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We investigate space-time supersymmetry in the WZW-like open superstring field theory, whose
complete action was recently constructed. Starting from a natural space-time supersymmetry
transformation at the linearized level, we construct a nonlinear transformation so as to keep the
complete action invariant. Then we show that the transformation satisfies the supersymmetry
algebra up to an extra transformation, unphysical on the asymptotic string fields. This guarantees
that the constructed transformation in fact acts as space-time supersymmetry on the physical
S-matrix.

Subject Index B28

1. Introduction

Construction of a complete action including both the Neveu—Schwarz (NS) sector representing
space-time bosons and the Ramond sector representing space-time fermions are a long-standing
problem in superstring field theory. While the action for the NS sector was constructed based on
two different formulations, the WZW-like formulation (Ref. [1]) and the homotopy-algebra-based
formulation (Ref. [2]), it had been difficult to incorporate the Ramond sector in a Lorentz-covariant
way. Only recently, however, a complete action has been constructed for the WZW-like formulation
(Ref. [3]), and soon afterwards for the homotopy-algebra-based formulation (Ref. [4]). Interestingly
enough, in these complete actions, the string field in each sector appears quite asymmetrically. In
the WZW-like formulation, e.g., the string field @ in the NS sector is in the large Hilbert space,
characterizing the WZW-like formulation, but the string field ¥ in the Ramond sector is in the
restricted small Hilbert space defined using the picture-changing operators. Then the question is how
space-time supersymmetry is realized between these two apparently asymmetric sectors. The purpose
of this paper is to answer this question by explicitly constructing the space-time supersymmetry
transformation in the WZW-like formulation.!

In the first quantized formulation, space-time supersymmetry is generated by the supercharge
obtained by using the covariant fermion emission vertex (Ref. [6]), which interchanges each physi-
cal state in the NS sector with that in the Ramond sector. Therefore, it is natural to expect first that the

! Space-time supersymmetry in the homotopy-algebra-based formulation has recently been studied by Erler
(Ref. [5]).
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space-time supersymmetry transformation in superstring field theory is realized as a linear transfor-
mation using this first-quantized supercharge (Ref. [7]). We will see, however, that this expectation
is true only for the free theory, while the action including the interaction terms is not invariant under
this linear transformation. We modify it so as to be a symmetry of the complete action, and then
verify whether the constructed nonlinear transformation satisfies the supersymmetry algebra. We
find that the supersymmetry algebra holds, up to the equations of motion and gauge transformation,
only except for a nonlinear transformation. It is shown, however, that this extra transformation can
also be absorbed into the gauge transformation up to the equations of motion at the linearized level.
Under the assumption that the asymptotic condition holds also for the string field theory, this implies,
at least perturbatively, that the constructed transformation acts as space-time supersymmetry on the
physical states defined by the asymptotic string fields. This guarantees that supersymmetry is realized
on the physical S-matrix.’

The rest of the paper is organized as follows. In Sect. 2, we summarize the known results on the
complete action for the WZW-like open superstring field theory. In addition, restricting the back-
ground to the flat space-time, we introduce the GSO projection operator, which is essential to make
the physical spectrum supersymmetric. For later use, some basic ingredients, such as the Maurer—
Cartan equations and the covariant derivatives, are extended to those based on general derivations
of the string product, which can be noncommutative. After this preparation, the space-time super-
symmetry transformation is constructed in Sect. 3. Using the first-quantized supercharge, a linear
transformation is first defined so as to be consistent with the restriction in the Ramond sector. Since
this transformation is only a symmetry of the free theory, we first construct the nonlinear transforma-
tion perturbatively by requiring it to keep the complete action invariant. Based on some lower-order
results, we suppose the full nonlinear transformation és in a closed form, and prove that it is actually
a symmetry of the action. In Sect. 4, the commutator of two transformations is calculated explicitly.
We show that it provides the space-time translation §,, up to the equations of motion and gauge
transformation, except for a nonlinear transformation §; that can be absorbed into the gauge trans-
formation only at the linearized level. Thus the supersymmetry algebra holds only on the physical
states, and hence the physical S-matrix, defined by the asymptotic string fields under appropriate
assumptions on asymptotic properties of the string fields. Although this extra symmetry is unphysical
in this sense, it is nontrivial in the total Hilbert space including unphysical degrees of freedom. It pro-
duces further unphysical symmetries by taking commutators with supersymmetries, or themselves,
successively. We have a sequence of unphysical symmetries corresponding to the first-quantized
charges obtained by taking successive commutators of the supercharge and the unconventional trans-
lation charge with picture number p = —1. Section 5 is devoted to summary and discussion, and
two appendices are added. In Appendix A, we summarize the conventions for the SO(1,9) spinor
and the Ramond ground states, which are needed to identify the physical spectrum although they
do not appear in this paper explicitly. The triviality of the extra transformation in the Ramond
sector, which remains to be shown, is given in Appendix B. Further nonlinear transformations
obtained by taking the commutator of two unphysical transformations [83,, 85, ] are also discussed.
All the extra symmetries obtained by taking commutators with ds or J; repeatedly are shown to
be unphysical.

2 We further assume asymptotic completeness in this paper.
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2. Complete gauge-invariant action

On the basis of the Ramond—Neveu—Schwarz (RNS) formulation of superstring theory, consisting
of the matter sector, the reparametrization ghost sector, and the superconformal ghost sector. We
assume in this paper that the background space-time is 10-dimensional Minkowski space, for which
the matter sector is described by string coordinates X *(z) and their partners ¥*(z) (u = 0,1,...,9).
The reparametrization ghost sector and superconformal ghost sector are described by a fermion pair
(b(z), c(z)) and a boson pair (8(z), y (z)), respectively. The superconformal ghost sector has another
description by a fermion pair (£(z), 1(z)) and a chiral boson ¢ (z) (Ref. [6]). The two descriptions
are related through the bosonization relation:

B() = 0E@)e™®D,  y(@) = D). (2.1)

The Hilbert space for the 8y system is called the small Hilbert space and that for the £ ¢ system is
called the large Hilbert space.

The theory has two sectors depending on the boundary condition on the world-sheet fermions y#,
B, and y. The sector in which the world-sheet fermion obeys an antiperiodic boundary condition is
known as the Neveu—Schwarz (NS) sector, and describes the space-time bosons. The other sector in
which the world-sheet fermion obeys a periodic boundary condition is known as the Ramond (R)
sector, and describes the space-time fermions. We can obtain the space-time supersymmetric theory
by suitably combining two sectors (Ref. [9]).

2.1. String fields and constraints

In the WZW-like open superstring field theory, we use the string field @ in the large Hilbert space
for the NS sector. It is Grassmann even, and has ghost number 0 and picture number 0. Here we
further impose the BRST-invariant GSO projection’

1
¢ =(1+ (=DM, (2.2)
where Gng is defined by

Gns = Z(wﬁr‘/fru —V=rBr + B-ryr) — 1

r>0
=Y Y VY +py (mod2), (23)
r>0
with py = — ¢ %azp(z). This is necessary to remove the tachyon and makes the spectrum

supersymmetric (Ref. [9]).
For the Ramond sector, we use the string field ¥ constrained on the restricted small Hilbert space
satisfying the conditions (Ref. [3])

nwo=0 XY¥=u, (2.4)

3 This BRST-invariant GSO projection and that for the Ramond sector to be introduced shortly were first
given in Ref. [8]. The operators Gng and Gy are none other than world-sheet fermion number operators in the
total Hilbert space including the ghost sectors.
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where X and Y are the picture-changing operator and its inverse acting on the states in the small
Hilbert space with picture numbers —3/2 and —1/2, respectively. They are defined by

X = —8(B0)Go + 8'(Bo)bo, Y = —co8' (vo), (2.5)
and satisfy

XYX =X, YXY=Y, [0,X]=0. (2.6)

The string field ¥ is Grassmann odd, and has ghost number 1 and picture number —1/2. The picture-
changing operator X is BRST exact in the large Hilbert space, and can be written using the Heaviside
step function as X = {Q, @ (Bo)}. Here, instead of ® (8y), we introduce

E =& + (@ (Bo)n&o — &) P-3,2 + (Eon® (Bo) — &0) P12, (2.7

and anew define

B
I
S
6]

(2.8)

This is identical to the one defined in Eq. (2.5) when it acts on the states in the small Hilbert space
with picture number —3/2, but can act on the states in the large Hilbert space without the restriction
on the picture number (Ref. [4]). The operator & is nilpotent (52 = 0) and satisfies {, &} = 1
(Ref. [4]), from which, with {Q, n} = 0, we can conclude

[7,X]=[n,{0, E}]

We impose the BRST-invariant GSO projection as
¥ =11+ Mi=H™w, (2.10)
where GgR is given by

Gr = Z(wﬁnwnu — V—nPBn + B=n¥n) — 0o

n>0
1
=> Y Y +po + 5 (mod2). (2.11)
n>0

The gamma matrix ﬁn is defined by using the zero-modes of the world-sheet fermion ¥*(z) as

Fiv = 2%y - Y- (2.12)

We summarize the convention on how the zero modes w(lf act on the Ramond ground states in
Appendix A4

4 In the context of string field theory, the GSO projections are also needed to make the Grassmann properties
of string fields @ and ¥ consistent with those of the coefficient space-time fields.
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2.2.  Complete gauge-invariant action

By use of'the string fields introduced in the previous subsection, the complete action for the WZW-like
open superstring field theory is given by (Ref. [3])

1 1
S = (. Yow) _/0 dt(A,(t), 04, (1) + (F(1)¥)?), (2.13)

and is invariant under the gauge transformations

A5, = Dy + QA+ (FW,FE(FW, A}} — (FW,FE1}, (2.14a)
8;¥ = —XnFE[FW,D, Al + O\ + XnF, (2.14b)

where we have introduced the one parameter extension @ (¢) of @ (¢ € [0, 1]) satisfying the boundary
condition @ (1) = @ and @ (0) = 0, and defined

Ao (1) = (0e® D)0, (2.15)

with O = 9, n, or §, which are analogs of (components) of the right-invariant one form, satisfying
the Maurer—Cartan-like equation

O140,(1) — (=1)91920040, () — [Ao, (1), 40, ()] = 0, (2.16)

where [41, A>] is the graded commutator of the two string field 41 and A4;: [A1, A2]] = 4142 —
(—1)M424,4, . Using A4, (t), the covariant derivative D, (¢) is defined by the operator acting on the
string field 4 as

Dy(1)A = nd — 4y, A1, (2.17)

which is nilpotent: (D, ())? = 0. Then the linear map F(f) on a general string field ¥ in the Ramond
sector is defined by

FOW = —— 1 v
1+ & Dy —n)
=W+ EA4,(t), U] + E[Ay (1), E[A,(6), ¥TT + - - - . (2.18)

The map F(¢) has a property that changes D, () into »:
D, (O)F(t) = F(Hn. (2.19)
Using F'(1), we can define a homotopy operator for D, (¢) as F(¢) Z satisfying (Ref. [3])
{Dy(),F()E} =1, (2.20)

which trivializes the D;-cohomology as well as the n-cohomology in the large Hilbert space. From
the definition (2.18), we can show that the homotopy operator ' & is BPZ even

(FEW, W) = (-1, FEW,), (2.21)

and satisfies

{0,FE}A = FXFED,A + FXnFEA — FE[QA,, FEA], (2.22)
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for a string field A. It is useful to note that we can define the projection operators
Pr=D,FE, Px=FE&D,, (2.23)

onto the Ramond string field annihilated by D,, and its orthogonal complement, respectively.
The BPZ inner product in the small Hilbert space (-, -)) is related to that in the large Hilbert space
('7 ) as

{(4,B) = (84,B) = (=1)"(4, EB)
= (804, B) = (=1)"(4,&B), (2.24)

where A4 and B are in the small Hilbert space, and also in the Ramond sector for the equations in the
first line.
Using a general variation of the map F(¢) on a string field A4,

BF(t)A = —F@)(SF ' (t)F(H4 = FE[84,(t), F()Al, (2.25)
a general variation of the action (2.13) can be calculated as (Ref. [3])
88 = —(45,04, + (F¥)?) — (8%, Y(QW + XnF¥)), (2.26)
from which we find the equations of motion
04, + (F¥)* =0, Q¥ + XnF¥ = 0. (2.27)

Before closing this section, we generalize several ingredients for later use. We can define 4 (¢) not
only for O = 9;, n, or §, but also for any other derivations of the string product. Although such general
(’s are not in general commutative, we assume that they satisfy a closed algebra with respect to the
graded commutator of derivations, {O1, O2] = 010; — (—1)%1920,0. The generalized Ap(¢)’s
satisfy the equation

0140, ) —(=1)120,40, (t) — [4o, (1), Ao, (O] = 4i0,,0,1(D), (2.28)

which reduces to the Maurer—Cartan-like equation (2.16) when {O1, Oz] = 0. Using Ao (¢), we can
define the covariant derivative Do (¢) on a string field 4 by

Do(t)A = OA4 — [Ao (1), A]l. (2.29)
From Eq. (2.28), we can show that
[Do, (1), Do, ()] = Djo,,0,1(1). (2.30)

As an analog of the linear map F'(¢) in the Ramond sector, we can also define the linear map f(¢)
on a general string field @ in the NS sector by

D = D
TP =1 0,0 =0

= @ + &oll4y (), P + oll4, (1), &oll Ay (), @IN + - - - . (2.31)

A homotopy operator for D, (¢) in the NS sector is given by the BPZ even operator f'(¢)&o:

{Dy().f (D&} =1, (fEo®1, @2) = (=) PN (D1, /& D). (2.32)
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We can define the projection operators

Prxs = Dyféo,  Prs =Sy, (2.33)

onto the NS string field annihilated by D, and its orthogonal complement, respectively.

3. Space-time supersymmetry

Now let us discuss how space-time supersymmetry is realized in the WZW-like formulation. Starting
from a natural linearized transformation exchanging the NS string field @ and the Ramond string
field ¥, we construct a nonlinear transformation that is a symmetry of the complete action (2.13).
We show that the transformation satisfies the supersymmetry algebra, up to the equations of motion
and gauge transformation, except for an unphysical symmetry.

3.1. Space-time supersymmetry transformation

At the linearized level, a natural space-time supersymmetry transformation of string fields in the
small Hilbert space, n@ and ¥, is given by

S5 n® =S¥, S5 W =XS(end, 3.1)
where
o o9/
S(e) = €aq” = €4 P —5%(2)e (3.2)
2mi

is the first-quantized space-time supersymmetry charge with the parameter ¢,. The spin operator
S%(z) in the matter sector can be constructed from ¥* (z) using the bosonization technique (Ref. [6]).
This S(e) is a (Grassmann-even) derivation of the string product, and is commutative with O, n and
&0:[0,5(e)] = [n,S(e)] = [&0, S(e)] = 0. It satisfies the algebra

[S(€1), S(e2)] = p(vi2), (3.3)

with vﬁ = (1Cy"er)/~/2, where p(v) is the operator with picture number p = —1 defined by

pv) =v,pt = _Vuyg %Wﬂ(z)e_wz)- (3.4

This is equivalent to the space-time translation operator p(v) = v, g? 2z g xn (z) (center of mass

2mi
momentum of the string) in the sense that (Ref. [7]), e.g.,

(p(v) — Xop(v)) = {0, M (v)}, (3.5)
with
w4z e
M) = 7 (6@ — e (3.6)
i
Note that M (v) does not include &, and so is in the small Hilbert space: {n, M (v)} = 0. The algebra
(3.3) and the Jacobi identity imply that [Q, p(v)] = [n,p(v)] = [&0,p(v)] = 0.

We frequently omit specifying the parameters explicitly and denote, e.g., S(e1) by S;. Since n@
and ¥ are in the small Hilbert space containing the physical spectrum, Eq. (3.1) is the transformation
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law given in Ref. [7] except that the local picture-changing operator at the midpoint is replaced by
the X in Eq. (2.5) so that the transformation is closed in the restricted space. As a transformation of
@ in the large Hilbert space, we adopt here that

5©

Son® =SEOEW. (3.7)

This is consistent with Eq. (3.1) but is not unique. A different choice, however, can be obtained by
combining Eq. (3.7) and an §2-gauge transformation, e.g.,

55 ® = &S (W
=550, ® — nESEOFW). (3.8)
Using the fact that S is BPZ odd,
(84,B) = —(4,SB), (3.9

it is easy to see that the quadratic terms of the action (2.13),

SO =—J(®,0n0) — S (¥, Y0W)), (3.10)
are invariant under the transformation

0 — 0

50 =SEw,  §Qw =xSno. (3.11)
However, the action at the next order,

SO = —Le,0[0,n®]) — (0,0, (3.12)
1s not invariant under Sg)) but is transformed as

5050 = (L[0,S8W] - SE[®, W] + (¥, 5SP)), 0n®)
+ ((—3X 0[P, SP] + Xy[®, ESn®]) , YOW). (3.13)

We have thus to modify the transformation by adding

550 = L@, 85w - SE[@,¥] + (¥, ESD), (3.14)
53w = —Lxn(e,S01+ X[, ESHP], (3.15)

under which the kinetic terms (3.10) are transformed so as to cancel the contribution (3.13): 8;1)5 O 4
Sg)) S = 0. Then at the next order we have two contributions, (SS)S M and 8‘(90)S @ which are again
nonzero and require to add

550 = Lo, [0,SEW]] + L@, ], S0} + 1[50, ¥], 5]

+ HU, En®, ESOY + ${W, B[, ESn®]} — [E[P, W], ESn®]

— 1SE(®, E(n®,¥}] — 3SEn®, B[P, ¥]], (3.16)
53w = Lxyl@, (0,801 + X[, B[S, n@]] + LXn(nd, E[®, ESn®])

+ 3Xn[@, En®, ESnd]l, (3.17)
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to cancel them by Séz)S OF Sg)S © 4 SS)S M 4 8?)5 2) = 0. The procedure is not terminated, so we
suppose a full transformation consistent with these results, and then show that it is in fact a symmetry
of the complete action.

3.2.  Complete space-time supersymmetry transformation

Here we suppose that the complete transformation is given by

Asg = e®(SE(ePFWwe®))e™® + (FW,FEAs), (3.18a)
8sW = XnFED,As = XnFESA4,, (3.18b)

and show that the complete action (2.13) is invariant under this transformation. From the formula of
the general variation of the action (2.26), we have

35S = —(e?(SE (e PFwe®))e™?, 04, + (F¥)?) — ({FW¥,FEAs), 04, + (F¥)?)
— (XnFEDyAs, Y(Q¥ + XnF¥))). (3.19)

We calculate each of these three terms, which we denote (I), (II), and (III), separately. First, using
Eq. (2.21) and the cyclicity of the inner product, the second term is calculated as

() = (45, FE[04, + (FW)2, Fw]). (3.20)
For the third term, we find

(Ill) = —(nF ED,As, Q¥ + X nF &)
= —(ds,D,FE(Q¥ + XnF¥))
= —(ds, F(QW + XnF¥)), (3.21)

where we have used Eq. (2.21), Eq. (2.19), and the fact that X is BPZ even with respect to the inner
product in the small Hilbert space, (X4, B)) = {4, XB)), and Q¥ + X nFW is in the restricted small
Hilbert space. In order to calculate the first term (I), some consideration is necessary. In addition to
the cyclicity, we need the following relation for two graded commutative derivations of the string
product, O and O; satisfying {01, O] = 0:

e~ ?(0140,)e® = 01202 ‘f‘ZOlZOg — (—1)0102202201
= (-1)91920,40,, (3.22)

where Zo is an analog of the left-invariant current: Zo = ¢~ ?(Oe?). If we use this relation for
(01,02) = (Q,n), we find

(D) = —(SE(e PFwe®), e ?(04, + (F¥)*)e?)
= (SE(e PFwe®),ndp) — (SE(e"PFwe?), (e P Fwe®)?). (3.23)
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Here the second term vanishes owing to Egs. (3.9) and (2.24):
—(SE(e PFwe?), (e PFwe®)?) = (e PFWe?), {(e P FWe®),S(e P Fwe®)})
- %(((S(e_‘DF'J/e‘p), (e PFwe?)?)
+ (P FWe®), (P FWe”), S Fwe))
= 0. (3.24)
The first term in Eq. (3.23) can further be calculated as
(D) = —(S(e PFwe®), dg) = (FW,e®(Sdg)e?)
= (FWV,0A4s) = (As, QF W), (3.25)
where we have used the relation (3.22) with (O, O2) = (Q, S), and the identity
ne PFwe®) = e ®(D,FW)e® = 0. (3.26)

Summing Egs. (3.20), (3.21), and (3.25), the variation of the action under the space-time
supersymmetry transformation finally becomes

8sS = (ds, (OFW — F(QW + XnF¥) + FE[QA, + (FW¥)?,F¥])), (3.27)

which vanishes due to the identity (4.89) in Ref. [3]: §sS = 0. Hence the complete action (2.13) is
invariant under the transformation (3.18).

4. Algebra of transformation

Starting from a natural linear transformation (3.11), we have constructed the nonlinear transformation
(3.18) as a symmetry of the complete action (2.13). If this is in fact space-time supersymmetry, the
commutator of two transformations should satisfy the supersymmetry algebra

[8515 85,1 = 8p(via)» (4.1)

up to the equations of motion (2.27) and gauge transformation (2.14) generated by some field-
dependent parameters, where J(y,,) is the space-time translation defined by

3p(v)Ar] = _p(V)An, Sp(v)lp =-—-pWV¥, 4.2)

with the parameter vy in Eq. (3.3). In this section, we show that the algebra (4.1) is slightly modified,
but still the transformation (3.18) can be identified with space-time supersymmetry.

4.1. Preparation

As preparation, note that the relations

54, = DyAs, (4.32)
As = [E084y, + Dy $2s, (4.3b)

hold with 25 = f&pAs, for general variation of the NS string field 4s5. The former, Eq. (4.3a), is
the case of (01, 02) = (8, n) in Eq. (2.16), and the latter, Eq. (4.3b), is obtained by decomposing
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As by the projection operators (2.33) and using Eq. (4.3a). These relations (4.3) show that two
variations As and 84, are in one-to-one correspondence up to the £2-gauge transformation. Since
any transformation of the string field is a special case of the general variation, Eq. (4.3) holds for
any symmetry transformation &;,

814y = Dyds,, (4.4a)
As; = f&0814y + Dy £2;. (4.4b)

This is the case even for the commutator of the two transformations [87, 5],
(87,8514, = DyAs; 5,15 (4.52)
Ars;.5,1 = fE0ld1, 8714y + DyS21y, (4.5b)

with
Qu = —féolfé0814y, 15085 4;]

+ 81827 — [f&0814y, 271 — 87821 + [f 08,4y, 211 — [$21, D, 8271, (4.6)

which can be shown by explicit calculation using Egs. (2.28) and (2.31) if we assume Eq. (4.4) with
some field-dependent £2;. Therefore if the algebra of the transformation is closed on 4,;,

87,8714y = ) Sk Ay, 4.7)
K#2
we have
A 51 =Y Asy +DyS21y = ZA8K> (4.8)
K#82

or equivalently, the algebra is also closed on e?:

[87,81e® Z sxe?, (4.9)

with some field-dependent §2;;. Here in Eq. (4.7) we used that 4, is invariant under the £2-gauge
transformation, 4s, = D, 2, as seen from Eq. (4.4a).

4.2, [ds,,0s,]
Now let us explicitly calculate the supersymmetry algebra on 4,, and ¥, which is easier to calculate
than the algebra on the fundamental string fields @ (or e®) and ¥ due to their £2-gauge invariance

and enough to know that on the fundamental string fields as was shown in the previous subsection.
From Eq. (3.18) we find

Asg = fE0dsAy + DyS2s, (4.10a)
8sW = XnFESA,, (4.10b)
with
8sdy =SFW + [F¥,FES4,] = DsFW¥ — [F¥,D,FE4s], (4.11a)
s =1 (P (SE( PFwe®))e™® + (FW,FEAS)). (4.11b)
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Here we used the relations
Dy(e®4e™?) = e® (nd)e™?, n(e ?4e®) = e~ ? (D, 4)e?, (4.12)
which hold for a general string field 4. The commutator of two transformations on ¥,
[65,,88,1¥ = b5, (XnFES4,) — (1 < 2), (4.13)

which is easier and straightforward, can be calculated as follows. Using Egs. (2.25), (2.20) and (2.16)
with (O1,0,) = (S, n) and (8, ), we can find

8s,(XnFESyAy) = XnF E[85,4y, FES:A,] + XnF 5S8)(85,4,)
= XnFEDs,(8s,4y) + XnF E[D,FEAs,, 85 A4y]. (4.14)

Then, using [D,, Ds] = 0,

[65,,85,]¥ = (XnFEDSZDSIFlII — XnFE[FW¥,Ds,D,FEAs,]
— XnFE[D,FEAs,, [FlI/,D,,FEAgJ]) —(1<2)

= —XnFED;,F¥

+XnFE[FW,D,(Ds,FEAs, — Ds,FEAs, + [FEAs,,DyF EAs,])],  (4.15)

where we have used Egs. (2.30) and (3.3), and denoted p(vi2) = p12. Comparing with Eq. (2.14b),
we find that the second line has the form of the gauge transformation with the parameter

DyAs,s, = —D, (DleaAs2 — Ds,FEAs, + [FEASI,D,,FEASZ]>

= — 45, + (SIFES; — SIFES)A, — [FES|4,, FES:4,]. (4.16)

The second form can be obtained using Eq. (2.28), and will be used below.
In order to calculate the algebra on 4,,, we first calculate the transformation of F'¥ using Eq. (2.25):

SsFW = FE(8sAy, F¥} + FSsW
= FX)FESA, + FES(FW)? + FE[(FW)*, FES4,]
= QFESA, + FES (04, + (F¥)?) + FE[QA, + (F¥)*, FESA4,]
~ OF ESA,, (4.17)

where the third equality follows from Eq. (2.22), and the symbol = denotes an equation that holds
up to the equations of motion. Then the commutator of two transformations on 4,;,

[8s,,85,14y = 85,(S2F ¥ + [FW,FES4y]) — (1 © 2), (4.18)
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can be calculated similarly to that on ¥. Since the first term can be calculated as
85, (SoF ¥ + [F¥,FES4,]) = S$2(85,F¥) + [(85,F W), FES:4y]
+ [FW,FEDs,(85,4y)] + [F¥,FE[D,F EAs,, (8s,4)]1]
= S QF E814y + [QF ES14,, FES)A4,]
+ [FW,FEDs,Ds FW] — [FW,FEDgs,[F¥,D,FE4s,1]
+ [F¥,FE[D,FEAs,,Ds, F¥1]
— [FY,FE[D,FEAs,,[F¥,D,FEAs 1], (4.19)
we find
[65,,88,14y = —O((SIFES: — SSFES)Ay — [FES14y, FE S 4,])
— [FY,FE[Ds,, Ds,JF¥] — [F¥,FE[F¥,DyAs,s,]]

= —Q4;, — [FY,FEDp,FV]
— 0Dy Ag s, — [FY,FE[FY,D;Ags;s,1], (4.20)

using two expressions in Eq. (4.16). From Egs. (4.15), (4.20) and (4.8) we can conclude that the the
commutator of two space-time supersymmetry transformations satisfies the algebra

[851,85,1 = 8pvin) +8g(As,5,-25,5,) T Op(vin)s (4.21)
with the gauge parameters given in Egs. (4.16) and (4.6). The last term absent in Eq. (4.1) is a new
symmetry defined by

Asyy = Apw) — 160(045) + [FW,F E Dy F¥)), (4.22a)
S ¥ =pW¥ — XnFEDy F¥, (4.22b)

where the former is determined so as to induce
Spen Ay = Dy (Ap(v) —[50(Q4p) + [F¥, FE Dy F ‘1’]))
=p(WA,y — Q4p) — [FW,FE D, FW]. (4.23)

This extra contribution can be absorbed into the gauge transformation, up to the equations of motion,
at the linearized level as we will see shortly.
Let us consider the transformation (4.22) at the linearized level:

0@ = pm® — &OPM)P = (p(v) — Xop(¥))® + QEp(MP), (4.242)
31570)11/ = (p(v) — Xp() V. (4.24b)

Thanks to Eq. (3.5), the transformation of @ in Eq. (4.24a) becomes the form of the gauge
transformation up to the equation of motion at the linearized level:

0% = O((M() + EP)P) + n(EM(1)OP) + EM (v)On. (4.25)

We can similarly show that the transformation of ¥ in Eq. (4.24b) can also be written as a gauge
transformation up to the equation of motion at the linearized level, as shown in Appendix B. Here
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we assume that the asymptotic condition (Ref. [10]) holds for string field theory as well as the con-
ventional (particle) field theory. Then, at least perturbatively, we can identify that the transformation
(4.24), or (4.25) and (B.5) can be interpreted, with appropriate (finite) renormalization, as that of
asymptotic string fields. If we further assume asymptotic completeness, this implies that the extra
transformation (4.24) acts trivially on the on-shell physical states defined by these asymptotic string
fields, and thus the physical S-matrix. Thus the supersymmetry algebra is realized on the physical
S-matrix, and we can identify the transformation (3.18) with space-time supersymmetry.

4.3.  Extra unphysical symmetries

We have shown that the supersymmetry algebra is realized on the physical S-matrix but this is not the
end of the story. The extra transformation 85 produces another extra transformation if we consider
the nested commutator [ds,, [8s,, ds;]]. The extra contribution comes from the commutator [§s, 851,
which is nontrivial because the first-quantized charges S and p are not commutative: [S, p] # 0. In
fact, we can show that the algebra

[8s,85] = 8¢ + 81s,5] (4.26)
holds with the gauge parameters
Asp = f€0(Dpf §0Ds — DsFED;)FW — [FW,FEDyF EAs]
— [FEAs, FED;FW] — Dif §{FW,FEAs), (4.27a)
Asp = XnFED,D;FEAs, (4.27b)
and §2s; in Eq. (4.6). The new transformation §;s 3) is defined by
Asis5 =S80 (Qf &Dsp FYIFW,FE (QAisp + [FY, f&oD[Sj,]FlI/])]), (4.28a)
Sispi¥ = XnFE(QAisp) + [FW, f&0Disp F¥]), (4.28b)
where [S, p] denotes the first-quantized charge defined by the commutator [¢%, p* ] with the parameter
Cpas

[Saﬁ] = éﬁa[qaaﬁu]: (429)

and in particular, ¢, = €V, on the right-hand side of Eq. (4.26). This new symmetry is also

unphysical in a similar sense to ;. At the linearized level, the transformation (4.28) becomes”

S1551P = §0060[S.pI¥ = §0X0[S,p1Y, (4.30a)
Sisp¥ =AXnEQIS,plP = XO[S,plP, (4.30D)

where we have used the fact that S, p, and thus [S, p] are commutative with O and 7. If we note that
[S,p] = 0 and

[S,X0] = [S,{0Q, 0}] = {0, [S, 01} + {50,[S, 01} = 0, (4.31)

5 In this subsection, the symbol = denotes an equation that holds up to the linearized equations of motion,
On® = Qv =0.
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the transformation of @, Eq. (4.28a), can further be rewritten in the form of a linearized gauge
transformation:

S5 51 = —60lS, (p — Xop)1¥ = —éo[S,{Q, M}|¥
= Qo[S,M1¥) — n(§oXo[S, M]¥). (4.32)

12

Similarly, the transformation of ¥, Eq. (4.28b), can also be written as

Sisp¥ = Xno0lS,plP
= QX n&lS,plP) + XnXolS,pl®
= 0(Xn&lS,pl® + XnlS, M1D). (4.33)

It should be noted that the gauge parameter in this form, As; = Xnéo[S,p]® + Xn[S,M]P, is in
the restricted small Hilbert space: nAs; = 0 and XY Asp = Asp.

In addition, a further extra transformation is produced by considering the commutator between
85, and d5,, and this sequence of extra transformations does not terminate as long as the nested
commutators, [O, [O, O]], [0, [0, [0, O]1], ..., with O = S or p, do not vanish. This complicates
the structure of the algebra, but we can similarly show that all of these extra transformations act

trivially on the physical S-matrix, as shown in Appendix B.

5. Summary and discussion

In this paper, we have explicitly constructed a space-time supersymmetry transformation of the WZW-
like open superstring field theory in flat 10-dimensional space-time. Under the GSO projections, we
have extended a linear transformation expected from space-time supersymmetry in the first-quantized
theory to a nonlinear transformation so as to be a symmetry of the complete action (2.13). We have also
shown that the transformation satisfies the supersymmetry algebra up to gauge transformation, the
equations of motion, and a transformation 8 acting trivially on the asymptotic physical states defined
by the asymptotic string fields. This unphysical transformation produces a series of transformations
815,51> Spp)» - - - by taking commutators with ds or §; repeatedly. All of these symmetries also act
trivially on the asymptotic physical states, and thus are unphysical, but it is interesting to clarify
their complete structure, which is nontrivial in the total Hilbert space including unphysical degrees
of freedom.

In any case, except for such an unphysical complexity, we have now understood how space-
time supersymmetry is realized in superstring field theory, and therefore are ready to study various
consequences of space-time supersymmetry (Refs. [11]-[14]) on a firm basis. We have to (re)analyze
them precisely using the techniques developed in conventional quantum field theory.® We hope to
report on them in the near future.
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Appendix A. Spinor conventions and Ramond ground states

In this paper, although it is mostly implicit, we adopt the chiral representation for SO(1,9) gamma
matrices I'#, in which I'* is given by

0 My
= ((WW 0 ﬁ)’ @b

where y# and y* satisfy
A e A e W e N € e A 20 N L Lo o (A2)
The charge conjugation matrix C satisfies the relations
(rm? = —crrc™!, ' =-—c, (A.3)

and is given in the chiral representation by

0 C“lg
c=_ert o) (A.4)

The matrices CI'* are symmetric, or equivalently,
(C7P = (CyMP*,  ([CTy")ep = (CTy™M) g, (A.5)

The world-sheet fermion ¥ *(z) in the Ramond sector has zero-modes that satisfy the SO(1,9)
Clifford algebra

o, vg) = 0. (A.6)

The degenerate ground states therefore become the space-time spinor, on which IP(I)L act as space-time
gamma matrices. We summarize here the related convention. We denote the ground state spinor as

o
(: . ;) , on which Wf acts as
o

| 1
Vol =la) s gl =195 e (A7)
Then I, defined by Eq. (2.12) acts on the ground states as
=1, il = —la), (A8)

by which the definition of the GSO projection (2.10) is supplemented. Similarly, the BPZ conjugate
of the ground state spinor ((“[, (4|) satisfies

Iy = %(f“)d’“(al, (alvy = —ﬁ(y”)aa(“l, (A.9)
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with the normalization
(“le) = C%, (o) =i(C" = —iC%. (A.10)
The nontrivial matrix elements of w(’)“L are then given by
R

<°‘|w3‘|ﬂ>=ﬁ<cw>“ﬁ, <a|w5‘|,g>=—$(cTy“)d,;. (A.11)

Appendix B. Triviality of the extra unphysical symmetries at the linearized level

First, in order to show the triviality of Eq. (4.24b), it is useful to introduce the local inverse picture-
changing operator

Y (z0) = —c(20)8' (v (20)), (B.1)
which also satisfies
XY (z9)X = X, (B.2)

and in addition is commutative with Q: [Q, Y (z¢)] = 0. The point zy can be chosen to be any point
on the string, e.g., the midpoint zg = i. Due to Eq. (B.2), we can define another projection operator
XY (zp) that is commutative with O, and acts identically with XY in the restricted small Hilbert space:

[0,XY (z0)] =0, (B.3)
and if XYV = ¥ then
XY @)V = XY (zg) XYV = XYV, (B.4)

Using this projection operator, the linearized transformation (4.24b) can be written as the a
linearized gauge transformation,

8% = XY (20) (p(v) — Xp()) ¥ = XY (20){Q, H ()}¥

= QXY (20)M (V) ), (B.5)
up to the linearized equation of motion, Q¥ = 0, with
V/ — pH ﬁ -5 —¢(2)
M) =v > (§(2) — E)Yu(@)e : (B.6)
i
We can see that the gauge parameter in Eq. (B.5),

Ap = XY (z))M (), (B.7)
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is in the restricted small Hilbert space,
17)\.13 = 0, XY)\,[, = )\.13, (Bg)

if we note that {n,M} = 0.

As was mentioned in Sect. 4.3, the commutator [85,, §5,] produces another unphysical transforma-

l’
tion 8[13,15]2

(8515 85,1 = 8¢ + 81 1z (B.9)

where the field-dependent parameters are given by

Apipa =f%_0<(DI~71f§0Dﬁ2 — Dy, f§0Dp,) A0 + Dp f50[F ¥, FED;, FY]

— Dy, f&[FW,FEDs FW) + (FW,F8(Dp, FEDj, — Dy, FEDs )FW)

— [FED1~,2F¢/,FEDI32FLI/]), (B.10)
Apip, = —XnFE(D; FED;, — Dy, FEDp )FY, (B.11)
and £2; 5, in Eq. (4.6). The unphysical transformation 5 3] is defined by

A5 = =50 (Qf £ (QApp) + [FW,FED 5 1FW])

+ [FlI/,FE (QFEDW]FLP +IFW,f&(0Ap 5 + [FW,FEDW]FW])])D,
(B.12a)
S = —XnFE(QFED[,; AFY + [FW,f5(0Ap 5 + [F¥, FED}; ﬂ]FqI])]). (B.12b)
The first-quantized charge [p, p] is defined by
(p.p] = wu [P, 0", (B.13)

with the parameter w,, (= —w, ), and [p, pli2 = [p,pl(w12 = (viva —v2v1)/2) in Eq. (B.9). At the
linearized level, the transformation (B.12) becomes

3pp1P = —£00%00Ip, p1P = —500Xo[p, P12, (B.14)
Spp¥ = —XnEQEp.pIY = —XnEX[p,pl¥, (B.15)
and can further be rewritten in the form of a linearized gauge transformation:
8551 @ = &0 0[P, {0, M} = &Q[p, M]10P
= —0(&olp, M10P) + n(oXolp, M109P), (B.16)
and
Sp. ¥ =XnZ[p, {0, MNW = XnEQ[p, M1¥
= QWX nE[p. M1¥), (B.17)
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up to the linearized equations of motion. The parameter Az; = Xn& [p, MY is in the restricted
small Hilbert space: nAz; = 0 and XY 55 = A55

Finally we show that all the extra symmetries obtained from the repeated commutators of §s’s and
85’s act trivially on the physical states defined by the asymptotic string fields. For this purpose, it is
enough to consider the transformations of n@ and ¥ at the linearized level for a similar reason to
that discussed in Sect. 4. Using the linearized form of Eq. (4.3) for general variation,

8D = &0dn® + n(50d?P), (B.18)

we can show that if the transformation of @ has the form of a gauge transformation, 6n® = —QnA,
with some field-dependent parameter A, then the transformation of @ also has the form of a gauge
transformation:

3® = —£0OnA +n$2
= 0A +n(82 —£04), (B.19)

with some field-dependent £2.
Starting from the linearized transformations

dsn® = SV, ds¥ =XSnd, (B.20)
55n® = (p — Xop)n®, ¥ = (p — Xp)V, (B21)
extra symmetries can be read from repeated commutators, [0, [00,, - - -, [00,,85], .. .]], where

O; = S or p. For example, we can read (s 5] from [8s, 851,

[6s,851n® = (p — Xop)S¥ — S(p —Xp)¥
= —XopS¥ + SXpV¥
= —XopS¥ + OS{0, n}EpY
=[S, Xopl¥ + On(S&EpY)

= —[S, (p — Xop) ¥ + On(SéoEpY), (B.22)
and
[8s,831¥ = (p —Xp)XSEnP — XS(p — Xop)n®
= —XpXSn® + X SXopn®
= —0X{50,nlpESnP + XSXopn®
= X[S,XopIn® — On(X§pESnP)
= —X[S, (p — Xop)In® — On(X§opESnP), (B.23)
as
Sspn® = =[S, (p — Xop)1¥, (B.24)
Sisp¥ = —XIS, (p — Xop)In®, (B.25)
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up to the equations of motion and gauge transformation. Similarly, we can find that general extra
symmetries have the form

.....

or

8101 10m, 10w NP = (=D XY [0, [0, ..., [Ospet1, (p — Xop) NP, (B.27a)
8101102, [0 MY = (=D X0, [0, . . ., [O41, (p — Xop) W, (B.27b)

.....

withk =1,2,...and/ = 0, 1,..., up to the equations of motion and gauge transformation. Here
2k — 1 (/) of the O’s are S (p) in Eq. (B.26) and 2k (/) of the O’s are S (p) in Eq. (B.27). All the
picture-changing operators, except for the last one, can be put together in front of the right-hand
side, aligning Xy or X, which is always possible in a similar way to Egs. (B.22) or (B.23). If an X is
in front of some O;,, we can move it to the top, e.g.,
= 0{&0, N} (X0 (01,102, ..., [EOj, ..., [On, (p — Xop)11In®
= QSO(XO)p[Ols [OZ> ) [Oi05 ey [Ol’l’ (p - XOﬁ)]]]]’]q§
+ On(6o(X0)?[01,104,...,[Oiy, . ... [On, (p — Xop) 1IN D)
= (Xo)P O, (02, ..., (04, - - - [On, (0 — Xop) 111N
+ On(&o(X0)’[01,[0,...,[0jy, ..., [On, (p — Xop) 1IN D). (B.28)

Using Eq. (3.5), it is easy to show that the transformations (B.26) or (B.27) can further be written in
the form of a gauge transformation as

S[OLIOs, [Osprr 1 NP = — (=D ON(X0) 7 E0[01, [0, ..., [O2psi-1, M1, .. 11D,
(B.29a)

8101102, [Onp117NY = — (=D QX) Hng0[ 01,10, . .., [O211-1,M], .. JIn®), (B.29b)

or

8101[0s, (O INP = (=D On((Xo) M E[O1, [0, .., [O4s M1, .. In®P),  (B.30a)
8101102 (O = (=D QX &[0, [0s, . . ., [Onprt, M1, .. 11V, (B.30b)

respectively. Hence all the extra symmetries obtained as repeated commutators of §s’s and §5’s act
trivially on the on-shell physical states, and thus the physical S-matrix, defined by the asymptotic
string fields.

References
[1] N. Berkovits, Nucl. Phys. B 450, 90 (1995); 459, 439 (1996) [erratum] [arXiv:hep-th/9503099] [Search
INSPIRE].
[2] T. Erler, S. Konopka and I. Sachs, J. High Energy Phys. 1404, 150 (2014) [arXiv:1312.2948 [hep-th]]
[Search INSPIRE].

20/21


http://dx.doi.org/10.1016/0550-3213(95)00259-U
http://dx.doi.org/10.1016/0550-3213(95)00620-6
http://www.arxiv.org/abs/hep-th/9503099
http://www.inspirehep.net/search?p=find+EPRINT+hep-th/9503099
http://www.inspirehep.net/search?p=find+EPRINT+hep-th/9503099
http://dx.doi.org/10.1007/JHEP04(2014)150
http://www.arxiv.org/abs/1312.2948
http://www.inspirehep.net/search?p=find+EPRINT+1312.2948
http://www.inspirehep.net/search?p=find+EPRINT+1312.2948

PTEP 2017, 043B04 H. Kunitomo

(3]

(4]
(3]
(6]
(7]
(8]

H. Kunitomo and Y. Okawa, Prog. Theor. Exp. Phys. 2016, 023B01 (2016) [arXiv:1508.00366
[hep-th]] [Search INSPIRE].

T. Erler, Y. Okawa, and T. Takezaki, arXiv:1602.02582 [hep-th] [Search INSPIRE].

T. Erler, arXiv:1610.03251 [hep-th] [Search INSPIRE].

D. Friedan, E. J. Martinec, and S. H. Shenker, Nucl. Phys. B 271, 93 (1986).

E. Witten, Nucl. Phys. B 276, 291 (1986).

H. Terao and S. Uehara, Phys. Lett. B 168, 70 (1986).

F. Gliozzi, J. Scherk, and D. I. Olive, Nucl. Phys. B 122, 253 (1977).

H. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo Cim. 1, 205 (1955).

I. Kishimoto and T. Takahashi, J. High Energy Phys. 0511, 051 (2005) [arXiv:hep-th/0506240] [Search
INSPIRE].

T. Erler, J. High Energy Phys. 1311, 007 (2013) [arXiv:1308.4400 [hep-th]] [Search INSPIRE].
N. Berkovits and E. Witten, J. High Energy Phys. 1406, 127 (2014) [arXiv:1404.5346 [hep-th]] [Search
INSPIRE].

A. Sen, J. High Energy Phys. 1512, 075 (2015) [arXiv:1508.02481 [hep-th]] [Search INSPIRE].
R. Pius and A. Sen, J. High Energy Phys. 1610, 024 (2016) [arXiv:1604.01783 [hep-th]] [Search
INSPIRE].

A. Sen, J. High Energy Phys. 1611, 014 (2016) [arXiv:1606.03455 [hep-th]] [Search INSPIRE].
A. Sen, arXiv:1607.08244 [hep-th] [Search INSPIRE].

A. Sen, arXiv:1609.00459 [hep-th] [Search INSPIRE].

A. Sen, arXiv:1610.00443 [hep-th] [Search INSPIRE].

N. Ishibashi, arXiv:1605.04666 [hep-th] [Search INSPIRE].

N. Ishibashi and K. Murakami, arXiv:1611.06340 [hep-th] [Search INSPIRE].

21/21


http://dx.doi.org/10.1093/ptep/ptv189
http://www.arxiv.org/abs/1508.00366
http://www.inspirehep.net/search?p=find+EPRINT+1508.00366
http://www.inspirehep.net/search?p=find+EPRINT+1508.00366
http://www.arxiv.org/abs/1602.02582
http://www.inspirehep.net/search?p=find+EPRINT+1602.02582
http://www.inspirehep.net/search?p=find+EPRINT+1602.02582
http://www.arxiv.org/abs/1610.03251
http://www.inspirehep.net/search?p=find+EPRINT+1610.03251
http://www.inspirehep.net/search?p=find+EPRINT+1610.03251
http://dx.doi.org/10.1016/0550-3213(86)90356-1
http://dx.doi.org/10.1016/0550-3213(86)90298-1
http://dx.doi.org/10.1016/0370-2693(86)91462-0
http://dx.doi.org/10.1016/0550-3213(77)90206-1
http://dx.doi.org/10.1007/BF02731765
http://dx.doi.org/10.1088/1126-6708/2005/11/051
http://www.arxiv.org/abs/hep-th/0506240
http://www.inspirehep.net/search?p=find+EPRINT+hep-th/0506240
http://www.inspirehep.net/search?p=find+EPRINT+hep-th/0506240
http://dx.doi.org/10.1007/JHEP11(2013)007
http://www.arxiv.org/abs/1308.4400
http://www.inspirehep.net/search?p=find+EPRINT+1308.4400
http://www.inspirehep.net/search?p=find+EPRINT+1308.4400
http://dx.doi.org/10.1007/JHEP06(2014)127
http://www.arxiv.org/abs/1404.5346
http://www.inspirehep.net/search?p=find+EPRINT+1404.5346
http://www.inspirehep.net/search?p=find+EPRINT+1404.5346
http://dx.doi.org/10.1007/JHEP12(2015)075
http://www.arxiv.org/abs/1508.02481
http://www.inspirehep.net/search?p=find+EPRINT+1508.02481
http://www.inspirehep.net/search?p=find+EPRINT+1508.02481
http://dx.doi.org/10.1007/JHEP10(2016)024
http://www.arxiv.org/abs/1604.01783
http://www.inspirehep.net/search?p=find+EPRINT+1604.01783
http://www.inspirehep.net/search?p=find+EPRINT+1604.01783
http://dx.doi.org/10.1007/JHEP11(2016)014
http://www.arxiv.org/abs/1606.03455
http://www.inspirehep.net/search?p=find+EPRINT+1606.03455
http://www.inspirehep.net/search?p=find+EPRINT+1606.03455
http://www.arxiv.org/abs/1607.08244
http://www.inspirehep.net/search?p=find+EPRINT+1607.08244
http://www.inspirehep.net/search?p=find+EPRINT+1607.08244
http://www.arxiv.org/abs/1609.00459
http://www.inspirehep.net/search?p=find+EPRINT+1609.00459
http://www.inspirehep.net/search?p=find+EPRINT+1609.00459
http://www.arxiv.org/abs/1610.00443
http://www.inspirehep.net/search?p=find+EPRINT+1610.00443
http://www.inspirehep.net/search?p=find+EPRINT+1610.00443
http://www.arxiv.org/abs/1605.04666
http://www.inspirehep.net/search?p=find+EPRINT+1605.04666
http://www.inspirehep.net/search?p=find+EPRINT+1605.04666
http://www.arxiv.org/abs/1611.06340
http://www.inspirehep.net/search?p=find+EPRINT+1611.06340
http://www.inspirehep.net/search?p=find+EPRINT+1611.06340


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


