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1 Introduction

The Penrose limit of the AdS5 x S® background in type IIB supergravity corresponds to a plane

wave solution [1],
ds® = —2da*dr~ — pPa?(dat)? + du,?, (1.1)
Fliiosa = Flisgrs = 24

This implies a correspondence between type IIB string theory in the plane wave background
(1.1) and N' = 4 supersymmetric Yang-Mills theory with large R-charge, in a sense as a part
of AdS5/CFT, correspondence. Since the background (1.1) is one of the very few Ramond-
Ramond backgrounds on which string theory is exactly solvable [2, 3], one may have a genuine
hope to explicitly check the conjectured AdS/CFT correspondence beyond the supergravity
approximation on the string theory side. Indeed Berenstein, Maldacena and Nastase [4] suc-
ceeded in reproducing the string spectrum from perturbative super Yang-Mills theory, thereby
putting the duality on a firm ground at the free theory level. Subsequent developments using
the super Yang-Mills theory [5]-[12] and the light-cone string field theory [13]-[21] showed that
the duality is still valid even after the interactions both on the super Yang-Mills theory side
and on the string theory side are introduced.

D-branes can be described by boundary states of closed string state. The symmetries that
the boundary state preserves are thus the combinations of the closed string symmetries that
leave the boundary state invariant. Recently possible D-branes in the plane wave background
(1.1) were identified and their supersymmetries were classified [22]-[30]. In particular, Skenderis
and Taylor showed in [28, 29] that, although the kinematical supersymmetry descending from
the closed string is totally broken on a D -brane [27, 30] (see section 2 for the definition of D_-
branes), a different kind of kinematical supersymmetry is nontrivially realized by incorporating
the worldsheet symmetries. We will study this kinematical supersymmetry too.

Since the plane wave background (1.1) allows a light-cone gauge choice and the string theory
in this background takes the simplest form in the light-cone gauge, the most straightforward
method for constructing the superstring interactions is to use the light-cone Green-Schwarz
formalism [2]. Since the original papers [31, 32, 33| on string field theory were using the
8-component spinors, SO(8) Majorana-Weyl spinors, it may be desirable to provide the su-
persymmetry algebra in this basis as a useful reference for string field theory calculation in
the plane wave, although detailed analysis had been done in [2, 3] for the closed string and
in [28, 29] for the open string using 16-component spinors, SO(9,1) Majorana-Weyl spinors.
Thus we will exhaustively provide the supersymmetry algebras for both closed strings and open
strings in the plane wave background using the 8-component spinors.

As is well known the spectrum of light-cone hamiltonian of plane wave superstring is dis-
crete. As analyzed in [34] recently, the super Yang-Mills theory in a four-dimensional plane



wave background has also a discrete spectrum of light-cone energy operator, so expected to be
most appropriate for establishing a precise correspondence with plane wave superstring and for
studying the holographic issues of the duality. Since the plane wave super Yang-Mills theory
is the low energy worldvolume action of probe D3-branes in the plane wave background (1.1)
and is the ground-state sector of the open string field theory which also has a discrete energy
spectrum, it is plausible that the plane wave super Yang-Mills theory including interactions
can be captured by the open superstring field theory defined on the probe D3-branes [35].
Furthermore the open-closed string duality [25, 30], being, probably, an underlying principle
of AdS/CFT duality, implies that the open string field theory possibly reproduces the corre-
sponding results of closed string field theory. For this purpose it will be useful to explicitly
construct the supersymmetry algebra for the open string in the plane wave background (1.1)
using 8-component spinors mostly used in the light-cone string field theory [31, 33].

This paper is organized as follows. In Sec. 2, we discuss the canonical quantization of
superstrings in the plane wave background and present the mode expansions of open strings
compatible with boundary conditions. In Sec. 3, we first analyze the supersymmetry algebra of
closed string to provide its explicit expressions in terms of 8-component spinors. We find that
the supersymmetry algebra distinguishes the two SO(4) directions with opposite sign consistent
with the Z; symmetry of the string action [18]. We derive conserved supercurrents for all half
BPS D-branes preserving 16 supersymmetries in the type IIB plane wave background and
exhaustively provide the mode expansion of symmetry generators and supersymmetry algebra
for half BPS D-branes, including D-branes with worldvolume flux which were not studied in
[28, 29], using 8-component spinors. In Sec. 4, we briefly review our results and address some
other issues. In Appendix A, we explain our notations and definitions and give useful formula
used in this paper. In Appendix B, we provide some technical details on (anti-)commutation
relations for D, -branes. In Appendix C, we present how the kinematical supersymmetry of
D -brane can be derived from the open string mode expansion.

2 Canonical Quantization of Superstrings in Plane Wave

The Green-Schwarz light-cone action in the plane wave background (1.1) describes eight free
massive bosons and fermions. In the light-cone gauge, X = 7, the action is given by

=1 /d /Wﬁd [la X0 X) — Sp2X2 — iS(pA0, — ms|  (21)
= naipt 7'0 Ol50+A10-Ar =g Ap = (p 04— [t .

where 0y = 0, + 0,. Our notations and conventions are summarized in Appendix A. In this
paper we will take @ = o/p™ for closed string and o = 2a/p™ for open string. We take the spinor
S as eight two-component Majorana spinors on the worldsheet ¥ that transform as positive



chirality spinors 8, under SO(8)":

Sla _
S = ( 2 ) ;o Se=59T, (2.2)

. [0 -1 ., (01
p_(1 0)’ p_(1 0)' (2:3)

The presence of I in the fermionic action breaks the symmetry from SO(8) to SO(4) x SO(4)'.
The equations of motion following from the action (2.1) take the form

where

0, 0_XT+ 12X =0, (2.4)
0, 8" — ulls? =0, 0_S% + ulls' = 0. (2.5)

2.1 Closed string

First we analyze the closed string case. Detailed analysis using 16-component spinors had
been done in [2, 3] for the closed string and in [28, 29] for open strings. We will instead use
8-component spinors as in the original papers [31, 32, 33| on string field theory. This will be a
useful basis for light-cone string field theory and for open string analysis.

The general solutions to Egs. (2.4) and (2.5) for the closed string are found to be?

I
1
X! (0,7) = cos prad + sin pr 2+ 3" —(pk(0, )] + @2 (0, 7o), (2.6)
n#0 N
S'(0,7) = cos pur Sy + sin prILSE + D eoly (0, 7) S, + ipnipy (0, T)ILS}),
n#0
S%(0,7) = cos ur S5 — sin prILSg + Y ca(7(0, 7)) = ipnipy (0, TIIS,),  (2.7)
n#0

where the basis functions p}?(o, 7) are defined by

n i

QO&L(O', 7_) _ e—i(wnT—EU)’ 80121(0_7 7_) _ e—i(wnT-i-ﬁO') (28)

and

n - 1
wy, = sgn(n) V pr+nt/a?, p, = wfn/\od) Cn = \/ﬁ (2.9)
Pn

IThe spinors S4 are two SO(8) Majorana-Weyl spinors satisfying the light-cone gauge. These spinors can

be obtained by the original SO(9,1) Majorana-Weyl spinors #4 satisfying yt64 = 0, fixing the x-symmetry.
As in (A.12), the fermionic light-cone gauge can be solved by taking 54 = —1~T5764.
2In our following analysis the mode expansion of string fields will be performed for real fields. Thus the

reality of the field requires that & = ¢_,, for any bosonic or fermionic n-th mode &,.



For canonical quantization let us introduce the canonical momenta

X'0.7), PYo,1) = —— Mg 1), (2.10)

27|l

where X7 = %—x:. After removing the second class constraint in the fermionic part by introducing

the Dirac bracket, we get the following equal-time quantum (anti-)commutation relations

(X1(o,7), X7 (0, 7)] = i2x|a|6"6(0 — &), (2.11)
{S4%(5,7), 8P’ 7)} = 76?685 (0 — o). (2.12)

The above quantization gives the (anti-)commutation relations for the modes in (2.6) and (2.7):

1

[z, pd] = 6", [0l !B = iwn5m+n705”5AB, (2.13)
1

{0 St = 0nim 008", (2.14)

2.2 Open string

Now we will discuss open strings living on a D-brane in the plane wave background (1.1).
Here we consider only static D-branes for simplicity. To describe a Dp-brane, we impose the
Neumann boundary conditions on (p — 1) coordinates and Dirichlet boundary conditions on
the remaining transverse coordinates:

9, X" |ox = 0, (2.15)
- X" |9 = 0. (2.16)

For the fermionic coordinates, the appropriate boundary condition [36] is
Stz = QS?|ox. (2.17)

It turns out [28, 29, 30] that in the plane wave background there are two classes of maximally
supersymmetric Dp-branes, depending on the choice of €:

D_:TQIQ = -1, D, :TQIQ = 1. (2.18)

The boundary conditions, D, in (2.18) together with the fermionic equations of motion, (2.5),
imply [28] that

D_: 0,8 5x = —Q0,5% |55, (2.19)
Dy 0,592 = (—Q0,5% + 2uI1S?)|os. (2.20)



The boundary condition for X~ is determined by the Virasoro constraint
9,X = 0. X'9, X" - %(Slmsl — 5§%0_5?), (2.21)

from which one can see that the X~ coordinate must satisfy the Neumann boundary condition
for both classes in (2.18).

Here we list the allowed choices for € consistent with each constraint in Eq. (2.18). For
D_-branes, there are the following possibilities [23, 24, 28, 30] (for the notation used below, see
Appendix A):

D5:(m,n) = (3,1), (1,3), (2.22)

D1: (m,n) = (0,0),
D3: (m,n) = (1,1),
D5: (m,n) = (4,0), (2,2), (0,4), (2.23)
D7:(m,n) = (3,3),
D9 : (m,n) = (4,4)

The quantization of open strings on D_ and D, branes is defined by the following equal-time

quantum (anti-)commutation relations
(X1(o,7), X7 (0, 7)] = im|a|6"6(c — o), (2.24)
(549(q, 7), SP(o', 1)} = %W|a|5“b5‘435(0 _ o). (2.25)
For an open string, we have the boundary conditions on the fields, Eqgs. (2.15)-(2.17). These

boundary conditions will be incorporated in the mode expansion of the fields.

2.2.1 D_-brane

We first discuss the quantization of open strings on D_-brane. The mode expansion of the
bosonic coordinates satisfying the boundary condition and the equation of motion is given by

‘s
1 .
X"(o,7) = cos purx( + sin w‘@ +1Y —ale " cos E,
n#0 “n ||
/ ’ 1 ’ s
X" (o,7) =2y (0)+ Y —al e Tsin n_a’ (2.26)
n#0 Wn |Oé‘
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where the zero mode part, :L’g’(a), represents a D-brane position located either at the origin or

away from the origin and is given by

r 1.7" o alr—o
o (O') = m(eu + 6“(‘ | )> (227)

Similarly the mode expansion of the fermion is found to be

S'(o,7) = cos urSo — sin uT LSy + Y _ ca(ipn (0, T)QS,, + ipnipr (o, 7)ILS,,),
n#0

S*(0,7) = cos uTQ"'Sy — sin purILSy + > ¢ (2 (0, 7)Sn — ipnipn (0, T)IINS,,). (2.28)
n#0
One can check that the mode expansion (2.28) satisfies the boundary condition (2.17) and
(2.19) as well as the equation of motion (2.5).
The commutation relations for the modes in Eqs. (2.26) and (2.28) are determined by the
field quantization in (2.24) and (2.25) to be respectively

Loy Pol = 1 3 o, = WnOm+n,0 P .

0] = id"* Lol Smin00’ 2.29
1

{82 801 = 15”’”705@’ (n,m € Z). (2.30)

2.2.2 D,-brane

The mode expansion of the bosons is exactly the same as the D_-branes, Eq. (2.26), and for

the fermions we find that

S'(0,7) = cosh poSy + sinh po LSy + > cu(ep; (o, 7)S, + ipnl (o, 7)IIS,),

n#0
S%(0,7) = cosh uaQ"'Sy + sinh uoTlSy + > ca(p2 (0, 7) Sy — ipnipr (0, 7)ILS,), (2.31)
n#0
where |
~ n .
S, = w—n(mQ —ipIT) S, (2.32)

One can check that the mode expansion (2.31) satisfies the boundary conditions, Eqs. (2.17)
and (2.20), as well as the equation of motion, Eq. (2.5). For the D -branes, the zero modes
of the fermions depend on the worldsheet space coordinate o, and so there is no direct relation
with the zero modes of the closed string [28].

The anti-commutation relation of the modes for D, -branes is not trivial and some technical

details are given in Appendix B:

Tl

a by _ ab o ab
{55, 5.} = Tsinh mplal (5 cosh u|a| — (21I) s1nh7w|a|), (2.33)
1
{82 St} = Z(snm,o(sab, (n,m # 0). (2.34)



Note that the result (2.33) has the correct flat space limit, y — 0, including coefficient. Using
the relation (2.32) for the nonzero mode S, the following anti-commutation relations can be
derived from Eq. (2.34):

o 1
{80,580} = JOnemod™,  (nm #0), (2.35)
~ 1 /n ,
{SZ, an} = E(mgab — Z,LLHab) 5n+m’0. (236)

As shown in next section, for the D5-branes of type (4,0) or (0,4) to be supersymmetric, a
nontrivial flux of gauge field is necessarily turned on in the worldvolume. The inclusion of the
gauge field corresponds to the addition of the following boundary term

Sp— — / ar [ gorro,xr = drXTX" (2.37)
B oralpt T/o ’ 7 Adnalpt Jos T ’ '

where the Born-Infeld flux F'~" is given by
F7=uX". (2.38)

This affects the Neumann boundary condition and the appropriate boundary condition turns
out to be [30]
05 X" |ox = pX" oz (2.39)

The boundary coupling in Eq. (2.37) is indeed generated by the superpotential in the N' = (2, 2)
worldsheet supersymmetric theory [27]. The mode expansion of the Neumann coordinates
X"(o,7) is then given by

27 | ) n . no
X r L e Y e T Ho r Wn T
(o,7) c2malal _ (g + poT)e!” +i nééo —wn(n — wm‘)ane COS —|a‘

nzo Wn(n —iplal) o]’

The commutation relation between the modes is given by Eq. (2.29) as usual. See Appendix
B for the derivation.

3 Supersymmetry Algebra in Plane Wave

We now study the basic symmetry algebra of the light-cone superstring in the plane wave de-
scribed by the action (2.1). The thirty bosonic symmetries are generated by the ten translation
generators, P~ = H, P*, P! the eight boost generators, J*, the six SO(4) rotation gener-
ators, J¥, and the six SO(4) rotation generators, J*7". There are also 32 supersymmetries.
In the light-cone gauge the 32 components of the supersymmetries decompose into ‘dynamical’

7



and ‘kinematical’ components. The dynamical supercharges, Q;A, commutes with the light-
cone hamiltonian, but the kinematical supercharges, Q4, for closed strings and D_-branes do
not due to a fermionic mass term. However we will show that all supersymmetries commute
with the hamiltonian for D -branes since the fermionic mass term identically vanishes.

Using the N6ther method, the symmetry generating charges can be obtained from conserved
currents. For the superstring in the plane wave background described by the action (2.1), the
super-Nother charges were obtained by Metsaev [2]:

1 orallpt]
Pt =pT, Pl = 5o +/ da(XIcosu7‘+uXISiin), (3.1)
ma'pt Jo
optH = / e dg[l(XQ + X7+ p2X3) +iS454] (3.2)
2ral/pt Jo 2 ! ! ’ '
1 et X
JH = / do (2= sin pr — X7 3.3
5o o a( . sin pr cos,uT), (3.3)
y 1 2ma! |pt| . . i g
U= do|(X'X7 — XIX1) — —5444 54 4
el [ ) - 5549954, (3.4)
il 1 27ra’\p+\ il il i’ il ’l A i oA
g = 2m/p+/0 do[(X" X7 = X7 K1) = 254 5], (3.5)
It 27 |p )
Qr = i / doe" ™ (S' 1 iS?), (3.6)
ma'pt Jo
_ It 27 |p| .
Q=5 an / doe= T (S1 — §5?), (3.7)
ma'pt Jo
S = / el do(0_X"7'S" — X1y T1S?), (3.8)
2ma’pt Jo
/2p+Q—2 _ ; /27ro/lp+| dO’(a+XI’YIS2 + ,uX]’}/Iﬂsl) (39)
2ma’pt Jo ’

where X} = %.
In the light-cone formalism, the generators of the basic superalgebra can be split into the
kinematical generators
propPLogt o gus g QR QF, (3.10)
and the dynamical generators
H, Q7' Q% (3.11)
Note that the kinematical supersymmetry generators have SO(8) positive chirality while the
dynamical supersymmetry generators have SO(8) negative chirality. The kinematical genera-
tors P+, PI, J*1 QF, QF depend only on the zero modes since they are effectively linear
in fields. Now we will study the supersymmetry algebra of the symmetry generating charges,
(3.1)-(3.9), for the closed and the open strings, using the mode expansion given in the previous

section.



3.1 Closed string

Using the mode expansion in Egs. (2.6) and (2.7), we get
Pt=pt, Pl=pl, J=—zlpt (3.12)
QF =/2pH (S5 +1i57) = \/2pT Sy, QF = \/2pt(Sy —iSE) = /2ptS; . (3.13)

The rotation generators J/7 = (J¥ € SO(4), J'" € SO(4)") are given by

—n n —-n n

—n n
w20 - Wn 2

1
g — xépg N zgp(l) . 55«647[JSA Z{ Al oA — oA, AI) + = SA IJSA}. (3‘14)

For the dynamical generators, we have

1
2T H = o (py; + i) + 2ipSg 1S3 + 3 {oan! + w451 (3.15)
n#0
)
V20 Q7! = pory' Sy — parory TISE + 23" {eaal 4] + ﬁagﬁ[ﬂ&%}, (3.16)
n#0 nWn
)
\V20TQ ™% = pory' S3 4 paery 1S, +22{cn 2 ATs2 ﬁalfnvlﬂ&ll}. (3.17)
n#£0 nWn

Now, from Egs. (3.12)-(3.17), it is straightforward to derive the supersymmetry algebra
of the closed string in the plane wave background [3] using the (anti-)commutation relations,
(2.13) and (2.14). (Or one can directly calculate it from the super-N&ther charges, Eqgs. (3.1)-
(3.9), using the (anti-)commutation relations, (2.11) and (2.12).) Here we will present only the
non-vanishing (anti-)commutation relations involved with odd generators, @Q* and Q* = (Q*)T,

where () :Qa +ZQ(1 and Qa :Qal - Qa2- 3

[Jij’ Q:I:] _ %.,yijQ:I:’ [Ji’j” Q:I:] _ %.,yi’j’Q:l:’ (318)
Q7] = —ileﬂ (3.19)
[P1,Q7] = 5 +71HQ+ [H, Q] = —QP%HQﬂ (3.20)

together with the commutators that follow from these by complex conjugation and

{QF, QF} = 62PT, (3.21)
{QF,Q;) = %{apfﬂp (TIy") ga S, (3.22)
(Qi,Q; } = 8,2 — i Pt T 2;; (/91D ;7. (3.23)

3For the commutation relations between even generators, see [2, 3].



The supersymmetry algebra (3.23) is particularly of importance in describing string interactions
in light-cone string field theory formalism [13]. Note that the supersymmetry algebra in (3.23)
distinguishes the two SO(4) directions with opposite sign.* This sign flip may be read off from
Eq. (2.13) in [2] or Eq. (2.59) in [3] since I1;; = —II; in the space with SO(8) negative chirality
as explained in Appendix A. The dynamical supersymmetry algebra in Eq. (3.23) is consistent
with the Z; symmetry which interchanges simultaneously the two SO(4) directions [18]

Zy (2, 2%, 2% at) « (2,25, 27, 2%). (3.24)

This should be the case since the worldsheet string action (2.1) and the hamiltonian H are
Zy invariant. Indeed the plane wave supergravity spectrums in [3] explicitly respect this Z,
symmetry (see also footnote 2 in [18]). The presence of the relative sign in Eq. (3.23) is different
from [13, 20] although these parts are not corrected by the interaction, so do not affect their

results.

3.2 Open string

In the presence of D-brane of type (m, n) in the plane wave background (1.1), the symmetries of
open string on the D-branes are further broken by the boundary conditions of the open string.
First of all, the translation and the boost to the transverse directions of D-brane, generated by
P and J*"', are no longer the symmetries of open string modes. Furthermore the rotational
symmetry SO(4) x SO(4)" is more broken to SO(m) x SO(4—m) x SO(n) x SO(4 —n). Thus
we will get J™' = 0 as expected.’

The supersymmetry breaking is more complicated depending on a specific boundary con-
dition, that is, Dy boundary conditions. It was shown in [28, 29] that D_-branes preserve 8
kinematical and 8 dynamical supersymmetries and D, -branes preserve 8 kinematical super-
symmetries regardless of location. However, it was conjectured in [30] that, among D, -branes,
D1-branes and D5-branes of type (4,0) or (0,4) only preserve 8 dynamical supersymmetries.
Here we will give a worldsheet derivation for this conjecture.

Since the open string action is just defined by the closed string action imposed the open
string boundary conditions (2.15) and (2.17), the super-Nother charges of an open string will
be given by a subset of the symmetries of the closed string action which are compatible with
the open string boundary conditions. Due to the boundary condition (2.17), it turns out that

4In order to derive Eq. (3.23), one may use the formula, (A.14), (A.17), and (A.19). The relative sign is

indeed due to Egs. (A.17) and (A.19).
SHowever, the translation and the boost generated by P and J*" are still the symmetries of the action (2.1)

and the isometry of the target spacetime. Thus the symmetry transformation by the broken generators, P and
JT" as well as J ”/, results in new D-branes, symmetry related D-branes, which are in general time-dependent

branes. See [28, 29] for a detailed discussion on the symmetry related D-branes.
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the conserved dynamical supercharge is given by the combination

¢ =Q7-Q"Q™, (3.25)
or equivalently,
¢ =Q ' -QQ2 (3.26)

Using the equations of motion, Eqs. (2.4) and (2.5), it is not difficult to show that the dynamical
supercharge density ¢ in Eq. (3.25) satisfies the following conservation law

dq; _  0Oq;
or 0o’

(3.27)
where
¢ = & (0-X"7"Q" + pX"y ) (S" = Q8?) — (0. X"y Q" — pX"y"T)(S" + QS?)
—0, X"y Q" (S" + Q%) + 9, X"y Q" (S — Q5%)) (3.28)

for D_-branes and

@@ = 2],%(‘(30X’"7’"QT — pX IS+ QS8%) + (9, X777 QT + p X"y (S - QS?)
+0. X"y QT (S - Q8?) - 9, X"y Q"(S" + Q5?)) (3.29)

for D, -branes. The open string boundary conditions, (2.15) and (2.17), imply that, in the case
of D_-branes,

2 ! !
Gy o =y FM(XT YIS o, (3.30)

while, for D, -branes,

2
q; lox = 1/};(80XT7TQTSI — ,uXW"HSl)\aE. (3.31)

Thus, in order for the dynamical supercharge ¢q= = ﬁ [dog; in Eq. (3.25) or Eq. (3.26) to
be conserved, the Dirichlet coordinates of D_-branes should satisfy

X"|ox =0, Vo (3.32)
and the Neumann coordinates of D, -branes should satisfy
(0, X"QFS" — uX"IISY|pe =0, V. (3.33)

One can see from Eq. (3.32) that D_-branes located at a constant transverse position z
superficially appear to break all dynamical supersymmetries, and the violating terms vanish

11



when the transverse position is set to zero, #5, = 0. However it can be shown [28] that the
broken dynamical supersymmetries can be restored by incorporating a worldsheet symmetry
realized in the action (2.1). We will explain along the line given in [28] how to use the worldsheet
symmetry to restore the dynamical supersymmetry.

The superstring action (2.1) in light-cone gauge is quadratic in the fields. This peculiar
property implies that it is invariant up to boundary terms under a shift of the field by a
parameter that satisfies the free field equation. For definiteness, let us consider an arbitrary
shift of the fields

§X (o, 7) =n(o,1), 6S4(0,7) = (o, 7). (3.34)

Under the transformation, the action (2.1) changes as follows

55 = -1 /d /zmwd (Xf(a o_n' + uPn’) +2iS(p*0a — H))
= o ] T o LO_n + o iS(p”0a — pll)e
. 1 Iag I | ol 1 0,2
e /a . dr(X'0,n" +iS' (e — Q). (3.35)

For open strings, we can get a new symmetry corresponding to the shift of the fields, Eq. (3.34),
if the parameters ' and € satisfy the free field equations

8,0_n" + pn' =0, (3.36)
(pr9, — pll)e = 0, (3.37)

as well as the following boundary conditions 6

9o ox = 0, (3.38)
0-n" |os = 0, (3.39)
61‘32 = 962‘32. (340)

Note that both the equations of motion and the above boundary conditions are identical to
those satisfied by the original fields. For closed strings, the transformation (3.34) is just a
trivial field redefinition.

This mechanism can be used to restore the broken dynamical supersymmetry of D_-branes
located away from the origin. In this case one can combine a closed string transformation with
a transformation of the form (3.34) to obtain a good symmetry of the open string. In this way
one can find modified transformation rules by the use of worldsheet symmetries that lead to
a conserved charge [28, 29]. Taking into account the extra worldsheet symmetry, the on-shell
conserved current is actually the same as the current for the brane at origin, but with X" (o, 7)

6For D5-brane case with the boundary term (2.37), the boundary variation for Nuemann coordinates is

shifted as 9,n" — 9,n" — un" and the boundary condition is instead 9,1 |sx = un"|oxs.
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replaced by (X" (0,7) — a2, (0)) where xj; (¢) is given by Eq. (2.27). Thus the corresponding
charge expressed in terms of oscillators is exactly the same as that for the brane at the origin.
This immediately implies that the supersymmetry algebras are also the same.

On the other hand, one can not use the worldsheet symmetry to restore some apparently
broken dynamical supersymmetry of D, -branes since the symmetry breaking terms are now
involved with Neumann coordinates as seen in Eq. (3.33).” Only special classes of D, -branes
allow the condition (3.33). These are D1-branes in which, by definition, X" = 0 for all  and D5-
branes of type (4,0) or (0,4) with the Born-Infeld flux (2.38) where Q7 S! = I1S'. Remaining
D, -branes can not satisfy the condition (3.33) and thus the dynamical supersymmetry is not
conserved.

Let us decompose a generic field ¥(o, 7) into a zero mode part Wy(o, 7) and a non-zero mode
part \Tf(a, 7). As one can see from the explicit mode expansions in Sec. 2, the zero mode part
Uy (0o, ) separately satisfies the field equations, Eqs. (2.4)-(2.5), and the boundary conditions,
Egs. (2.15)-(2.17). Similar consideration applied to Eq. (3.35) thus leads to

S (o,7)] = S[\ff(a, 7)]. (3.41)
Since we are interested only in the on-shell values of super-Nother charges, Eq. (3.41) implies
that a Nother charge J¢ can also be decomposed into a zero mode part J§ and a non-zero mode
part jG, that is J¢ = J§ + JG. In particular the super Nother charges JC can be obtained
by applying the same Nother method to S[¥(c, )], which just gives the same expressions with
replacement, W(o,7) — W(o,7). After we isolate zero mode parts in this way which possibly
contain non-periodic functions, we can apply a periodic doubling of open strings [37] for the
remaining non-zero mode parts since they contain only periodic functions. The doubling trick
will be useful in the actual calculation.

3.2.1 D_-brane

In order to derive the super-N6ther charges in terms of open string modes, we will use a proper
doubling of the interval [0, 7||] to [0, 27||], as done in [23], such that all the classical solutions
satisfy the open string boundary conditions for the interval [0, w|a|] and periodic boundary
conditions for [0, 27|«|]. The hamiltonian H for a D-brane located away from the origin does
depend on the Dirichlet zero modes 936/(0), so we first isolate the part, denoted as AH, for the
reason explained above and directly calculate it:

1 el
WHAH = —/ do (/2 + a2 ),
p 271'0[ 0 O-(xOT :u 07‘)

T O
poemhlel — 11’2
- - . - /.
o emlol 4170

"An essential difference between a Dirichlet coordinate X T,(U, 7) and a Neumann coordinate X" (o, 7) is that

(3.42)

XTI|32 at boundary depends only on zero modes :1:6/, but X" |gs does on all modes, as proved by Eq. (2.26).
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For remaining parts, we will use the doubling trick.
It is then straightforward to get the expressions of the super-Nother charges in terms of the
mode expansions in Eqgs. (2.26) and (2.28). The result is [23]

Pt =pt, P=p) JT=—xpp", (3.43)
QT =/2pt(14+iQ")S,, QF = \/2p+(1 — Q") Sy, (3.44)

JS = alpt — aiph — 1S9y Sy — i Z{ 5o (a0 —aa0) + S_aV"Su},  (3.45)
n#0 n
J' = —iSy" Sy — i Z{2wn o af —af o)+ S_y Sn}, (3.46)

n#0

1
29" H = 29" AH + 5 (ph, + paf,) — 2uiSoQT1S, + Z{Qa o) + 2wnS_pSn }, (3.47)

—nn
n#0

V20 TQ ™ = piy"So + pahy QLS — Z{cnal_nQVISn — ﬁal_nWIHSn}, (3.48)

T 2¢,Wwy,
V2 Q2 = gy QT So + pay TSy + Y- {ena! 7S, — %al_ LQTYIIS, ), (3.49)
A0 nWn

where J™ € SO(m) or SO(n) and J™* € SO(4 —m) or SO(4 —n). Note that Q* and Q% as
well as Q7! and Q2 are not independent of but are related to each other since

QT+ QT +iQUQT-QT) =0, Q'+QQ%=0. (3.50)

Thus we take the following independent supercharges, which are preserved supersymmetries for
D_-branes as shown before,

- %(cf +QF —iQT - QY)) =2y/2p* Sy, (3.51)
= 2-0fQ =202 (3.52)

Similarly we present only the non-vanishing (anti-)commutation relations involved with the

odd generators, ¢*:

/Z: 1! 7/ 1!
[Jrs’q:t] — 5,}/rsq:l:j [J?" s ’q:t] — 577" s q:I:7 (353)
i
] = 520 (3.54)
roo =1 _ T +1 __ K +
[P"q7] =~ 2+7Hq , [H,Q]—Zzpjﬁﬂq : (3.55)
{5, a5} = dw2PT, (3.56)
a0} = ()P = (0 ), (3.57)



— — ILL T8 T S
{qa ’qb } = 5ab2<H - AH) 2p+ ((fyl HQ)abJ (7] HQ)abJ )

2;; ((VHHQ)abJITIS + (7 TI) 43 T3 )v (3.58)
where Jr* € SO(m), J;* € SO(4 —m), Jis € SO(n), and Ji € SO(4 — n). Note that the
open string supersymmetry algebra in (3.58) also distinguishes the two SO(4) directions with
relative sign. The supersymmetry algebra (3.58) shows that the BPS bound is saturated by
the states with energy AH. This implies that the brane located away from the origin does not
tend to move towards the origin [29].

3.2.2 D,-brane

As identified by Skenderis and Taylor [28, 29], the open strings on D -brane preserve a different
kind of kinematical supersymmetries not descending from the closed string. ® The conserved
Nother current is

¢ =\/2pt #7% erlo=gmle (gl 4 )62y, (3.59)
It is simple to check that
a;f + %qf —0, (3.61)
using the equations of motion (2.5) and that
a5 lox = 0. (3.62)

This together with the current conservation implies that the charge

1 el
+ - —/ do g (3.63)
m|al Jo

is conserved and in particular all non-zero modes cancel against each other. In Appendix C, we
will directly derive the kinematical supercurrent (3.59) from the open string mode expansion.

Using the expression for the supercharges of closed string, Eqs. (3.8)-(3.9), we showed
that half of the dynamical supersymmetries are preserved by D1-branes and D5-branes of type
(4,0) or (0,4) only. For the supersymmetric D, -branes, the {2 matrices in Eq. (A.16) are the

following;:
D1-brane of type (0,0) : Qup = 6ap, Q= 0,4, (3.64)
D5-brane of type (4,0) : Qqp = Hgp = 1L, Qg =, = =11, (3.65)
D5-brane of type (0,4) : Qqp = I}, = Iy, Qg = I, = —11,;. (3.66)

8We thank K. Skenderis and M. Taylor for related discussions.
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Since the nature of the mode expansion depends sensitively on the particular branes on
which the open string terminates, we will discuss the supersymmetry algebra case by case. First
we will discuss D1-brane. Since the mode expansion of bosonic fields in this case is exactly
the same as that of D_-branes except for X" (o,7) = 0, it is sufficient to newly calculate the
fermionic parts only. Using the methodology mentioned in Eq. (3.41), it is straightforward to
calculate the hamiltonian for D1-brane and the result is

20t H = 2pTAH + Z{ ol ol +2w,S5_,8, } (3.67)

n#0
Note that the open string mass term, SyQ211Sy, is absent, so the ground states form a degenerate
supermultiplet while the ground state of the open string for D_-brane is an unmatched boson
due to the mass term. Similarly, one can obtain the mode expansion for the rotation generators:
J = —iSgy"*' Sy — i Z{ (o af —a® o)+ S_nvrls/Sn}, (3.68)

n#£0 Wn

where Sy is defined by Eq. (C.3) and their anti-commutation relation is given by Eq. (C.4).

The conserved dynamical supersymmetry is given by (3.25) and, in the case of D1-brane, it

is of the form

V2rteT = 2t Q7P -Q7Y)
1 7| .
- / do (X (8% = V) + X9/ (8" + 5%) + pX ' TI(S" + 52)).(3.69)
m|al Jo

This expression coincides with [28, 29, 30]. The explicit mode expansion of the supercharge
(3.69) is then found to be

B 2tanh Zplal o 5
2ptq” = 2u|——2—x7" So
Tl

’ ’ ~ Z/,L ’ ’
+7§0(c 0%, (S + 50) = 5 —al oI ) (3.70)

Note that the dynamical supersymmetries in this case are preserved regardless of transverse
location [28].
The supersymmetry algebra for D1-brane is closed where P™ = J*" = 0 identically:

1! 7; ! !
e =5 (3.71)
[H,¢*] =0, (3.72)
{400} = du2P™, (3.73)
2 tanh Zulaf
{qa ’qa } 2 +\l |Oé|2 0 aa> (374)
{69, = 0a2H. (3.75)
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Now we will consider the D5-brane of type (0,4) for definiteness which presumably represents
the Penrose limit of a baryon vertex (the (4,0) brane can be treated similarly). In this case the

boundary term (2.37) contributes to the hamiltonian which is now given by

1 grlel 1., 1 1. :
o H = — / do—[—Xf + (0, X, — uX,)? 4+ = (X2 + X2+ 12X2) + z’SASA] (3.76)
m|al Jo 2 2 2

Since the mode expansion in this case is essentially the same as the case of D1-brane except for
the Neumann coordinates, X" (o, 7) in Eq. (2.40), it is sufficient to newly calculate the parts
involved with the Neumann coordinates. The result for the hamiltonian is

1
20 H = 2pTAH + 2p0T + Z{2a_nan + 2w, S_n S, } (3.77)

Similarly, for the rotation generators, we get
& rsa - 1
J" = xgpy — xopy — 1507 " So — @ Z{T(a’"_naf; —ao’ o)+ S_,ﬁ”Sn}, (3.78)
n#0 n

J" = —iSey"¥ Sy — i Z{ (a” af —a o) + S_n”yrls/Sn}. (3.79)

n#0 Wn

For open strings on D5-brane with the Born-Infeld flux (2.38), the preserved dynamical
supersymmetry is ¢~ = (Q72 — QTQ™1). For the (0,4) brane, for example, the dynamical

supercharge is given by

2ptq” = Y2t (Q P+ 1Q7Y)

~ 2tanh Z o
= 2pyy'1LSy + 2, —|2 | ol 'y IS,

25 {enal A8, + ol 14118, ). 3.80
The supersymmetry algebra is closed as in D1-brane:
Ii 1ol Z 1ol
[JTS,q:t] — 5,}/rsq:I:’ [Jrs ’q:I:] — 5,}/rs q:I:’ (381)
[T g7 ] = —%vrﬂqﬂ (3.82)
[P",¢*] = [H,q"] =0, (3.83)
{47, a5} = 0u2P, (3.84)
_ . 2ptanh Zulel o

{a0. ¢} = (I1Y)aaP" + 2p+¢ TOj% (Y™ ) aa (3.85)
{d:. 4, } = 0,52H. (3.86)
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Note that the supersymmetry algebra for ¢— of D,-branes does not contain the angular mo-
mentum parts and all the supersymmetries commute with the light-cone hamiltonian unlike
D_-branes. Consequently the vacuum for D, -branes is degenerate, containing eight bosons
and eight fermions as in flat space, and forms a supermultiplet. The vacuum for D_-branes is,
however, a singlet under the ¢~ supersymmetry and ¢* is a spectrum generating operator.

4 Discussion

In this paper we carefully analyzed the supersymmetry algebra of plane wave superstrings. We
found that the supersymmetry algebra of closed string respects the SO(4) x SO(4)" x Z5 sym-
metry where the Zy exchanges the first SO(4) with the second SO(4)". We gave a worldsheet
derivation for conserved supersymmetries, from which we showed that half of the dynamical
supersymmetries are preserved by D1-branes and D5-branes of type (4,0) or (0,4) only among
D, -branes. In addition we exhaustively analyzed the supersymmetry algebra of open strings
on half BPS D-branes, both D_-branes and D, -branes. We showed that the algebra is closed
including a new kind of kinematical supersymmetry restored by incorporating worldsheet sym-
metry suggested by Skenderis and Taylor [28, 29] and all the supersymmetries for D, -branes
commute with the light-cone hamiltonian unlike D_-branes. Throughout this paper we used
the 8-component spinors, SO(8) Majorana-Weyl spinors, so we hope the supersymmetry al-
gebras presented here will be useful for some string field theory calculation in the plane wave
background.

In this paper we considered only open strings whose end points are attached on the same
D-branes. One may consider open strings connecting Dp-Dp’ branes, p-p’ strings, in the plane
wave background. The p-p’ string was analyzed in [25, 30] by the boundary state description
and the computation of cylinder diagrams, mainly for instantonic branes. It will be interesting
to explicitly study the supersymmetry algebra of p-p’ strings as done in this paper, since these
open strings, especially being BPS states, are dual to a defect conformal field theory in a plane
wave background [38, 39, 24]. We will report this result elsewhere [40].
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Appendix

A Notations, Definitions and Useful Formula

The conventions for the indices are:

I.JK ---=1,---,8 5S0(8) vector indices,

a,b,c,---=1,---,8 SO(8) spinor indices with positive chirality,
a,bc,ooo=1,---,8 SO(8) spinor indices with negative chirality,
i, g, k, -+ =1,---,4: SO(4) vector indices,

i’ g K- =5,-+,8 80O(4)" vector indices.

A, B = 1,2: worldsheet (spinor, vector, etc.) indices.

In this paper we consider a Dp-brane of type (m,n), m +n = p — 1, with m Neumann
directions in SO(4) and n Neumann directions in SO(4)". Thus we distinguish the Neumann
directions and the Dirichlet directions with indices:

r, Sty =1,---,m,5,---, 4+ n: vector indices in Neumann directions,
r' s t,---=m+1,---,4,5+n,---,8: vector indices in Dirichlet directions.

The spacetime metric is n** = (—1,+1,---,4+1) where p, v are SO(9, 1) vector indices. We
decompose X* into the light-cone and transverse coordinates: X* = (X ¥, X, X!) where

1
X*=—(X"+£X7). Al
\/5( ) (A1)
The worldsheet metric is 4% = (—1,+1) where A, B = 7, 0.
We adopt the chiral representation for SO(9,1) Dirac matrices I'* used in [2, 3]

e — ( ;)H 70“) (A.2)

where the 16 x 16 matrices, 7% = (v4)29 = (1,41,7%), 3 = (#)ag = (~1,7,7%), o, § =
1,---,16, satisfy

YV A =2 = AT+ AR (A.3)
The SO(9,1) chirality matrix I';; = T'°---T? is given by
(1l 0 >
Ty — < v ) (A.4)
YAt = 14,
7yt = —Lus.

We further assume the following block decomposition for v/

0 L
7]:<7I 78a> (A.5)
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1T

where 8 x 8 matrices, v, 7. = (Y1 )aa, satisfy

Ve A + v Ta = 26" 8y,

Taa Yy + Fna Vo = 20785, (A.6)
Since we use SO(8) chiral spinors, we take the SO(8) chirality matrix v = y15%- - - 4738 = 407"
as ) 0
_(1s
=y L) (A7)
We use the following definitions
Mo = ' 7%, Iy =393, (A-8)
=733, I, =7 (A.9)
Due to the normalization (A.7), Il = II};, II,; = —II ;. Note that the matrix II is symmetric

and traceless and I1? = 1. We define the antisymmetrized products of gamma matrices, e.g.,

1, i
e = 5(%%@ — V3 Ves);

Vi = ;(vmab Vo Vap): (A.10)

VS = 5 ke £ 5 torms),

Vi "= 31, (Fia Ty £ 5 terms). (A.11)
717 is an antisymmetric matrix, i.e., v/ = —yI/ while 4L/EL = 4LJEL  Similarly they are true

with dotted indices.

The 16-component spinor  is decomposed in terms of the 8-component spinors as

Sa
a7 . A
e (3) o

where S = —%T’ﬁ‘@ is a positive chirality spinor and Q% = —%7_7’9 is a negative chirality
spinor. Here y* is defined by
1
v = E(VO +17). (A.13)

In computing the supersymmetry algebra we need to use the Fierz identity. For spinors S; and
Sy with positive chirality,

1 1
ST} = gowS152 + 155" Sl + g S Sl (A.14)

384
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Also the similar expression is true for negative chirality spinors. Another useful identity [32] is

1
vk = §(5”5ab5az,+5aw§gf + 8o Yoi)

+ i(SIJ(,ngL,yKL_I_ 1 KLMN K_'LMN)
a ab

1
= g0 e i)

- ORI e

1
b ORI 4 D), (A.15)
In order to discuss the boundary condition of open strings living on a Dp-brane, it is needed

to introduce the matrix €2 defined by
Q= (I1+") . 2=(II+) . (A.16)
IeN /ab Ien /ab
where N denotes the set of Neumann directions. Note that Q7Q = 1. Thus, for the D_-branes,
I12 is an antisymmetric matrix, i.e., (IIQ)T = —IIQ, while, for D -branes, (IIQ)T = IIQ2. The
following commutation relations are useful in the calculation
(=0, [T =0, (A.17)
(=0, [, =0 (A.18)
We often use the subscripts I € SO(4) and 11 € SO(4)’ to distinguish the two different SO(4)

directions of Neumann and Dirichlet coordinates, e.g., v5, 75, 74, etc. Using (A.17) and
(A.18), the following formula can be derived

FroyS TN = fry STy = 4(fi77 — fom™ )T, (A.19)
VAP = (A =m+n)yTL, A7 T = (d4+m —n)yf *T1, ete.  (A.20)

where f7; is a fermion bilinear.
Finally we list useful integral formula which are used in the calculation of D, -branes:

2

/Onla cosh o cos % do = (—)"% sinh 7p|a, (A.21)
/Onlo‘ sinh po sin % do = —(—)"% sinh o, (A.22)
/Owla cosh po sin % do = —% ((—)” cosh mp|a| — 1), (A.23)
/Oﬂla sinh po cos % do = ,112:2;“—02—712 ((—)” cosh u|a| — 1). (A.24)
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B (Anti-)Commutation Relations for D -branes

To determine the anti-commutation relation of the zero modes, Eq. (2.33), let us calculate the
anti-commutator for the spinor field S4(a, 7), Eq. (2.25), using the mode expansion (2.31) and
the anti-commutation relations, Eqs. (2.34)-(2.36), for the nonzero modes:

[5'"(0,7),S"(0", 7)} = cosh (o + o) {S§. S} + sinh (o + o') (QUT)e {5, SL}

+5abze‘a‘o‘o __abz,u iHcr—l—o

nez nEZ

)y, Y e o, (B.1)

nez wn

where we assumed the form of {S§, S5} as Ady + B(Q),. Now we will use the following
integral representation to evaluate the infinite sums in (B.1):

ILL Z‘ ‘(O'—l—o'/) — N dZ //620{2 i(o+o")z/\a|
- e
e (U2 cl— e2mz 22 + Iu2a2
- n(o+o’) ohlo+a”)
= mulal (1 —e—2mplal 1 _ ezwmm)’ (B.2)

Z lm/|04| Blot+o’) dz ' plalz pilo+o")z/lal
e w2 c 1— e27rzz 22 + ,u2062
. e_lu'(o—'l'o'l) e“(0+0/)
= inplal( e 1_emw), (B.3)

where the contour C' consists of two lines passing infinitesimally above and below the real axis.
One can see that the contribution from the zero modes is exactly cancelled by the second and
the third sums in (B.1) provided that the anti-commutator of the zero modes is given as in
(2.33). Thus we have the anti-commutation relation Eq. (2.25). Similarly, one can check that
{S'(a,7),S5% (', 7)} = 0.

Using the commutation relations in Eq. (2.29) and the identities (B.2) and (B.3) together
with

Z n’ /o’ Plote) dz ' 2 pilo+a')z/lal
g (U2 c 1— e2mz 22 + Iu2a2
e~ H(ota’) et(ota’)
= _”’”a'(l —e2mlal 1 — eznma\)’ (B.4)

one can also check that X" (o, 7) in Eq. (2.40) satisfies the quantization rule (2.24).
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C Kinematical Supersymmetry for D, -branes

Here we directly derive the kinematical supercurrent (3.59) for D, -branes from the open string
mode expansion. In section 2, we showed that the fermionic mode expansions (2.31) satisfy the
boundary condition (2.17) as well as the equations of motion (2.5) and the anti-commutation
relations between the modes are given by Eqgs. (2.33) and (2.34). Thus the N&ther charge
for the kinematical supersymmetry should be represented by some combination of S! and S?
fermions in Eq. (2.31). We now examine whether there can be any combination from S' and S?
fermions which reduces to a kinematical supersymmetry generator ¢t satisfying the standard

superalgebra
{a5 a5} = dw2P™. (C.1)
To proceed our argument, first note that the anti-commutation relation in Eq. (2.33) can
be rewritten as o]
a T —7p|a QIT
PNy — e S T C.2
{ 0> 0} 4sinh7w|a|(e )ab ( )

and thus a zero mode fermion defined by

~ sinh 7u|o
3, = WM;L: |€%7r,u|a\QHSO (C.3)

satisfies the standard anti-commutation relation
da Qb 1
{56, 50t = Z5ab- (C4)
Thus if the supersymmetry generator ¢g* would be given by

gt = 2\/2p+§0, (C.5)

g* in (C.5) then satisfies the superalgebra (C.1). Interestingly it turns out that such a super-
symmetry generator can be constructed from the fermions in Eq. (2.31).
Notice that the zero mode parts, S} (o) and S2(o) of S*(o,7) and S?(o, 7), respectively, are

given by
ol -1 QG
S = | pulo—gmla)QIl g
0(7) sinh 7| ‘ 0
ol T uw(o—Lala)QI G
S2(0) = | ———— QT enlo—amlalOIlg C.6
0(7) sinh 7p|c| ‘ 0 (C-6)

Since the zero modes S}(0) and SZ(o) satisfy S§(o) = QS2(a), as obviously seen in (C.6), we
can deduce the form of the charge density ¢ for the kinematical supersymmetry whose zero
mode part would be given by (C.5):

gF = AchrlomamleM (g1 4 08 (5, 7), (C.7)
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where k € Z. Note that only k& = 0 case is descending from the closed string. Due to the
structure of the integrals, Eqs. (A.21)-(A.24), the most plausible choices are £ = —1,0,1, or

_ /2p+ sinh ﬂ-u|a| e—p(o—%ﬂaDQH(sl + 952)7 (C8)
el
q-‘r — W/L‘Oé|p+ (Sl +QS2) (C 9)
T tanh 27 pa| ’ '

\/— _ mpla erlo=3mlalO (g1 4 062 (C.10)

sinh 7r,u|a|

explicitly,

The first two candidates, however, obtain contributions from the non-zero modes and so none

of them is conserved. For example, the first choice (C.8) gives us

. 44/2pt |sinh
q+ _ 2\/%750_‘_ p S 7TILL|OZ| X

B m mplal

%Z_Zma’;i%(ewamn (—)e z’ru\alﬂn)(HSn—ianSn)e_i“"T. (C.11)

Here we used the integral formula (A.21)-(A.24). But the third choice (C.10) precisely gives

the conserved kinematical supercharge

t= 2\/ 2p+§07 (C12)

first identified by Skenderis and Taylor [28, 29].
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