derived from the work of Maldacena and Maoz in [[L1]]
on nontrivial Ramond-Ramond type II B supergravity backgrounds, chosen to preserve
at least 4 spacetime supersymmetries. For a flat transverse space these backgrounds of
pp-wave structure are exact superstring solutions [I1J] and in this case parametrised by a
single holomorphic function. In the corresponding worldsheet theory, given by a N' = (2,2)
supersymmetric Landau-Ginzburg model, this function becomes the worldsheet superpo-
tential W (z). For further applications of methods from [[J] to comparable backgrounds as
constructed in [[LT]], see for example [[LJ].

The choice of a trigonometric superpotential W (z) ~ cos z in the solutions of [[[1]] leads
to the integrable A" = 2 supersymmetric sine-Gordon model on the worldsheet, whereas
the exponential W(z) ~ e® gives rise to the N' = 2 Liouville theory. In the context of
boundary fermions these theories have been discussed in [, [[4, [[5] and [[Ld]. Using an
approach in this spirit, but see also the Lagrangians defined in [ﬂ, E], we will be interested
in this paper in the situation described by the superpotential

W(z) = —im 2(27)2 (1.1)

As pointed out for example in [[T], one reobtains from ([[.]) the situation of strings in the
maximally supersymmetric type II B plane wave background from [[[7], described by the
metric

ds* =2dXTdX~ —m?X! XTdx+dx* + dxtdx?! (1.2)



and the nontrivial five-form components

Fii1234 = Fise78 = 2m. (1.3)

The closed string theory in this background was first solved in [[[§] and attracted a substan-
tial amount of interest in particular after the appearance of [I9] linking the string theory
on (L.9) to the general study of the AdS/CFT correspondence from [R{]. For reviews of
this field see [R].

Branes in the plane wave background of [[L7 have been studied in a number of papers
from different point of views. We will briefly review them and the classification of the
maximally supersymmetric branes into class I and II branes from [3, RBJ] in section [
where we will also point to the corresponding literature.

Here we only want to mention that all the maximally supersymmetric branes known
for this background are also integrable, that is, they preserve the integrable structure of
the closed string theory in the sense of []. Handling a free theory, relatively little attention
is usually payed to this point. However, the inclusion of boundary fermions modifies this
situation as they generically give rise to an interacting boundary field theory which is in
most cases also incompatible with integrability. The requirement of conserved higher spin
currents in the boundary theory will lead to strong constraints on admissible boundary
couplings. It is worth mentioning that the massive Ising model, appearing as the fermionic
part of the plane wave worldsheet theory of (L), has been intensively discussed in the
literature on integrable (boundary) models, see for example [, R4] and references therein.

From the point of view of the NV = 2 worldsheet supersymmetry branes in Maldacena-
Maoz backgrounds have been studied in [, following the work of [2f]. In this case
the “Warner problem” is avoided by the choice of particular (oblique) orientations of the
Neumann directions, implying a vanishing Warner term. The oblique branes of [Rj] for the
particular plane wave background have been studied along the lines of [P7, B3, in [B§.

In this paper we discuss branes beyond the restrictive setting of [Pj] by aiming first
of all at integrable branes with preserved N' = 2 (worldsheet) supersymmetry under the
inclusion of fermionic boundary fields. In the classification of 23, BJ the new branes are
all of type (n,n) and as a main result, the limiting case of the spacetime filling (4,4)-
brane with only Neumann directions in the transverse space is found to be maximally
spacetime supersymmetric. This is in analogy to the other limiting case of the (0,0)
instanton from 3, R3], with which it also shares analogous boundary state overlaps.

The bosonic boundary conditions of the new branes are expressible as a standard cou-
pling to a nonzero longitudinal flux F;;. The fermionic bulk and boundary fields, on the
other hand, are first of all determined due to a coupled system of differential equations on
the boundary. The on-shell elimination of the boundary fermions from this system leads to
an expression for the bulk field boundary conditions in terms of a linear differential equa-
tion in the boundary parametrising coordinate 7. As an interesting result, the boundary
fermions can finally be expressed as a function of the bulk fermionic fields without includ-
ing additional degrees of freedom. In the quantum theory the corresponding expressions
also correctly reproduce the required quantum mechanical anticommutation relations for
the boundary fields.



This paper is organised as follows. In the starting section || we collect background
information on the plane wave theory formulated as a Landau-Ginzburg model and state
the relation between the N' = (2,2) worldsheet supercharges and the maximal spacetime
supersymmetry from [[I7, [[§]. After briefly reviewing branes in the plane wave theory in
section [, we start in section ] our study of boundary fermions in the context of plane
wave physics and derive the conditions for integrable and N = 2 supersymmetric branes.
The branes solving these conditions are then studied in detail in section [ by constructing
and quantising the corresponding open string theory. In the subsequent section f| we
conduct a discussion using boundary states, leading in particular to a study of preserved
spacetime supersymmetries in the presence of boundary fermions. Here we also briefly
suggest, following [R9], how to realise the deformed Neumann boundary conditions in the
bosonic sector by nonzero longitudinal fluxes. In the final section [], the equivalence of the
open and closed string constructions is discussed along the lines of [B0, RJ] by establishing
the equality of certain open string partition functions with the corresponding closed string
boundary state overlaps. Certain technical details are collected in the appendices.

2. The plane wave as a Landau-Ginzburg model

In this section we collect some information about the worldsheet theory for strings in the
maximally supersymmetric plane wave background of [[7] formulated as a N' = (2,2) su-
persymmetric Landau-Ginzburg model. In particular, we mention the relation between the
Landau-Ginzburg and Green-Schwarz fermions along the lines of [[[T]. This will especially
also lead to an expressions for the N = (2,2) supercharges as linear combinations of the
spacetime supersymmetries from [@, @] As these results are crucial for the later sections,
we supply some additional details in the appendix A]. Our conventions for Landau-Ginzburg
models are those summarised for example in [RJ].
From a Landau-Ginzburg model with the general component Lagrangian

1 . _ _ . e . I .
Lo = 5953 (mzfajf +0:70_2 + i o- W+ a4 zzﬂ_)
1 N B I e I R —
— 00 W (2) vl — So0W (2) 00 — 1970iW (2) ;W (2),  (2.1)

the plane wave theory from [[[7, [[§] is obtained, following [LT], by setting the superpotential
as mentioned in the introduction to

W(z) = —im i(zi)Q; W (z) = im i(?)? (2.2)
i=1 7=1
This choice gives rise to the equations of motion
(040- +m*) 2" =0 = (0+0- + m?*) Z" (2.3)
for the bosons and
0=0_¢) +md’  0=0_¢) +my’
0= 0p9) —miy 0=0.9" —my, (2.4)

for the fermions.



The relation between the fermions in (R.1) and the standard Green-Schwarz fields S, S
was pointed out in [[L1] and is given by

¢ = LT’ + LIy (2.5)
§* = YLy + L rgy (2:6)

with a constant spinor 7 fulfilling

0=Twm; n'n=1; IIn=—n". (2.7)
The (new) Majorana type requirement IIn = —n* contains the real matrix
I =79y (2:8)

from [[[§ and is consistent due to II2 = 1. It is chosen to determine an up to a sign unique
spinor 1 and it correctly reproduces the equations of motion

0.8 =mIlS; 9_8 = —mlILS (2.9)
for the GS fields by starting from (P.4)).

We will further discuss these identifications in the appendix [A] and close this section
by stating the relation between the ' = (2,2) worldsheet supercharges and the spacetime
supersymmetries as derived in [1§]. Using the spacetime charges in the conventions of [23],
the required identifications are given by

j%I=w©=ﬂm© == e (2.10)
9 _ nQ = —n'1Q 9 nQ = —n'1Q (2.11)

v/ 2pt 2pt -

and we again defer a derivation to the appendix.

j

3. Branes in the plane wave background

In this section we briefly review the classification of (maximally) supersymmetric branes
in the plane wave background from [B3, to explain the context of our subsequent con-
structions. As mentioned in the introduction, soon after the solution of the closed string
theory in the plane wave background from [[[q] in [L§], branes in this background have been
studied in a significant number of papers. These discussions include various approaches,
for example the use of open strings, closed string boundary states or geometric methods
like probe brane settings. Starting with the papers @}, details about branes in the type
II B plane wave background were derived in [Rd, B2, B3, Bd, B3, BY, B B7] and related
settings are discussed for example in [Bg].

Following in particular the flat space treatment in [B9], the (maximally) supersymmet-
ric branes in the plane wave background have been classified in [29, R3] by using the spinor
matrix

M=T]+" (3.1)

IeN



The product is understood to span over the Neumann directions and the matrix M appears
in the standard fermionic boundary conditions.
Branes of class I are characterised by

MTIMT = —1 (3.2)

and the maximally supersymmetric branes of this type have the structure (r,r+2), (r+2,7)
with r = 0, 1,2. Here the notation (r, s) from [RJ] labels the brane’s orientation with respect
to the SO(4) x SO(4)-background symmetry.
For class IT branes one has
MIIMII =1 (3.3)

and the known maximally supersymmetric branes in this class are the (0,0) instanton and
the (4,0), (0,4) branes from 3, 3.

One of the main results in this paper is the construction of a maximally supersymmetric
class II brane of type (4,4) with deformed fermionic boundary conditions, originating from
the inclusion of boundary fermions. All our new branes will be class II branes of type
(n,n). For n =1,...4 one can find alternative constructions without boundary excitations
in [B4]. In this case, however, there are only 4 conserved supersymmetries throughout. We
defer a discussion of this setting to section [p.4

It is worth pointing out that the inclusion of a boundary magnetic field as discussed
in [BY, Bd] allows to construct maximally supersymmetric branes which interpolate between
the class I (2,0) / (4, 2)-branes and the class IT (0, 0)-instanton and the (4, 0) brane, linking
the two families in a natural way.

As mentioned in the introduction, we will begin by focussing on N' = 2 supersymmetric
settings in conjunction with a preserved integrable structure following [B]. Integrability is a
shared feature of all the maximally supersymmetric branes in the plane wave background,!
but is generically lost in the presence of boundary fermions with general couplings to
the bulk fields. The enforcement of integrability to be discussed in the next section will
determine these boundary couplings up to constant parameters.

As we will conduct a study of the previously mentioned settings from an open and
closed string perspective, it is important to notice that the standard light-cone gauge
condition gives rise to branes of different nature in these two sectors. In the open sector
the light-cone directions in the standard gauge are of Neumann type, whereas they become
Dirichlet like in the closed string sector, leading therefore to instantonic boundary states,
compare with [Bd]. As explained in [B0, B3, B2 one has to apply different light-cone gauge
choices in the two sectors to allow for a direct comparison. Due to this, gauge dependent
quantities like the mass m appearing in (R.9) take on different values in the two cases. We
will discuss the relation between the closed string constants m, b, k* and their open string
correspondents ﬁl,gi,%i along the lines of [B(, R3] in section .3,

In the following sections two directions combined to a complex variable

Ad=gd 4l j=1,...4 (3.4)

IThis can be proven by applying the methods from [ﬂ] to be briefly mentioned in the appendix E For
the (0, 0)-instanton as a particular (n,n)-brane this result will be established in due course.



are always chosen to have the same type of boundary conditions. For convenience we
furthermore define sets D_, N_ containing the Dirichlet and Neumann directions ranging

inr=1,...,4 and correspondingly D, N, with elements in r = 5,...,8.

4. Boundary fermions: Supersymmetry and integrability

In this section we will start to construct branes in the plane wave background under
the inclusion of boundary fermionic fields. In a first step, we define a suitable boundary
Lagrangian and derive the corresponding boundary conditions for the bulk fields and the
equations of motion for the boundary fermions.

Using these conditions, we can thereafter calculate the determining equations for the
boundary fields under the requirement of conserved N/ = 2 supersymmetry and integra-
bility in the boundary theory. Further information about the integrable structure and
calculational details omitted in this section can be found in the appendix B

4.1 Boundary conditions

By mildly extending the boundary Lagrangians defined in [fl, B, fi], see also [, fi], to include
matrix valued boundary fields, we will work subsequently with

o= 1

boundary = 5977 <€_i61/1j;@1 — eiﬁibiEZ) - % tr {A 9 AT} + B(z,7)
+% w[oyFh @)A1 + 3,61 @)A] (7, + 75 )
+% tr [0,G(@)A" + ;F(2)A] (vl + 7P ) (4.1)

defined along the Neumann directions at the boundary ¢ = 7. The square matrix A = (a,s)
contains the boundary fermions and F, G are matrix valued functions of the bosonic bulk
fields evaluated on the boundary.

The boundary conditions along the Neumann directions deducing from the variations

of (-T) and ({1)) are found to be

8,27 = ¢ (a]B titr [&%FT A+ &(%GTA] 51) (4.2)
057" = g (0B +i tr |0,0,GA" + 0,0,F 4| 07 (4.3)
9 = % g7 tr [ajFTAT + %G*A] (4.4)
7 = %gjj tr[9,GA" + 0,74 (4.5)
0-A = BFTO_+ 9,G°. (4.6)
0. At = 0,G1F, + 0, F¢’. (4.7)

which is understood to be evaluated at ¢ = 7 throughout. We have furthermore used the

convenient combinations
i
0 =

(¢i + eiZﬂW’,) 0. =

o= (vl —ePyl) =

N =N =

(7 — 70" (48)



for the bulk fermions. By setting

Lo o (4.9)

boundary — ~ “~boundary

one obtains functionally the same boundary conditions at ¢ = 0 as derived beforehand for
o = 7 with, however, possibly different matrices F, G at the two boundaries. Although the
constraints on F' and G to be derived below are also valid in the case of different boundary
fields, we will focus on the case of equal boundary conditions up to different choices for g3,
corresponding to brane / antibrane configurations.

Along the Dirichlet directions we will use the standard boundary conditions as for
example discussed in []. These are in particular independent of the previously introduced
boundary fermions and read explicitly

2= yé,o; Z' =7 (4.10)
0=0.; 0=0,. (4.11)

All fields are again understood to be evaluated at o = 0, 7.

4.2 B - type supersymmetry

As explained in section ], we consider first of all boundary conditions aiming at branes
with two conserved B - type supersymmetries. As pointed out in [[[] in a different context,
the open string conservation of quantities deducing from local conserved fluxes amounts to
the time independency of (in our case) the following combinations

Q = Q4 +eQ_ +5r(7) = So(7) (4.12)
Q" = Q4 +e7Q_ +Tx(7) — Zo() (4.13)
with generically nonzero (local) contributions of boundary fields ¥,(t) at 0 = 7 and o = 0.

By using the supercurrents (A.7) and ([A.§) presented in the appendix [A], the quanti-
ties (.19) and ({.13) are time independent in case of

0=G, +ePG|  —%.(r) (4.14)

O=T

0=G, +eGL| —S(n). (4.15)

o=0

Along the Dirichlet directions these conditions are trivially fulfilled with the boundary
conditions ({.10) and (4.11)) together with a vanishing field ¥, along these directions.
In the case of Neumann directions with boundary conditions (f.2)—([7) the situation is
more interesting. For a single Neumann direction the solution to (jt.14) and (f.17) is
discussed in detail in [IF] and that treatment extends immediately to the present situation
including matrix valued boundary fields. Suppressing the calculational details, we obtain
the conditions

1
B = 3 tr [GGT + FFT} + const. (4.16)
W = ie”" tr [FG] + const. (4.17)



The second equation ([.17) is understood to be valid along the Neumann directions only.
For the local boundary field ¥, we furthermore have

EW(T) _ —29]75sz 4 tr [(ZjajF — F) A+ (szjG — G) AT} s (4'18)
compare again with [[[5].

4.3 Integrability

Although arbitrary boundary fields obeying (f.10) and ([.17) already give rise to N' = 2
supersymmetrical settings, we are here interested in the more restricted case of integrable
boundary conditions, that is, branes which also respect the integrable structure present in
the bulk theory. As explained in section [, all known maximally supersymmetric branes
in the plane wave theory are actually also integrable. By the inclusion of boundary fields
as in (f.1) this integrability conservation is a priori no longer guaranteed and leads, if
enforced, to further constraints on admissible boundary conditions.

In this section we will give the explicit expression of two higher spin bulk currents and
state the conditions for their conservation in the presence of boundaries. This conservation
gives strong evidence for the integrability of the boundary theory. To further underpin
the actual presence of such a structure one might use the explicit mode expansions to be
derived in the next section and compare them with the requirements derived in [f| for
integrable boundary field theories. We will briefly comment on this in the appendix B

Local conserved higher spin currents for the massive Ising model were written down
in [@] Here we will focus on combinations which, for a single Neumann direction, appear
as limiting cases of the first nontrivial higher spin currents in the A/ = 2 sine-Gordon
model. We defer a more detailed discussion of this point to the appendix Bl where we also
supply the infinite series of conserved fluxes from [[(].

In manifestly real form the currents of present interest are given by

Ty = gn ( 027 924 + %a@i o2 — %a_@i a“/;;) (4.19)

02 = g (—m28+22 042t — @EQ IRTAE @a@; wi) (4.20)
and

Ty = ga <62? 822t + %aﬂi Pt — %a%@i aw’) (4.21)

92::s%@<—ﬂ90_278_zi—-ﬁgiﬂf_8_wi—+zgia_ﬂf_wi> (4.22)

and fulfil on-shell
O_Ty = 0,0y, 0,T4=0_05. (4.23)

In the bulk theory both fluxes give rise to conserved spin 3 operators. The conservation of
a suitable combination of the previous operators in the presence of boundaries is discussed



in the appendix. There the conditions for integrability are found to be

00,0, B=0  8050:B =0
0:0;0,B=0  80;0,B =0 (4.24)

for the boundary potential and
0 = tr (0:0,GA" + 90, F A)
0 = tr (9,0,G67 4 + s F ) (4.25)

for the matrices F' and G.

Having presented the conditions for ' = 2 supersymmetry (f.16), (£.17) in the last
section and for integrability in (.24) and (4.23), it is now straightforward to write down
the corresponding solutions. They are given by

F=A4z24+C G=Biz+D (4.26)
along the Neumann directions with
tr (AZB]) = —eiﬁﬁl(;ij tr (AZD + BZC) = 0. (427)

The resulting boundary potential becomes up to an irrelevant constant

1 o 4 _
B(z,7) = ;tr (AiA} + BiB;> 25 4+ tr (A,CT n B,DT) 2t tr <CA§ n DB§> 7, (4.28)

again extending only along the Neumann directions.

5. The open string with boundary fermions

In this section we present a detailed discussion of (n,n)-branes with n = 0,...,4 from
an open string point of view by enforcing Neumann boundary conditions as introduced
in the last section. Using the equations of motion for the boundary fermions we can
eliminate these extra fields from the remaining boundary conditions. Although the resulting
boundary conditions on the fermionic bulk fields differ clearly from the standard settings,
the corresponding solutions can be found and quantised by standard methods.

As stated in the introduction, the boundary fermions can be expressed in terms of
the bulk fields restricted to the boundary without including additional degrees of freedom.
We explain in detail how this solutions reproduces the expected anticommutators of the
boundary fermions in the quantum theory. The section closes with a derivation of the
N = 2 superalgebra of the boundary theory. These results will be needed in the discussion
of the open-closed duality in section [

For the boundary fields appearing in the Neumann directions we will work with a
particular solution of type (f.24) given by

F = diag(A%z; +0Y; G = diag(B;z; + DY) (5.1)

,10,



with no sum over hatted indices. The solution (f.1]) allows us to treat the fields along
any complex direction 2% separately and construct (n,n)-type branes for all n in a single
approach.

We will consider only strings spanning between branes with the same type of boundary
fields and will restrict the parameter 3 appearing in ([..1]) to the values 0 and 7 correspond-
ing to brane or antibrane settings. The latter will again be needed in section [J. The more
general situation of 3 € (0,7) can be dealt with with the methods explained in [BJ] in the
context of boundary magnetic fields in the plane wave background.

For future reference we note here the most general solutions to the equations of mo-
tion (R.3) and (R.4) which read in a real basis

0= (040- +m*) X* (5.2)

for the bosons with s =1,...8 and

0y = —myl Oyt = myly (5.3)
aiwi+4 — +ﬁ7ﬂ,z)t,+4 8+7,Z)t,+4 — _ﬁlwi+4

for the fermions with ¢t = 1,...4.

The fermionic fields along the s = 5,...8 directions are obtained from those along the
s = 1,...,4 directions by interchanging m < —m, reflecting the different eigenvalues of
the matrix II introduced in section

Following [RJ], the most general solutions to (5.9)-(b.4) are given by

X3(r,0) = C®sin(mr) + C* cos(mr) + D? cosh(mo) + D? sinh(mo)
1 , .
+i Z - <a;e*l(wn7*n0) + 'avflefl(wnﬂdrno)) (55)

and
Q,Z)i (1,0) = —¢'sin(m7) + & cos(mT) + Q,Zt cosh(ma) + ! sinh(mo)
Tt —i(wnTH+no) i o t  —i(wnT—n0)
+ MJZ”#O Cn <¢ne ﬁl(wn n)y,e ) (5.6)
w2 =n24+m2
Wt (1,0) = ¢! cos(mr) + ¢! sin(mr) + ¢ sinh(mo) + 1 cosh(mo)
t —i(wnT—n0) i o\t ,—i(wnT+no)
£ T e b = mlte ) D
w%:n2+ﬁ’b2
with
Cn = i . (5.8)

— 11 —



5.1 Dirichlet directions

In this section we will consider the bulk fields spanning along a Dirichlet direction with

boundary conditions
X(r,o0=0)=y5;  X(ro=m) =y; (5.9)
and

0= (¢5 +pv°) (1,0 =0,m). (5.10)

Here p = +1 distinguishes as usual between the brane / antibrane cases. Our discussion
proceeds in this part along the lines of the (0,0)—instanton construction from [RJ], but
differs mildly in the fermionic sector due to our choice of LG-fermions as discussed in
section Pl

From (5.§) the boundary conditions (5.9) and (f.10) lead to the bosonic mode expan-

sion

xs — xf cosh(mm)

X?%(r,0) = x cosh(mo) + sinh(mo)

sinh(mm)

1.
-2 Z —e "“nTq} sin(no) (5.11)

Wn
neZ\{0}

with w, = sgn(n)vn? + m?2, compare for example with [RJ].
For the fermions spanning between a brane-brane configuration we deduce for t € D_

—mo 7t —i(wpTHno Wn — 1 —i(wnT—n0
¢i(7', o) = —yle + Z Cn, <¢Ze (wnT+no) ZTwZe ( )> (5.12)

neZ\{0}
Y(ro) =9le ™+ Y e (w;yi(wm_m) + iw{/;fle_i(“”er)) (5.13)
nez\{0} m
with the identifications -
o ="y (5.14)

wn
As explained before, the solutions along the directions ¢t € D, are obtained from (f.19)
and (p.13) by using m — —m.
The fermionic fields spanning between a brane/antibrane combination have the same

structure as presented in (f.19) and (F.13). In this case, however, the zero modes 1! are
absent and the nonzero modings have to fulfil either

LR T L 3 n#0 (5.15)

e27rin
n+im n—im’

depending on whether t € D_ or t € D,, compare again with the discussion of the (0,0)
instanton in [2J].

- 12 —



5.1.1 Quantisation

By requiring the standard canonical commutators as summarised in the appendix [ we
obtain the commutation relations for the modes introduced in the last section to

[aim aﬁz] = wm(sij(sm-i-n (5.16)
{¢17:m¢181} = 6r$5m+n (517)
2mm e
T S — _ 57"8 — 67’8‘ ‘1
vt} 1 —e—2mm sinh(7m) (5.18)

The anticommutators are written down for parameters r, s ranging in D_. Some details of
the derivations, in particular of (5.1§), can be found in the appendix [J.
5.2 Neumann directions

In this part we will consider the mode expansions for the new Neumann type boundary
conditions including contributions of the boundary Lagrangian as discussed above. We will
work with the boundary fields presented in equation (f.I]) whose parameters fulfil

A'B = —¢Pm; A'D' 4 C'B' =0 (5.19)

to obey ((.17), ensuring in particular the conservation of a N' = 2 supersymmetry structure.
As before, there is no sum over hatted indices. Using (b.1)), the boundary potential B
from (f.14) takes on the structure

B(z,z) = Z (fl;izif + K7+ Zizi) + const (5.20)
ieN

by using the convenient combinations

bt e AT+ BB

v — 21
b : (5.21)
- (OA 1L DB = CiA L DB
oA tPs. R tATPE (5.22)
2 2
With (p.19) we furthermore have
— ~ el ~ . C% ol ~
A"A* = b 14/ (V)2 — m?; k' = :I:I (b*)2 — m? (5.23)
for
0<m<b and ieN_. (5.24)

In this section we will assume throughout m < b’ and comment on the limiting cases b = m
and their relation in the bosonic sector to previously known branes later on in section [6.4.
From (f.3)-({.5) the boundary conditions at ¢ = 0,7 become

9, XL =i xT ]! (5.25)
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for the bosons with I € A/ . For the fermionic boundary conditions we use the boundary
equations of motion ({.4) and ([L.7) to eliminate the boundary fermions from (f.4) and ([t.5)

and derive

Or (V4 = pul) = O = pin) (v + pul ) (5.26)
Oy (wi*‘* — mb{“) — (8 + pim) (ﬁ*‘* + pa,z)f“) (5.27)

for the fermionic bulk fields with ¢ = 0,7 and I € N_. Both cases are formulated in a real
basis and the parameter p distinguishes as before between the brane / antibrane boundary
conditions.

Using the general solution (f.§) together with the boundary conditions (F.25) the
bosonic mode expansions along the Neumann directions are found to be

X!(r,6) = N cosh(mo) + N’ sinh(mo) + pleV@-m?r o + Qfe_ V@2 -m?r Ho

N Ve
2neZ\{o} "
with
G
al = nEW (5.29)
n — ibl
and

r_ Ef cosh % — msinh @%1 (5.30)
(m? — (b7)2) cosh =~

NI m cos %A—fl;f sinh %El (5.31)
(m? — (b1)2) cosh =T

The special modes P!, QT with a time dependency proportional to e* (b1)2=27 a6 of the
same type as those appearing in B3, BJ] in the treatment of open strings in the plane wave
background under the inclusion of a nontrivial F!/-field. They play a crucial role in the
quantisation to be discussed in the next section.

For the fermions spanning between a brane/brane pair with p = 1 we obtain from (p.9),

(5.7) and the boundary conditions (5.26) the solutions

_ o _ o2 2 gl
_plemme 4 o~V E - blo Ty VO —m2r bl (b1)2 —m? +b° _;

— — —~ N — — — gf 2 __ ,’%2 _|_Zf .
¢£(T, 0_) _ wlefma + eV (bI)QmeTebIO'%’I + 67\/(5)1)277m27—eb10 ( ) = XI
R e ) 539

- 14 —



with
wn  n bl i
n+imp —ipl "

U = (5.34)

and I € N_. The modes x! and X! correspond to the bosonic operators P!, Q!, compare
for example with [B5. As described there, the terms in (f.39) and (5.33) containing these
special modes fulfil the conditions (p.26), (5.27) for all o and not only on the boundary.

The remaining fermionic solutions along the I € N directions are again deduced by

sending m — —m in (§.33) and (F.33). In particular, one obtains the mode identifications

for the nonzero modes in this case to

wn  n+ibl i

JI+4:
" n—imp—ipl "

(5.35)

As for the Dirichlet directions, the mode expansion for strings stretching between a brane /
antibrane pair deduces from (§.33) and (f-33) by dropping the zero modes %, but retaining
the special modes x! and ¥!. Furthermore, the moding for the nonzero modes again has
to fulfil either

n—im n+1m

= or X — (5.36)

e27rin
n+im n—1im

depending on whether I € N_ or I € N,

5.2.1 Quantisation

The standard canonical conditions ([C.1)—([C.f) lead in the Neumann case to the following
commutators. For the bosons we obtain

T R L (5.37)
‘ /(Ei)z 2l e2mb!
[afn, a’r{] = Wm6]J6m+n (5.38)
whereas for the fermions
2ol - bl
I J
= — — — 5.40
{w’¢ } 1_6727rmfh_|_b[ ( )
onbisi7 b2 _ 2 _pf
Oy == v (5.41)

—e  itm

The fermionic relations are again formulated for I,J € N_ only. Some details of the
derivations are presented in the appendix [d.
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5.3 Boundary fermions

In the last section the boundary fermionic fields were eliminated from the remaining bound-
ary conditions by using their equations of motion. In this section we reconsider this situa-
tion and present the explicit solution for the boundary fermions as suitable combinations
of fermionic bulk fields evaluated on the boundary.

For our choice of diagonal matrices F,Q all non-diagonal elements of A, AT in ([L.1)
decouple from the remaining fields and we can therefore concentrate on the diagonal com-
ponents. For these elements we have to solve the equations of motion ([.6) and ({.7) by
using (b.1]). For notational simplicity we will write down only expressions for fermions
corresponding to the z!' direction and suppress for this case irrelevant indices.

Using (.29) and (p.27) in the equations of motion ([L.) and (JL7) we obtain the

boundary fermions to

a(t) =a 7Z+B 1 ‘714 5
(t) 0+2(5_m) (v} —9L) - (b+m) (V5 —v°) (5.42)
e AYB o AF
a(t) = o+2(g_ﬁl) (v —vl) + G (v3 —°) (5.43)

with constant fermions ag,ag. Using so far only to the differentiated boundary condi-
tions (p.26) and (p.27), we have to test whether there are additional constraints on these
extra fermions. From the (undifferentiated) conditions (fL.4) and (f.) we obtain

0 = Bag + Aag (544)

which amounts to ag = @y = 0 by using the explicit expressions for A and B from (.19)
and (F:23) with b > m. For our solution (5.1) all boundary fermions in ([£1)) therefore either
decouple from the remaining fields or are expressible in terms of bulk functions restricted
to the boundary.

For consistency of the last result, the fermionic anticommutation relations for the
bulk fields derived in section should reproduce the expected anticommutators for the
boundary fermionic fields a(t) and a(t). To determine these relations we have to evaluate
expressions like

= {¢L(r,0) = ¥L(r,0), 91 (1,57) — L (1,5)} (5.45)
at the boundaries which is, different to the bulk, relatively subtle due to potential diver-
gencies. Using (5.40) and (b.41) we obtain

mm m — b —(o+a) 8mb m — beg(O'-f—E)

*x) = =
) 1—62”mﬁz+b 1—e2mm+0b

+23° < into) _ nE N ib gy <0+<’>> . (5.47)

20 ”—Zmn—{—zb

After setting one of the arguments ¢,7 equal to the boundary values 0 or m we have for

(5.46)

the infinite sum
iz(o+7) P

4i(6 —m) Y ne!™747 ——4'(5—~)]§d c (5.48)
Z mn;ﬁo(n—iﬁz)(nﬂﬁ)_ oo czl—e2ﬂz(z—iﬁz)(z+ig) '
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where C is a contour running infinitesimally above and below the real axis, compare
with [R3]. By closing the contours the residues cancel out with the first terms in (x)

and we finally obtain

(YL (r,0) = ¢L(1,0), ¢} (1,7) — L (r,7)} = i47r(§ — ) (5.49)
{¢5.(1,0) =2 (1,0), 47 (1,5) — " (1,5) } = £drn(b+ ™) (5.50)

at c = = 0 and 0 = & = 7 respectively. Using (5.49) and (5.43) this leads to the
anticommutators

{a(t),a(t)} =0 (5.51)
{a(t),a(t)} =0 (5.52)
{a(t),a(t)} = +4r (5.53)

which is the expected result. The signs originate here in different overall signs appearing
in the boundary Lagrangian (1)) at the two boundaries.

5.4 The N = 2 superalgebra

In this final section of our open string treatment we will determine the Hamiltonians of
the previously discussed configurations and for the brane-brane situation also the resulting
N = 2 supercharges. The expressions for the Hamiltonians will be put to use in section [i.

The conserved supercharges are calculated from the equations ([19) and ({.13) estab-
lished in section [.d whereas the Hamiltonians deduce from the following (closed string)

conserved fluxes
Ty = g5 <5+§75+2j + %Ei a4 ¢+> f0 = 953 <—m2572j - %Ei - ¢i> (5.54)
Ty = g5 <8§382j + %Ej_ 9. 1/)) 0o = 93 <—m223zj — %Ej_ 5+ ¢J_> (5.55)
which fulfil on-shell
0_Ty = 0,0p; 0.To = 0_0. (5.56)

5.4.1 Dirichlet directions

Using the fluxes (5.54) and (F.59) the open string Hamiltonian along the Dirichlet directions
for a brane/brane configuration becomes with the mode expansions (f.11)—(p.13) in the
overall normalisation explained in detail in 23]

X+ N m _
gHope — Ssinh(7n) ; (cosh(mm) (xgxg + xy) — 2 xGay)
a

+2m > (a0l + wat® 8) (5.57)

n>0
a€eD

where the summation index a is understood to range over all Dirichlet directions.

,17,



The Hamiltonian for the brane/antibrane configuration has the same structure with a
fermionic nonzero moding as given in (p.15). In this case there is also an overall normal
ordering constant which will be implicitly determined in section [f.

The contribution to the overall N' = 2 supercharges for a brane/brane configuration
with p = 1 becomes

Q=2 Z ((wa _w)a+4) (330 +zxa+4) (e—ﬁﬂ¢a _ ieﬁwr¢a+4) (x +qua+4))

a€D_

+27v/2 ; Cn [(1 _n ) Yo — i (1 +i W: > ¢“+4] (a®, +ia®tY) (5.58)

with the corresponding complex conjugated expression for Q.

5.4.2 Neumann directions

Along the Neumann directions the fluxes (5.54) and (5.59) require the inclusion of boundary
currents in the open string sector as discussed in section |9 for the supercharges and in

the appendix [J for the higher spin currents of the integrable structure. In the present case
the local boundary field has to the form

20 =2(B(z2) + igy; (0267, — 7,67 )) (5.59)

and the suitable normalised Hamiltonian becomes for open strings stretching between a

brane / brane pair

x+ ~9 51 2 ~
o = pgopen _ HO + Z m I( ) <e27rb1 ) Q[PI +or Z alal _|_ wn¢1 nwn)
ievl 125
3
_ (1) —m?)” — [+45T+4
_|_7/ Z (627Tb1 _ 1)¥ ( (bI)Q 2—|—b1> < X X~ + X~ X~ )
ren bIm? bl —m bl +m
(5.60)
with
o - ~ =T . ~ i ~ IntI | ArInTI
2H) = Z [(m cosh(mm) — b smh(mw)) sinh(mm) (N N+ N'N >
IeN
+2 (ﬁz sinh(mr) — b’ cosh(ﬁwr)) sinh(mm) NI N!
—2k! <Nl(cosh(ﬁm) —1)+ N sinh(ﬁm)” (5.61)

as contribution from the bosonic zero modes. Using (p.30) and (5-3]) this simplifies to

tanh 2T
Hy = i (,gla;iizk’kf. (5.62)
IeN -m
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The Hamiltonian (.60) is already presented in normal ordered form by implicitly defining
P! and ¥! as annihilation operators for the special zero-modes. With these choices the
corresponding normal ordering constants cancel.

The Hamiltonian for open strings in between a brane - antibrane pair also has the
structure (5.60). In that case, however, the fermionic moding has to fulfil (f.15) and there
also appears a nonzero normal ordering constant. It solely originates from the nonzero
modes and takes on the same value as in the previously discussed Dirichlet case.

The contributions to the supercharge in the case of strings in between two branes with
p = 0 is finally obtained to

— Bl g I _ I+4>
“ ,;_[z(k ik )<’51—mw bI—i—mw
27rbb[ 1\/ m2<\/b1+m—|—\/b1 m)
(\/ bl + my! +i\/ b — I+4> PI + zPI+4)
_ %bbl 1\/ m2<\/b1+m+\/b1 m)
(\/ bl + mx! + i\ b — I+4> (@ + ZQI+4)} (5.63)
+271v/2 Z Cn [(1—@ = >¢I <1+z T; >¢I+4] (al_n%-iaﬁ#)

n#0
IeN_

with the corresponding complex conjugated expression for Q.

5.4.3 The superalgebra

Adding up the appropriate contributions from (5.5§) and (5.63) corresponding to the par-
ticular (n,n)-brane under consideration, one obtains the supercharges representing the
conserved N = 2 supersymmetry structure of the open string theory.

The anticommutators are found to be

(0.0} = (sx) v 56
{Q.Q) = smin 3 (o) = (:2)%) (5.65)

which completes our discussion of the open string superalgebra.

6. Spacetime supersymmetry and boundary states

In this section we will study the branes introduced in sections | and ] from a closed
string perspective by formulating them in terms of boundary states. This will on the one
hand confirm our previous results, but is on the other hand in particular also suitable
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for a discussion of preserved spacetime supersymmetries. As a main result, the spacetime
filling (4,4)-brane will be seen to be maximally spacetime supersymmetric. This can be
understood in direct analogy to the other limiting case of the (0,0)-instanton. To have a
more straightforward comparison with the constructions known for example from 23], we
will use a formulation based on Green-Schwarz spinors in the closed string channel.

6.1 Gluing conditions

By using the standard procedure as for example explained in [ or in the context of branes
in the plane wave background in [B(, PJ] one translates the open string boundary to the
corresponding closed string gluing conditions. For the bosonic fields we obtain from (f.9)

and (p.29)

= (@"(1,0) = yo)lr=0 [1B)) (6.1)

0
0= (9,27 (r,0) +i (V' (r.0) + k7)) ‘T:o I1B)) (6.2)

with 7 € D and I € N. For the fermions, on the other hand, we have along the Dirichlet
directions with r € D

0= (Vi(r,0) —ipd(r,0))|, _, [I1B) (6.3)

and for the Neumann directions
0= 8, (V}(r.0) +ipvl (r,0)) + (" = pm) (vL(r.0) = ipvl (r.0))| _ 1B (64)

with I € N_. For I € Ny one has to interchange m < —m and the parameter p = +1
distinguishes as before between the brane / antibrane cases.

Translating these conditions to relations between Green-Schwarz fermionic fields by
applying the results mentioned in section P one derives the gluing conditions

0= (S(r.0) —ipS(r0))| _ BN 0=nl7 (S(r.0) ~ipS(r.0))| _ 11B)
(6.5)

along the Dirichlet directions with j,7 € D_ and

0= T (ao (’5 n i,oS) (r,0) +i (zﬁ - mpn) (5 - ipS) (r, a)) ‘T:o 1B))  (6.6)
0= I’ (aa <§ + ipS) (r,0) +i (bi‘ - mpH> (§ - ipS) (r, a)> (T:O IB))  (6.7)

along the Neumann directions with j,7 € N_ and & = b7 as before.
To combine the fermionic gluing conditions to a single formula we define matrices R, 7
by the following requirements

TR = n*T; "R = nT? (6.8)
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along the Neumann directions with 7,7 € N_ and
n"T"R = n*T"T = 0; "R =nl"T =0 (6.10)
for the Dirichlet directions with r,7 € D_. These matrices especially fulfil
R?=R; [R,T]=[R,0]=[T,1]=0. (6.11)
Using R and 7 the fermionic gluing conditions simplify to the single expression

0= <R80 (’5 + i,oS) (r,0) +i (T — mpll) (5 - ipS) (r, a)) By (612

6.1.1 The boundary state of the (n,n)—brane

By using the closed string mode expansions derived in [[[§] the previously established
field-gluing conditions translate into relations between closed string modes acting on the
boundary states. We use the conventions of [23] summarised in their appendix A.

The bosonic conditions become

0= (z5 —y5) IIB); 0= (aj, —aL,)B)) (6.13)
for i € D and
. I I wn + bf»vA
0= (POI +i (b’xé + k’)) 1B)); 0= <a£ i bfa1"> 1B)) (6.14)
with I € N. The fermionic gluing conditions translate into
0= (So— %) 11B)) (6.15)
_ ~_,wn—pmH _ 2wn,
0= (Sn i (1 o —’]'R> Sn> [1B)). (6.16)

Finally, by using the following zero mode combinations from [[[§, BJ]
1
0" = —— (ph + imap); @ = —— (ph — ima}) (6.17)

V2m V2m

the bosonic zero mode gluing conditions furthermore take on the structure

0= (a' Y +z¢%y) 1B)) (6.18)
0= (al Lmtl f+z'\/%kl> 11B)). (6.19)

—a .
m — bl m — bl

After determining the closed string gluing conditions in (5.13)-(p.19) it is now straightfor-
ward to write down the corresponding boundary state up to an overall normalisation. This
normalisation N(n,n) is obtained from the results presented in section [ in the standard
procedure by comparing a suitable closed string boundary state overlap with the corre-
sponding open string one loop partition function. As in the instanton case from [RJ, the
normalisation N (n,n) turns out to be

N(n,n) = (47Tm)2 (6.20)
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up to an irrelevant overall constant phase. Using the gluing conditions (f.13)—(F.19) the
boundary state takes on the form

PO
HB>> /\/(n n)€XP [Z Z _a—ra—r + Z Z :7" er i_ bl I—T’al—r

r 126D r=1ITeN
. = wy —mpll 2wy ~0 b
+ip) > . l-—=R 52 5% 1 [1Bo)) (6.21)
r=1 a,b r ab
with
1B0)) = TT IT (85B6) 10,05 (6.22)
IeN ieD
and

o
I

' L33 i m i
By = exp [<§alal — iV melcﬁ)} e 2YY (6.23)

1 bf . / k?l N _m Akflci
Bé = exp [— <§%ACLICL I)] e 2 (b1)2_m2 ] (624)
m p—

b[ _ b[

The fermionic vacuum state |0, p) ¢ is finally determined by the condition (6.15), compare
for example with [PJ].

6.2 Spacetime supersymmetry

In this section we will determine the preserved (spacetime) supersymmetries of the bound-
ary state (.21]). Our discussion from the open string point of view in section [ together
with the considerations from section J ensures at least two preserved supersymmetries
on (p.21)). Under certain conditions, however, some (n,n)- branes preserve additional su-
percharges. A certain class of (4,4)-branes, for example, will be seen to be even maximally
supersymmetric.

In the conventions of 3] the (dynamical) supersymmetries of the plane wave back-
ground take on the form

V2P+(Q = Z oY So — mngyrﬂg + Z Cn <’yr0/;n5n + iwn — TH&T_n§H> (6.25)
r n#0

'yTHarnSn> (6.26)

Wp — N

VIPTQ = 3 w80 + magy IS + 3 e, (m B

r n#0

and the conservation of supersymmetries by the boundary state (f.21)) is expressed by

=P (Q+ipMQ) ||B)) (6.27)

with a constant SO(8)—spinor matrix M and a suitable projector P whose (maximal) rank
equals the number of preserved (dynamical) supersymmetries.

— 22 —



By using (6.13)(6.16) we derive conditions for the matrices M and P as follows. From
the zero modes along either the Dirichlet or Neumann directions from (p.13) and (.14) we
obtain

0=P(1-M) & PM=P, (6.28)

From the nonzero modes along the Dirichlet directions from (p.13) we have

0= Py ((1 + ,ow”n; ”H) S, +ip (1 - pw”n: ”H) §n> 1B)) (6.29)
and with (p.16)
0= Py'R. (6.30)

From the Neumann directions with the gluing conditions (p.14) one furthermore derives

A i N VSN
0= Pyl <“’" +o (1 _pen ”H) S_n—ip (1 + pn ”H) Sn> I1B))  (6.31)
! m m

Wy, —
from which
0= Pyl [wn (1-R)+R (bf - :r)] (6.32)

results by using (6.16). As (6.39) is required to hold for all n the conditions for preserved

supersymmetries finally become

0="Py (1-R); O:Pfyf<bf—’2')
0= PyR (6.33)

with I € N and i € D.

From (b.33) we can read off the number of conserved supersymmetries for (n, n)-branes
with the present boundary conditions. To start with, for n = 0 one obtains the (0, 0)-
instanton from [P, BJ]. It has only Dirichlet directions and from (6.10) we furthermore
have R = 0, that is, P is of maximal rank, implying a maximally supersymmetric brane.
This is of course exactly the result of 23, RJ.

The remaining branes preserve at least the AV = 2 supersymmetry structure discussed
in section f| from an open string point of view. Here this subalgebra is obtained by the
projector

P=In)n*[ +[n*)nl (6.34)

using the constant spinor 7 defined in section P For the (1,1) and (3, 3)-branes and in
case of pairwise different b’ for the (2,2) and (4, 4)-branes these are the complete number
of conserved supersymmetries.
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For homogenous boundary conditions along the Neumann directions, that is, by using
the same parameter b for all Neumann blocks, there, however, appear additional super-
symmetries for the (2,2) and the (4,4) brane beyond the N' = 2 subalgebra. Using the
matrices R,7 the situation of homogenous boundary conditions translates into

T = bR, (6.35)

simplifying (6.33) accordingly. Evaluating these conditions with (f.3§), the (2,2) brane is
found to be quarter supersymmetric, that is, it preserves 4 supersymmetries and the (4,4)
brane with R = 1 and no Dirichlet directions along the transverse coordinates becomes
finally even maximally supersymmetric.

Using the classification of [PJ], see also [PJ], the (n,n)-branes all belong to the class
IT branes. Our (4,4) therefore adds a maximally supersymmetric brane to this family,
containing so far only the other extremal case of the (0,0) instanton and the (4,0), (0,4)
branes as half supersymmetric branes.

6.3 Boundary conditions with longitudinal flux F7

In this section we will briefly discuss how to realise deformed Neumann boundary conditions
as in (p.25) by switching on a nonzero flux Fy. In the context of plane wave physics this
has been first discussed in [P9] and later on applied in particular in P2, 3, B4

In the presence of a boundary condensate Neumann conditions read

0, X" = F,0.X° (6.36)
at ¢ = 0, 7. By switching on only particular longitudinal components of F one obtains
O =F " 0, X ~F Pt (6.37)

by using the standard lightcone gauge condition on X*+. Choosing the flux F;. as a
general affine function in X! with appropriate constant factors one obtains from (f.37) the
boundary conditions (f.25), compare again with [29].

For boundary fields F,G fulfilling the requirements for A/ = 2 supersymmetry and
integrability the boundary conditions (f.3) and ({.J) were seen in section [ to be indepen-
dent of the fermionic fields and take on as shown above the standard form for Neumann
boundary conditions in the presence of a particular boundary condensate. Nevertheless,
the fermionic boundary conditions (f.4), (£.5) respectively (p.26) and (p.27) differ clearly
from the conditions usually employed for the fermionic fields in the presence boundaries.

It would be very interesting to obtain a deeper understanding of these conditions and their
relation to the flux F7, from (B.37) for example by considerations along the lines of [[L{].
Before discussing the open/closed duality in section [, we use (6.37) to explain the
relation between the open string quantities 5,7% and k and their closed string relatives
b,m,k. As discussed in [BQ, 3, BJ] to which we refer for a detailed treatment, one needs
to apply different lightcone gauge conditions in the open respectively closed string sectors
to deal with branes of the same structure in both cases. In (5.37) this effectively amounts
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to interchange the roles of PT and the lightcone separation X+ of the branes under con-
sideration. As discussed in [B({] it follows immediately from this observation that m,b, k
are related to the corresponding open string quantities by

m=mt; b=>bt; k=kt (6.38)
with
Xt
t= 5o (6.39)

The number ¢ is the modular parameter to appear in section [l where also the relations ([5.33)
will be put to use.

6.4 The b — m limit.

To discuss the limiting situation of b = m excluded in the previous discussion we briefly
reconsider the local boundary field ¥,(7) introduced in section [ This will especially also
establish the maximal supersymmetry of the (4,4) brane in the open string sector which
so far has been done only for the particular N = 2 subalgebra discussed in section f.

From the supercurrents derived in [[[§], used here in the conventions of [R3], the con-
dition for conserved spacetime supercharges in the open sector corresponding to () is
given by

0;X, =P [(O,xavaS + ﬁzx“w“ﬂg) +M (—(9+:c“7a§ + ﬁlxavaHS)} , (6.40)
following as before [[[]. The equation (f.40) is again understood to be evaluated at the
boundaries 0 = 0, 7 and for the case of the (4,4) brane to which we restrict attention here

one furthermore has P = M = 1.
By using the bosonic boundary conditions (p.25) and

0= (0, (5-8)~ (b—mm) (5+5))

corresponding to (p.19), we derive the following local boundary field

Se(m) =) KXI +%> vt (S— §)] : (6.42)

(6.41)

o=0,m

O=T

As it fulfills (B.40), the open string theory for the (4,4) brane preserves the maximal
supersymmetry as expected from the boundary state treatment.

From (6.49) it is furthermore apparent that the (4,4) remains maximally supersym-
metric in the b — 7 limit in case of k = 0 corresponding to the choice C* = 0 in (.23).

It is worth pointing out that the bosonic boundary conditions (f.2§) take on in this
limit the structure used in [B4] in an alternative construction of (n,n)-branes. There the
authors show from an open string point of view that the common fermionic boundary
conditions

0= (§—MS)

(6.43)

o=0,m
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with a matrix M as defined in section [J together with the bosonic boundary conditions
I X1 = +mX7; Oy X1t = X1+ (6.44)

with I € N_ lead to (n,n)—branes (n = 1,...4) which preserve 4 spacetime supersymme-
tries. This is expressed by the projectors

1+ M
- 2

P (6.45)

in the conditions (6.4Q) and (B.27).

7. Open-closed duality

In this section we consider an important consistency check for the (n,n)-boundary states
constructed in section [j by testing the equality of the closed string boundary state overlap

—or closed
A(t) = (b, K, yal[e 2P b K, yq)) (7.1)

and the one loop open string partition function
~ _ﬁHopen{
Z(t)="Tr|e 2= . (7.2)

The trace in ([.2) runs over the states of an open string spanning between branes with
boundary conditions corresponding to the boundary states in ([7.)). In the context of plane
wave physics this consistency check was first considered in [B0, P3| to which we refer for a
detailed discussion. Here we only note that the modular parameters are related by

i= (7.3)

~ 1

t
and the field parameters b?, k', m translate as discussed in section [.J.

We will express (7.1) and ([.d) in terms of special functions defined in [Bd, R3] as
m-dependent deformations of the f-functions defined in [ by Polchinski and Cai.

For open strings spanning between two (n, n)-branes of the same type there are fermio-
nic zero modes commuting with the corresponding open string Hamiltonian. As explained
for example in [B0] these modes lead to vanishing open string partition functions. In the
closed string sector this result is confirmed by considering the zero mode part overlap which
is also found to vanish, see again [B1, Bd, 3.

To obtain a nontrivial behaviour we consider the situation of a brane-antibrane con-
figuration. From ([7.3) we have for the open string partition function along each complex
pair of Dirichlet directions

— st % (cosh(mm) (vivd+ulvl) —2vdu]) ™ (@)

Zyi aiva(l) = € I W

(7.4)
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with ¢ = e=27 . For a pair of Neumann directions we deduce analogously

mn
tanh 5

Zml,x1+4 (t) — e J=Trya B2 —m2 -94#@2 (7_5)
(1" @)
For the boundary state overlap ([.]) one derives
m(L+q™) (vl + v38)  omg% iyl 7™ (q)
Axi,xi+4(t) = eXp | — 9 (1 _ m) + 1 —gm (m) 2
j=iita 1 4 < 7 (Q)>
(7.6)
along each pair of Dirichlet directions and
e 11— z (m)
Agigra(t) =exp [ = Y. (A ) (7.7)

JY2 2 o 2
=7 O = mE L g <f1(m)((J)>

along a pair of Neumann directions by using in both cases the normalisation (p.2(). The
zero mode prefactors in ([7.(), (7-7]) are for example calculated by inserting a complete set
of coherent states as explained in [B]].

From the modular transformations properties

M@ =@ ¢ () =™ @ (7.8)

derived in [B{, R], the open string partition functions (7.4) and ([.5) are seen to be equal
to the corresponding closed string boundary state overlaps (7.) and ([7.7) such that the
(n,n)-branes pass this important consistency check.

8. Conclusions

Starting with a boundary Lagrangian containing fermionic boundary excitations defined in
analogy to the settings in [fl, B, H] and [, [ from the context of integrable boundary field
theories and matrix factorisations in string theory, we have constructed new integrable and
supersymmetric branes in the plane wave background of type (n,n). As a main result, the
limiting case of the spacetime filling (4,4)-brane was shown to be maximally supersym-
metric. This is in analogy to the other extremal case of the (0,0)-instanton from [, 3.

The new branes were constructed in the open and closed string picture, leading to con-
sistent results in both sectors. The branes pass in particular the open/close-duality check
of the equality of open-string one loop partition functions and corresponding boundary
state overlaps, compare with [B0, BJ].

Whereas the deformed bosonic boundary conditions along the Neumann directions
can be understood as a coupling to a nonzero flux F,, a statement also supported by the
correct reproduction of the relation between gauge-dependent field parameters in the open
and closed sector as implied by duality, the situation for the fermionic sector is less clear.
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It was demonstrated that for integrable branes the boundary fermions are consistently
determined by the bulk fields restricted to the boundaries. However, a more geometric
understanding of the resulting deformed boundary conditions in the fermionic sector, for
example along the lines of [, [L]], remains desirable.
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A. LG vs. GS spinors

In this appendix we supply some additional details about the identifications between
Landau-Ginzburg and Green-Schwarz fermions as briefly discussed in section B
The identifications (2.5), (B.6) or the inverted expressions

R 1

YL = 577*GFZbSb Pl = §?7aréb5b (A.1)
1, 1

W= 50 “TipS VL= 577GPZbSb (A.2)

can be geometrically interpreted as follows [[1]. The choice of a complex structure in the
definition of the Landau-Ginzburg Lagrangian (R.])) figures out a SU(4) subgroup of the
SO(8) in whose spinor representations the standard Green-Schwarz spinors reside. Under
this subgroup these representations decompose into

8_ —4+4 (A.3)

and the summands correspond to the spinor fields in (R.1)) carrying a vector index.

As the superpotential (R.3) already breaks the SO(8)-background symmetry present
in flat space down to SO(4) x SO(4) x Za, the complex structure used in the previous
argument actually picks out the diagonal SO(4) subgroup of this product. For this reduced
symmetry group the fields ¢§E,@l transform in the same representation, explaining the
seemingly strange index structure of the equations of motion (2.4).

Before discussing the N' = (2,2) worldsheet supersymmetry, we briefly establish the
existence of the spinor  with the requirements (R.7). Using the properties of the complex
Dirac matrices I'*, I the spinor 7 is directly determined to

n=Tlelsly (1 -10) ¢ (A4)

with a constant real spinor ( = (* of appropriate norm. For example by employing the
explicit spinor representation presented in chapter 5 of [BI]] one can show that the matrix
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{55 (1 — I0) is of real rank one, that is, 7 is actually unique up to a sign. Finally, by

using
I+ 1"
I = 71727274 = (A5)
17
the condition n* = —IIn becomes
1 75,37 1
n* = —ZF1F2F3F477 = —7Tilelslan. (A.6)

The lowest weight su(4) state 7 is therefore essentially related to the corresponding highest
weight state by complex conjugation.

A.1 N = (2,2) supersymmetry

In the following we will derive the relations (R.10), (B.11]) between the N = (2,2) worldsheet
supersymmetry and the spacetime supercharges from the Green-Schwarz formulation. This
will in particular also lead to an explicit confirmation of the related group theoretical
discussion in [BJ.

The supercurrents for the plane-wave Landau-Ginzburg model described by (@) with
superpotential (2.9) are given by [R4]

GY = gu0 W +mlZ Gl = FgpdiZ Wy + myL 7 (A7)
Yo it i, 1 it i,
G1 = gnO+2"pyL T m2"Pl GL = FgnO+2"P1 +m2"P (A.8)

and lead to the conserved charges

1 2 iy -
Q+ = o ; do <g,~73iz]wi 4 mwiz]) (A.9)
2

Q. = dor (gry 00227 + 2! (A.10)

27 Jo

representing the A’ = (2,2) worldsheet supersymmetry. Using the identifications (R.§),

(49) and

V= =iy At =iy (A.11)

from (R.7), we for example deduce

1 2w _ e B _
Q= 1 /0 do <gija+zﬂ (n I”S) +mF (nrﬂs)) (A.12)
27
_n* I I3 I I
= 27T/0 do <8+x v S+ may HS) . (A.13)

Comparing this with the expressions for the dynamical spacetime supercharges derived
in [[[§], used here in the conventions of 3], we deduce

j% — Q= (), Oa. (A14)
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implicitly using the negative SO(8) chiralities of the spinors S, S. In a similar way one
expresses the remaining supersymmetries as linear combinations of the spacetime charges
as given in (R.10), (R-11)).

To relate this result to the discussion of section 5 in [23], we only have to note that
the condition (P.7) requires n to be the bottom state discussed in [BJ] whereas n* is the
corresponding top-state as established beforehand at the end of the last section.

B. Integrability

In this appendix we present some additional information about the integrable structure
underlying the plane wave theory. For the massive Ising model the higher spin currents
responsible for integrability were written down in [[f(] and are given by

Ti =9a 03000 Ony = —ga vLO4Y

7S —3 ) b ‘ o

Thi1= 9a wiaﬁng; 0 | =—gn %3&/}1 B.1)
by concentrating on the for a theory defined on S x R relevant cases.

The corresponding bosonic currents are found to be

T3, = g 047" 012" 65, 5= —mPgy OV FO

Ty, =g "2 0"z By, 5= —mPgs "' FO" 2 (B.2)

and the integrable currents for the plane wave theory are given by a suitable combination
of (B]) and (B.2). Appearing relative prefactors might for example be determined by
requiring the cancellation of separate normal ordering constants in (B.J]) and (B-J) in the
quantum theory.

Treating a free theory, there are nevertheless many different fluxes like (B.J). They
can for example be obtained by taking the parts along single real directions in (B.J) and
recombining them and various ways. This leads to additional conserved higher spin bulk
currents, but most choices are incompatible with the complex structure chosen in the
Lagrangian (P.1]).

Our decision to consider in particular the special combinations ({.19)—({.29) is espe-
cially based on the observation that these currents appear as limits of the highly nontrivial
higher spin currents of the N’ = 2 supersymmetric sine-Gordon model.

The first nontrivial higher spin currents for this theory were formulated in [, f]. In
the language of a Landau-Ginzburg model with superpotential

W = —2ig cos z + const (B.3)

they can be found in [[1§]. Reintroducing the standard parameter w and rescaling the
coupling constant to g — —23, the plane wave like theory with superpotential W = imz>

is obtained from (B.3) in the w — 0 limit.
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Using the higher spin currents as presented in [[[§] we obtain furthermore for the first
higher spin flux

T, i T

b= 2 (R 02+ 0., 20s) + ofu?) B4
0 g

w—22 =2 (—m28+2 (9+z — ZmQT,Z)Jr 6+¢+) + O(WQ)- (B5)

The formulas presented in (f.19) and (f.20) and correspondingly in ([£.21)) and ([£.22) differ
from (B4), (B.H) only in total derivative terms included to obtain manifestly real expres-
sions.

In the boundary theory the currents ([.19)-([£29) give rise to the conserved charge

Iy = / do (Ty+ Ty — 0y —0) — SO () + =P (1) (B.6)
0

with local boundary fields Zéi)r (t). The calculational strategy to determine these fields and
the corresponding differential equations for F, G and the boundary potential B is explained
in detail in [[[§]. We omit the details here and present only the explicit form of the boundary

current . (t) along the Neumann directions. It is given by
»O3)(t) = 4m?8,0,B='7" + 2m?;0;BZ'7 + 2m?0,0; Bz'2
+80;0;B0,2' 0,7 + 40,0;B0,%'0, % + 40;0; B0 2'0, 27
+6m2i0, 0" — 6im?G"_ 0", + 8i0,0" 9,6, — 80,000,
+amic’? (00,0, — 020,01) — 4mie™ (9,040, — 6:0.0_) . (B.T)

The conservation of a higher spin current like ([B.6) leads to strong evidence for the integra-
bility of the underlying field theory, but does clearly not constitute a proof. As mentioned
in section one might for the present model furthermore test the mode expansions and
commutation relations of section [] against the requirements derived in [ for an integrable
boundary theory. These are in particular the boundary Yang-Baxter equation, the unitarity
requirement and the crossing symmetry which relates the open string mode identifications
to the corresponding closed string gluing conditions by an analytic continuation in the so
called rapidity variable. We will not spell out the details here, but mention that the mod-
ings derived in section [] fulfil all the requirements presented in [[]. One might compare
this also with the treatment of the massive Ising model in [fl] and [24].

Finally, we want to comment on the number of boundary parameters in the La-
grangian ([..1) in case of integrable and supersymmetry preserving boundary conditions
along a single Neumann direction. From (p.19) and (f.20) in section | we have three real
parameters as obtained to first order in the bulk coupling constant for the A" = 2 sine-
Gordon model in [[]. For the sine-Gordon model a calculation taking into account all order
contributions reduces this number to a single boundary parameter as shown in [[§. In
the case of present interest, however, contributions leading to these additional constraints
vanish in the w — 0 limit, compare especially with the quadratic form of (5.2() in compar-
ison with the trigonometric boundary potential in [{, [[§] and the discussion in section 4.3

of [[[5].
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C. Quantisation

In this appendix we supply some details of the quantisation process omitted beforehand in
section [|. The required relations in the quantum theory are given by

2" (7,0),p°(1,7)] = 4mid"*6(0 — 7) (C.1)
[xr(770)7x3(77 6)] - (02)
[p"(1,0),p"(7,7)] = (C.3
for the bosons and
{wi(ﬂ o), b (T, 6)} = 216%5(0 — ) (C.4)
{ve(r,0),0" ()} = 2m0™6(0 — ) (C.5)
{s8.0) 00 (r7)} = (C6)

for the fermions, always understood to be evaluated for 0 < 0,7 < 7. Choosing appropriate
normalisations of the nonzero modes in the field expansions, the corresponding commuta-
tion relations take on the canonical form presented in section and p.2.1. The relations
for the zero modes are deduced from that by using the contour integral method sketched
in section [.3.

For the fermions along Dirichlet direction with a,b € D_ we have for example

{¢i(7’ o), ¢2_(7’, 5)} _ {¢a’ ¢b} e~ M(o+0) + Z eir(c—a) + 92 Z Czr :Zﬁb wr: Teir(a-i-E)

r#0 r#0 T m
S b\ —i(otT) ir(o—7) M (o47)
—{¢,¢}e +Ze +Zr—z’me (C.7)
reZ res
with
o iz(oc+o o ~ —m(oc+o
Z MM ir(ete) — j{ 28 ( i ) m__ —27Tmei (~ ) (C.8)
r—im c 1—e?mizz—im 1—e2mm
reZ
and
Z =) — 9r6(0c —7), 0<o,0 <. (C.9)

reZ

By using the zero mode anticommutators (5.17) one obtains from that the required re-

sult (C.4).

For the bosons along a Neumann direction we have analogously
[.%,1(7_7 U),pJ(T, 5)] —9 <_ [Pf, QJ} + |:Qf, PJ]> (gf)z _ erEi(0+5)

o . B ¥
w2igt 3 e Lgpld Y e I ()
reZ\{0} reZ\ {0} 7+ ib
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with

etz(o+a) , _4p B eb(o+7)

zr<o+o>r—ib:_y{d T e 11
rezze r+ib c FToemEs b 1— e (1)

From ([C.1) we deduce (5.37).

Finally, for a fermionic field spanning along a Neumann direction with I,J € N_ we

obtain the equation

(gf)z w2 _,_gf o

{wh(r.o), vl ()} = {v,0} e 12 Lyl 571 = o)
- ; 1 r—ab .
5IJ ir(c—o) _ -~6IJ il ir(c+o) 12
+ T%%e m %T—iﬁlr—i—ibfe (C.12)
with in this case
1 r—1b ; - 2rm m —b - 4mm b -
. ir(o+0) _ —m(o+7) b(oc+0)
Zmzr—imr—l—ibe 1—e*27fmm—|—b6 +1—e2”bb+me ’

reZ

confirming (5.39) and (F.4Q).

All other relations are either implied by the presented results or are established anal-
ogously.

References

[1] S. Ghoshal and A.B. Zamolodchikov, Boundary S matriz and boundary state in
two-dimensional integrable quantum field theory, |Int. J. Mod. Phys. A 9 (1994) 3841|
lhep-th/9306007.

[2] N.P. Warner, Supersymmetry in boundary integrable models, [Nucl. Phys. B 450 (1995) 663
[hep-th/9506064].

[3] R.I. Nepomechie, The boundary supersymmetric sine-Gordon model revisited, |Phys. Lett. B

509 (2001) 183 [hep-th/0103029.

[4] R.I. Nepomechie, The boundary N = 2 supersymmetric sine-Gordon model, |Phys. Lett. B

516 (2001) 376 [hep-th/0106207].

[5] S. Govindarajan and T. Jayaraman, Boundary fermions, coherent sheaves and D-branes on
Calabi- Yau, manifolds, [Nucl. Phys. B 618 (2001) 5( hep-th/010412§].

[6] A. Kapustin and Y. Li, D-branes in Landau-Ginzburg models and algebraic geometry,

12 (2003) 009 [hep-th/0210296].

[7] 1. Brunner, M. Herbst, W. Lerche and B. Scheuner, Landau-Ginzburg realization of open
string TFT, hep-th/0305133.

[8] N. Marcus and A. Sagnotti, Group theory from ‘quarks’ at the ends of strings, Phys. Lett. B

188 (1987) 58.

[9] N. Berkovits and V. Pershin, Supersymmetric Born-Infeld from the pure spinor formalism of
the open superstring, JHEP 01 (2003) 023 [hep—th/0205154].

,33,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA9%2C3841
http://xxx.lanl.gov/abs/hep-th/9306002
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB450%2C663
http://xxx.lanl.gov/abs/hep-th/9506064
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB509%2C183
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB509%2C183
http://xxx.lanl.gov/abs/hep-th/0103029
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB516%2C376
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB516%2C376
http://xxx.lanl.gov/abs/hep-th/0106207
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB618%2C50
http://xxx.lanl.gov/abs/hep-th/0104126
http://jhep.sissa.it/stdsearch?paper=12%282003%29005
http://jhep.sissa.it/stdsearch?paper=12%282003%29005
http://xxx.lanl.gov/abs/hep-th/0210296
http://xxx.lanl.gov/abs/hep-th/0305133
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB188%2C58
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB188%2C58
http://jhep.sissa.it/stdsearch?paper=01%282003%29023
http://xxx.lanl.gov/abs/hep-th/0205154

[10]

P.S. Howe, U. Lindstrom and L. Wulff, Superstrings with boundary fermions, JHEP 08§

(2005) 041 [hep-th/0505067).

[11]

[12]

[13]

J.M. Maldacena and L. Maoz, Strings on pp-waves and massive two dimensional field
theories, JHEP 12 (2002) 04 [hep-th/0207284)].

N. Berkovits and J.M. Maldacena, N = 2 superconformal description of superstring in
Ramond-Ramond plane wave backgrounds, JHEP 10 (2002) 059 [hep-th/0208099].

G. Bonelli, On type-II strings in exact superconformal non-constant RR backgrounds,

01 (2003) 065 [hep-th/0301089).

[14]

[15]

P. Baseilhac and K. Koizumi, N = 2 boundary supersymmetry in integrable models and
perturbed boundary conformal field theory, Nucl. Phys. B 669 (2003) 417 [hep-th/030412(].

T. Mattik, Integrability of the N = 2 boundary sine-Gordon model, . Phys. A 39 (2006 )

2389 [hep-th/0510099].

[16]

C. Ahn and M. Yamamoto, Boundary action of N = 2 super-Liouville theory,

69 (2004) 026007 [hep-th/0310046].

[17]

[18]

M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, A new maximally
supersymmetric background of IIB superstring theory, JHEP 01 (2002) 047
lhep-th/011024;

M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, Penrose limits and mazimal
supersymmetry, [Class. and Quant. Grav. 19 (2002) L87 [hep—-th/0201081].

R.R. Metsaev, Type IIB Green-Schwarz superstring in plane wave Ramond-Ramond
background, |[Nucl. Phys. B 625 (2002) 70| [nep—th/0112044];

R.R. Metsaev and A.A. Tseytlin, Fzactly solvable model of superstring in plane wave
Ramond-Ramond background, [Phys. Rev. D 65 (2002) 126004 [hep-th/0202109].

D. Berenstein, J.M. Maldacena and H. Nastase, Strings in flat space and pp waves from
N = 4 super Yang-Mills, JHEP 04 (2002) 013 [hep-th/0202021]).

J.M. Maldacena, The large-N limit of superconformal field theories and supergravity,

Theor. Math. Phys. 2 (1998) 231| [hep-th/971120(].

D. Sadri and M.M. Sheikh-Jabbari, The plane-wave/super Yang-Mills duality,

Phys. 76 (2004) 853| [hep-th/0310119];

J.M. Maldacena, Lectures on AdS/CFT, hep-th/0309246;
J.C. Plefka, Lectures on the plane-wave string/gauge theory duality, [Fortschr. Phys. 52

(2004) 264 [hep-th/0307101];

A. Pankiewicz, Strings in plane wave backgrounds, [Fortschr. Phys. 51 (2003) 1139
[hep-th/0307027];

R. Russo and A. Tanzini, The duality between IIB string theory on pp-wave and N =4 SYM:
a status report, [Class. and Quant. Grav. 21 (2004) S1265 [hep—th/0401158].

K. Skenderis and M. Taylor, Open strings in the plane wave background, I. Quantization and
symmetries, [Nucl. Phys. B 665 (2003) 3 [hep-th/0211011]; Open strings in the plane wave
background, II: superalgebras and spectra, JHEP 07 (2003) 004 [hep-th/0212184].

M.R. Gaberdiel and M.B. Green, The d-instanton and other supersymmetric D-branes in iib
plane-wave string theory, |Ann. Phys. (NY) 307 (2003) 147 [hep-th/0211127].

R. Chatterjee, Ezxact partition function and boundary state of 2-d massive Ising field theory
with boundary magnetic field, [Nucl. Phys. B 468 (1996) 439 [hep—th/9509071].

,34,


http://jhep.sissa.it/stdsearch?paper=08%282005%29041
http://jhep.sissa.it/stdsearch?paper=08%282005%29041
http://xxx.lanl.gov/abs/hep-th/0505067
http://jhep.sissa.it/stdsearch?paper=12%282002%29046
http://xxx.lanl.gov/abs/hep-th/0207284
http://jhep.sissa.it/stdsearch?paper=10%282002%29059
http://xxx.lanl.gov/abs/hep-th/0208092
http://jhep.sissa.it/stdsearch?paper=01%282003%29065
http://jhep.sissa.it/stdsearch?paper=01%282003%29065
http://xxx.lanl.gov/abs/hep-th/0301089
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB669%2C417
http://xxx.lanl.gov/abs/hep-th/0304120
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPAGB%2CA39%2C2383
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPAGB%2CA39%2C2383
http://xxx.lanl.gov/abs/hep-th/0510099
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C026007
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C026007
http://xxx.lanl.gov/abs/hep-th/0310046
http://jhep.sissa.it/stdsearch?paper=01%282002%29047
http://xxx.lanl.gov/abs/hep-th/0110242
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C19%2CL87
http://xxx.lanl.gov/abs/hep-th/0201081
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB625%2C70
http://xxx.lanl.gov/abs/hep-th/0112044
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD65%2C126004
http://xxx.lanl.gov/abs/hep-th/0202109
http://jhep.sissa.it/stdsearch?paper=04%282002%29013
http://xxx.lanl.gov/abs/hep-th/0202021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://xxx.lanl.gov/abs/hep-th/9711200
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=RMPHA%2C76%2C853
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=RMPHA%2C76%2C853
http://xxx.lanl.gov/abs/hep-th/0310119
http://xxx.lanl.gov/abs/hep-th/0309246
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C52%2C264
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C52%2C264
http://xxx.lanl.gov/abs/hep-th/0307101
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C51%2C1139
http://xxx.lanl.gov/abs/hep-th/0307027
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C21%2CS1265
http://xxx.lanl.gov/abs/hep-th/0401155
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB665%2C3
http://xxx.lanl.gov/abs/hep-th/0211011
http://jhep.sissa.it/stdsearch?paper=07%282003%29006
http://xxx.lanl.gov/abs/hep-th/0212184
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C307%2C147
http://xxx.lanl.gov/abs/hep-th/0211122
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB468%2C439
http://xxx.lanl.gov/abs/hep-th/9509071

[25]

Y. Hikida and S. Yamaguchi, D-branes in pp-waves and massive theories on worldsheet with

boundary, JHEP 01 (2003) 079 [hep-th/0210263].

K. Hori, A. Igbal and C. Vafa, D-branes and mirror symmetry, hep—th/0005241.

M. Billo and I. Pesando, Boundary states for GS superstrings in an HPP wave background,
[Phys. Lett. B 536 (2002) 121| [nep—-th/020302§[;
A. Dabholkar and S. Parvizi, Dp-branes in pp-wave background, [Nucl. Phys. B 641 (2002)

229 [hep-th/0203231].

M.R. Gaberdiel, M.B. Green, S. Schafer-Nameki and A. Sinha, Oblique and curved D-branes
in IIB plane-wave string theory, JHEP 10 (2003) 059 [hep-th/0306054].

K. Skenderis and M. Taylor, Branes in AdS and pp-wave spacetimes, |JHEP 06 (2002) 025
[hep-th/0204054].

O. Bergman, M.R. Gaberdiel and M.B. Green, D-brane interactions in type-IIB plane-wave
background, JHEP 03 (2003) 009 [hep-th/0205183].

M.B. Green, J.H. Schwarz and E. Witten, Superstring theory, Cambridge University Press,
Cambridge 1987.

K. Skenderis and M. Taylor, Properties of branes in curved spacetimes, JHEP 02 (2004) 03(
[hep-th/0311079.

C.-S. Chu and P.-M. Ho, Noncommutative D-brane and open string in pp-wave background
with B-field, [Nucl. Phys. B 636 (2002) 141| [hep-th/0203186].

K.-S. Cha, B.-H. Lee and H.S. Yang, A complete classification of D-branes in type-IIB plane
wave background, JHEP 03 (2004) 05§ [hep-th/0310177].

T. Mattik, Branes in the plane wave background with gauge field condensates, JHEP 06

(2005) 041 [hep—th/0501089].

B.-H. Lee, J.-w. Lee, C. Park and H.S. Yang, More on supersymmetric D-branes in type-11B
plane wave background, JHEP 01 (2006) 015 [hep—th/0506091]].

P. Bain, P. Meessen and M. Zamaklar, Supergravity solutions for D-branes in HPP-wave
backgrounds, |Class. and Quant. Grav. 20 (2003) 913 [hep—th/0205104;

P. Bain, K. Peeters and M. Zamaklar, D-branes in a plane wave from covariant open strings,
[Phys. Rev. D 67 (2003) 066001 [nep-th/0208039];

H. Takayanagi and T. Takayanagi, Notes on giant gravitons on pp-waves, JHEP 12 (2002)

01§ [hep-th/0209160Q];

J. Kim, B.-H. Lee and H.S. Yang, Superstrings and D-branes in plane wave, |Phys. Rev. D 6§

(2003) 026004 [hep-th/0302064;

A. Dabholkar and J. Raeymaekers, Comments on D-brane interactions in pp-wave
backgrounds, JHEP 11 (2003) 032 [hep—th/0309039].

L.F. Alday and M. Cirafici, An example of localized D-branes solution on pp-wave
backgrounds, JHEP 05 (2003) 006 [hep—th/0301253;
D. Sadri and M.M. Sheikh-Jabbari, String theory on parallelizable pp-waves, JHEP 06 (2003)

00§ [hep-th/0304169);

G. Bonelli, Matriz strings in pp-wave backgrounds from deformed super Yang-Mills theory,
[JHEP 08 (2002) 029 [hep-th/0205213;

M. Alishahiha, M.A. Ganjali, A. Ghodsi and S. Parvizi, On type-IIA string theory on the
pp-wave background, [Nucl. Phys. B 661 (2003) 174 [hep-th/0207037].

,35,


http://jhep.sissa.it/stdsearch?paper=01%282003%29072
http://xxx.lanl.gov/abs/hep-th/0210262
http://xxx.lanl.gov/abs/hep-th/0005247
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB536%2C121
http://xxx.lanl.gov/abs/hep-th/0203028
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB641%2C223
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB641%2C223
http://xxx.lanl.gov/abs/hep-th/0203231
http://jhep.sissa.it/stdsearch?paper=10%282003%29052
http://xxx.lanl.gov/abs/hep-th/0306056
http://jhep.sissa.it/stdsearch?paper=06%282002%29025
http://xxx.lanl.gov/abs/hep-th/0204054
http://jhep.sissa.it/stdsearch?paper=03%282003%29002
http://xxx.lanl.gov/abs/hep-th/0205183
http://jhep.sissa.it/stdsearch?paper=02%282004%29030
http://xxx.lanl.gov/abs/hep-th/0311079
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB636%2C141
http://xxx.lanl.gov/abs/hep-th/0203186
http://jhep.sissa.it/stdsearch?paper=03%282004%29058
http://xxx.lanl.gov/abs/hep-th/0310177
http://jhep.sissa.it/stdsearch?paper=06%282005%29041
http://jhep.sissa.it/stdsearch?paper=06%282005%29041
http://xxx.lanl.gov/abs/hep-th/0501088
http://jhep.sissa.it/stdsearch?paper=01%282006%29015
http://xxx.lanl.gov/abs/hep-th/0506091
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C20%2C913
http://xxx.lanl.gov/abs/hep-th/0205106
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD67%2C066001
http://xxx.lanl.gov/abs/hep-th/0208038
http://jhep.sissa.it/stdsearch?paper=12%282002%29018
http://jhep.sissa.it/stdsearch?paper=12%282002%29018
http://xxx.lanl.gov/abs/hep-th/0209160
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C026004
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C026004
http://xxx.lanl.gov/abs/hep-th/0302060
http://jhep.sissa.it/stdsearch?paper=11%282003%29032
http://xxx.lanl.gov/abs/hep-th/0309039
http://jhep.sissa.it/stdsearch?paper=05%282003%29006
http://xxx.lanl.gov/abs/hep-th/0301253
http://jhep.sissa.it/stdsearch?paper=06%282003%29005
http://jhep.sissa.it/stdsearch?paper=06%282003%29005
http://xxx.lanl.gov/abs/hep-th/0304169
http://jhep.sissa.it/stdsearch?paper=08%282002%29022
http://xxx.lanl.gov/abs/hep-th/0205213
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB661%2C174
http://xxx.lanl.gov/abs/hep-th/0207037

[39] M.B. Green and M. Gutperle, Light-cone supersymmetry and D-branes, |Nucl. Phys. B 476|
[ (1996) 484 [hep-th/9604091].

[40] A.B. Zamolodchikov, Integrable field theory from conformal field theory, in Adv. Studies in
Pure Mathematics 19 (1989).

[41] J. Polchinski and Y. Cai, Consistency of open superstring theories, |[Nucl. Phys. B 296 (1988)
[42] K. Kobayashi and T. Uematsu, N = 2 supersymmetric sine-Gordon theory and conservation
laws, [Phys. Lett. B 264 (1991) 107.

,36,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB476%2C484
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB476%2C484
http://xxx.lanl.gov/abs/hep-th/9604091
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB296%2C91
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB296%2C91
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB264%2C107

