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Anatomy of zero-norm states in string theory

Chuan-Tsung Chan*

Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan, Republic of China

Jen-Chi Lee" and Yi-Yang*

Department of Electrophysics, National Chiao-Tung University, Hsinchu, Taiwan, Republic of China
(Received 11 February 2005; published 14 April 2005)

We calculate and identify the counterparts of zero-norm states in the old covariant first quantized
(OCFQ) spectrum of open bosonic string in two other quantization schemes of string theory, namely, the
light-cone Del Giudice—Di Vecchia—Fubine zero-norm states and the off-shell Becchi-Rouet-Stora-Tyutin
(BRST) zero-norm states (with ghost) in the Witten string field theory (WSFT). In particular, special
attention is paid to the interparticle zero-norm states in all quantization schemes. For the case of the off-
shell BRST zero-norm states, we impose the no-ghost conditions and recover exactly two types of on-shell
zero-norm states in the OCFQ string spectrum for the first few low-lying mass levels. We then show that
off-shell gauge transformations of WSFT are identical to the on-shell stringy gauge symmetries generated
by two types of zero-norm states in the generalized massive o-model approach of string theory. The high-
energy limit of these stringy gauge symmetries was recently used to calculate the proportionality
constants, conjectured by Gross, among high-energy scattering amplitudes of different string states.
Based on these zero-norm state calculations, we have thus related gauge symmetry of WSFT to the high-

energy stringy symmetry of Gross.
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L. INTRODUCTION

Recently it was discovered that [1,2] the high-energy
limit &’ — oo of stringy Ward identities, derived from the
decoupling of two types of zero-norm states in the old
covariant first quantized (OCFQ) spectrum, implies an
infinite number of linear relations among high-energy
scattering amplitudes of different string states with the
same momenta. Moreover, these linear relations can be
used to fix the proportionality constants between high-
energy scattering amplitudes of different string states alge-
braically at each fixed mass level. Thus there is only one
independent component of high-energy scattering ampli-
tude at each fixed mass level. For the case of string-tree
amplitudes, a general formula can even be given to express
all high-energy stringy scattering amplitudes for arbitrary
mass levels in terms of those of tachyons [1,3]. These zero-
norm state calculations are independent of the high-energy
saddle-point calculations of Gross and Mende [4], Gross
[5] and Gross and Manes [6]. In fact, the results of saddle-
point calculations by those authors were found [1-3] to be
inconsistent with high-energy stringy Ward identities of
zero-norm state calculations and thus could threat the
validity of unitarity of string perturbation theory. A cor-
rected saddle-point calculation was given in [3], where the
missing terms of the calculations in Refs. [4—6] were
identified to recover the stringy Ward identities.

The importance of zero-norm states and their implica-
tion on stringy symmetries were first pointed out in the
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context of the massive o-model approach of string theory
[7]. Some implications of the corresponding stringy Ward
identities on the scattering amplitudes were discussed in
[8]. On the other hand, zero-norm states were also shown
[9] to carry the spacetime w,, symmetry [10] charges of 2D
string theory [11]. This is in parallel with the work of [12]
where the ground ring structure of ghost number zero
operators was identified in the Becchi-Rouet-Stora-Tyutin
(BRST) quantization. All the above interesting results of
26D and 2D string theories strongly suggest that a clearer
understanding of zero-norm states holds promise to un-
cover the fundamental symmetry of string theory.
Recently, a simplified method to generate zero-norm states
in 26D OCFQ bosonic string was proposed [13]. Based on
a simplified prescription to calculate positive-norm prop-
agating states given in [14], general formulas of some zero-
norm tensor states at arbitrary mass levels were calculated.
Unfortunately, general formulas for the complete set of
zero-norm states are still lacking mostly due to the high
dimensionality of spacetime D = 26. However, in the 2D
OCEFQ string theory, a general formula of zero-norm states
with discrete Polyakov’s momenta at arbitrary mass levels
was given in terms of Schur polynomials [9]. On the other
hand, for the case of 26D string, the background ghost
transformations in the gauge transformations of Witten
string field theory (WSFT) [15] were shown [16] to corre-
spond, in a one-to-one manner, to the lifting of on-shell
conditions of zero-norm states in the OCFQ approach.

In this paper, we shall calculate and identify the counter-
parts of zero-norm states in two other quantization
schemes of 26D open bosonic string theory, namely, the
light-cone Del Giudice-Di Vecchia—Fubine (DDF) [17]
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zero-norm states and the off-shell BRST zero-norm states
(with ghost) in WSFT. In particular, special attention is
paid to the interparticle zero-norm states in all quantization
schemes. For the case of off-shell BRST zero-norm states,
we impose the no-ghost conditions and recover exactly two
types of on-shell zero-norm states in the OCFQ string
spectrum for the first few low-lying mass levels. We then
show that off-shell gauge transformations of WSFT are
identical to the on-shell stringy gauge symmetries gener-
ated by two types of zero-norm states in the OCFQ string
theory. Our calculations in this paper serve as the first step
to study stringy symmetries in light-cone DDF and BRST
string theories and to bridge the links between different
quantization schemes for both on-shell and off-shell string
theories. In Sec. II, we first review the calculations of zero-
norm states in the OCFQ spectrum. The most general
spectrum analysis in the helicity basis, including zero-
norm states, was then given to discuss the interparticle
D, zero-norm state [7,8] at mass level m?> = 4. We will
see that one can use polarization of either one of the two
positive-norm states to represent the polarization of the
interparticle zero-norm state. This justifies how one can
have the interparticle symmetry transformation for the two
massive modes in the weak field massive o-model calcu-
lation derived previously [7]. In Sec. III, we calculate both
type I and type II zero-norm states in the light-cone DDF

string up to mass level m>= 4. In Sec. IV, we first calculate

off-shell zero-norm states with ghosts from linearized
gauge transformation of WSFT. After imposing the no-
ghost conditions on these zero-norm states, we can repro-
duce exactly two types of zero-norm states in OCFQ
spectrum for the first few low-lying mass levels. We then
show that off-shell gauge transformations of WSFT are
identical to the on-shell stringy gauge symmetries gener-
ated by two types of zero-norm states in the generalized
massive o-model approach [7] of string theory. The high-
energy limit of these stringy gauge symmetries was re-
cently used to calculate the proportionality constants
among high-energy scattering amplitudes of different
string states conjectured by Gross [5]. Based on the zero-
norm state calculations [1-3], we have thus related gauge
symmetry of WSFT [15] to the high-energy stringy sym-
metry conjectured by Gross [4—6]. Finally, a brief conclu-
sion is given in Sec. V.

II. ZERO-NORM STATES IN THE OCFQ
SPECTRUM

In the OCFQ spectrum of open bosonic string theory, the
solutions of physical state conditions include positive-
norm propagating states and two types of zero-norm states.
The latter are [18]

type I L _|x), where L;|x)=1L,|x)=0, Ly|x)=0;
@.1)
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type 1I: ( = L >|x> where L|%) = L,|%) = 0,

(Lo + DXy = 0. (2.2)

Equations (2.1) and (2.2) can be derived from the Kac
determinant in conformal field theory. While type I states
have zero norm at any spacetime dimension, type II states
have zero norm only at D = 26.

A. Zero-norm states with constraints

The solutions of Eqgs. (2.1) and (2.2) up to the mass level
m? = 4 are listed in the following [13]:
() m* = —k* = 0:

1) =k a0, k); lx) = 10, k); lx) = 10, k).

(2.3)

Q) m* = —k* =2:

5
<L2+L>|x>|:a1a1+ka2

#30 a0 =10k
(2.4)

Lylx)y=1[6 -a_,+ (k-a_)(0  a_)]0,k);

lx) =60 a_,[0, k), 0-k=0. (2.5)

Gy m? = —k> = 4

(L_ 2-1— L >|x) {40'a_3+%(a_1-a_l)(ﬁ-a_l)
ka0 @)+ kea )

x(e-a_l)+3<k-a_1><e-a_z>}|o, K);

|£)=60-a_,10,k), k-6=0, (2.6)
L—1|x> [20 a 105_2 + k,\a Vaﬁla’f]aﬁl]lo, k),
lx) = 6,,a"710, k), k-6 =mn"0,,=0,
0y = 0,4 (2.7)
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1 ) 3
L_|x)= [E(k a )0 -a_y)+20 a5+ E(k cay)

X (0 @)+ ke a )0 al)}m, :

lx) =[20 - a_s + (k- a_1)(0 - a_1)]I0, k),

0-k=0, 2.8)
17 9
L_|x)= [Z(k a_) + E(k' a ) a_y-ay)
+9a_; a_y) +21(k-a_)(k-a_,)
+25(k - a{3):||0, :
25 9 17
|.X> = |:7k‘ a_, + Ea_l o + Z(k' a_1)2:||0, k>
2.9)

Note that there are two degenerate vector zero-norm
states, Eq. (2.6) for type II and Eq. (2.8) for type I, at
mass level m> = 4. We define D, vector zero-norm state by
antisymmetrizing those terms which contain o a”, in
Egs. (2.6) and (2.8) as following [7]

1
|D,) = |:<§kﬂk,,0/\ + ZnMVG,\)aﬁlaﬁla’l]

+ 9I<Ml9,,oz[_”2cv'i]1 —66,a",1|0, k), (2.10)

k-0=0.

Similarly the D; vector zero-norm state is defined by
symmetrizing those terms which contain a” a”, in

Egs. (2.6) and (2.8)

5
D)) = [(ikﬂkym + nweA>a’ilazlaﬁl

+9k,0,a%a”), + 60ﬂa’f3}|0, p, @D

k-6 =0.

In the generalized massive o-model approach of string
theory, it can be shown that each zero-norm state in the
OCFQ spectrum generates a massive symmetry transfor-
mation for the propagating string modes. In particular, the
interparticle symmetry transformation corresponding to
the D, interparticle zero-norm state in Eq. (2.10) can be
calculated to be [7]

1
6Cumn) = (5 90,0y — 277(;“/6)0)

OChur) = 991,05},

2.12)

where 9,0” = 0, (3> —4)8” = 0 are the on-shell condi-
tions of the D, vector zero-norm state. C,,,) and Cp,,] in
Eq. (2.12) are the background fields of the symmetric spin-
three and antisymmetric spin-two states, respectively, at
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mass level m> = 4. Equation (2.12) is the result of the first
order weak field approximation but, in contrast to the high-
energy a’ — oo result of [1-3], valid to all energy «' in the
generalized o-model approach. It is important to note that
the decoupling of the D, vector zero-norm state implies
simultaneous change of both C(,,,) and Cj,,}, thus they
form a gauge multiplet. In general, an interparticle zero-
norm state can be defined to be D, + aD;, where « is an
arbitrary constant.

B. Zero-norm states in the helicity basis

In this section, we are going to do the most general
spectrum analysis which naturally includes zero-norm
states. We will then solve the Virasoro constraints in the
helicity basis and recover the zero-norm states listed above
[7,13]. In particular, this analysis will make it clear how the
D, zero-norm state in Eq. (2.10) can induce the interpar-
ticle symmetry transformation for two propagating states at
the mass level m?> = 4.

We begin our discussion for the mass level m?> = 2. At
this mass level, the general expression for the physical
states can be written as

[e 0" a” | + €,a",]]0, k). (2.13)

In the OCFQ of string theory, physical states satisfy the
mass shell condition

(Lo — D|phys) = 0 = k? = —2, (2.14)

and the Virasoro constraints L|phys) = L,|phys) =0
which give

k”, (2.15)

€, = —€

“ 727

NtV €y, = 2€,,kHk". (2.16)

In order to solve for the constraints Egs. (2.15) and
(2.16) in a covariant way, it is convenient to make the
following change of basis:

1
ep=—(E0,... k), 2.17)
m
1
e, =—(k0,...,E), 2.18)
m
er, = (0,0,..., 1 (ith spatial direction), ..., 0),
(2.19)

i=12...,24

The 2nd rank tensor €, can be written in the helicity basis
Eqgs. (2.17), (2.18), and (2.19) as

€4 = ZMABeﬁef, A B=PL,T. (2.20)
A,B

In this new representation, the second Virasoro con-
straint Eq. (2.16) reduces to a simple algebraic relation,
and one can solve it
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24

1
Upp = g(“LL + Z uT,-T,-)-
=

In order to perform an irreducible decomposition of the
spin-two state into the trace and traceless parts, we define
the following variables:

221

1 24
X = 25 (uLL + I_Zl MTT) (222)
1 1 24
y= g(ul‘l‘ - ﬂ ; MTI_TI_>. (223)

We can then write down the complete decompositions of
the spin-two polarization tensor as

€uv —x(SePeP+eLeL+Zeﬂe,,>+y2(e ek —eﬂe,,)
+Z(
+ZMPTi(e
=

24
T,
ZMT1T1>€”’6V +upp(eh el +ekel

Tt el P)+ZuLT(e Vtenel)

(2.24)
The first Virasoro constraint Eq. (2.15) implies that the €,

vector is not an independent variable and is related to the
spin-two polarization tensor €,,, as follows:

24
€, = 5V2xel, + \2up. el + \/EZ upred.  (2.25)
i=

Finally, combining the results of Egs. (2.13), (2.24), and
(2.25), we get the complete solution for physical states at
mass level m?> =2

[e 0" a” +€,a",]0,k)

24
=x<5a51a61 tatat, +5 ol +5\5a€2>|0, k)
i=1
(2.26)
+yz Lat, —a ’la ‘IO, k) 2.27)
+ Z( rr, Zum>a QoK (228)
+ up, (2a? ok, + V2at,)|0, k) (2.29)
24
+ > upr,2a® @l + V24110, k) (2.30)
i=1
24 ,
+ 2ZuLT,_a£,a:1|o, k), (2.31)
i=1
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. . T.
where the oscillator creation operators o 1s al 1 al,etc,
are defined as

aén = eﬁ -at,, n €N,

A=P LT, (232

In comparison with the standard expressions for zero-norm
states in Sec. IT A, we find that Egs. (2.26), (2.29), and
(2.30) are identical to the type II singlet and type I vector
zero-norm states for the mass level m? = 2

(2.26)=2x[<177/w+ k,k >a a”,

2
5
+ 5k a* }|o k),
(2.29) = \2up [eLk, " a” | + ek a”,]110, k),
(2.30) = ZﬁuPT[eMk a* a” | + elia™,]l0, k).

(2.33)

In addition, one can clearly see from our covariant decom-
position how zero-norm states generate gauge transforma-
tions on positive-norm states. While a nonzero value for x
induces a gauge transformation along the type II singlet
zero-norm state direction, the coefficients up;, upr, pa-
rametrize the type I vector gauge transformations with
polarization vectors 6 = e’ and 0 = e'i, respectively.
Finally, by a simple counting of degrees of freedom, one
can identify Egs. (2.27), (2.28), and (2.31) as the singlet (1),
(traceless) tensor (299), and vector (24) positive-norm
states, respectively. These positive-norm states are in a
one-to-one correspondence with the degrees of freedom
in the light-cone quantization scheme.

We now turn to the analysis of the m? = 4 spectrum.
Because of the complexity of our calculations, we shall
present the calculations in three steps. We shall first write
down all of the physical states (including both positive-
norm and zero-norm states) in the simplest gauge choices
in the helicity basis. We then calculate the spin-three state
decomposition in the most general gauge choice. Finally,
the complete analysis will be given to see how the D, zero-
norm state in Eq. (2.10) can induce the interparticle sym-
metry transformation for two propagating states at the
mass level m?> = 4.

1. Physical states in the simplest gauge choices

To begin with, let us first analyze the positive-norm
states. There are two particles at the mass level m? = 4,
a totally symmetric spin-three particle and an antisymmet-
ric spin-two particle. The canonical representation of the
spin-three state is usually chosen as

€ama a” a0, k), K2 = —4, (2.34)
where the totally symmetric polarization tensor €,,, can

be expanded in the helicity basis as
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€uv = Z iigpceyebe§, A B, C=P LT, (2.35)

AB,C

The Virasoro conditions on the polarization tensor can be
solved as follows:

k*€,, =0=iipyp=0, VY AB=PLT, (236)
"€ =0=iipp; + ZﬁTiT,L =0,
i 2.37)

dprr, + ZuTjT/-T[ =0.
J

If we choose to keep the minimal number of L components
in the expansion coefficients i for the spin-three parti-
cle, we get the following canonical decomposition:

|A(€)) = (epnat @’ a )0, k) = |A(@))
- T, T, T T;
— ZuTiTiTi(a_'la_’la_’l —3al ol al)I0, k)
7
~ Ty T T; L L T

+ Z3uTjTjTi(a—la—la—l - a_la—la—[)lo’ k>
7

+ Z 6uTTTk(a i ’la D10, k)
(i#j#k)

+ ZﬁLTiTi(3a€1a§1a§1 —al ol a )]0, k)
7

~ i T
+ Z 6”LT,<Tj(a£1 a[?_",la_/l)lo’ k>
(i#))

(2.38)

It is easy to check that the 2900 independent degrees of

freedom of the spin-three particle decompose into 24 +

552 + 2024 + 24 + 276 in the above representation.
Similarly, for the antisymmetric spin-two particle, we

have the following canonical representation:
€ a?,0, k). (2.39)

Rewriting the polarization tensor €, , in the helicity basis

€[un] = D Vasienes, (2.40)
AB
and solving the Virasoro constraints
24 ,
k€)= 2vpiie + 2> viprgen =0, (2.41)
i=1

we obtain the following decomposition for the spin-two
state:

|B(€))

|B(v))
= ZU[L,T,»](aelaiiz - ai"lafz)m, k)

E[;,L,V]al_bla’12|0; k> =

+ Z vir, (e ’laT’Z -« fla N0, k). (2.42)
(i#))
Finally, one can check that the 300 independent degrees of
freedom of the spin-two particle decompose into 24 + 276
in the above expression.
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For the zero-norm states at m? = 4, we have the follow-
ing decompositions:
(1) Spin-two tensor
|C(0)) = (k\0,,a" a” at | +20,,a" a”,)|0, k)
P P

= ZZQTiTi(a_‘la_’la_l —at ol a?,
7

+a e, — ot ak )0, k)
+ Z 20T[T/_(2az"lai"]afl + ai"laijz
(i#)

+aa”)[0, k)
+ ZZ@LTi(Zaelazila}:l + a£1a§2
i

+ a” k)]0, k), (2.43)

where we have solved the Virasoro constraints on
the polarization tensor 6,

0/1,1/ = ZQABeﬁeE» (244)
AB
N*0,, = —O0pp + 01, + Zen =0, (245)
ng}“/ = —20pp€ - 20PL3 22013.7- elu =

(2.46)

The 324 degrees of freedom of on-shell 6, decom-
pose into 24 + 276 + 24 in Eq. (2.43).

(2) Spin-one vector (with polarization vector 8 - k = 0,
0/" = ZAGABI/‘;,? A= L, Tl)

5
|D](0)> = |:<2k’uk 0/\ + 17#,,0,\>a;:1a31a)l1
+ 9k, 0, e a”, +60,a%,]|0, k)
(2.47)
- ZHA[%VPIaPIaAl +al b at,

+Za"la"a . +9(a?

1“2

+ataf,) + 6aﬂ3}|0, k).  (2.48)

(3) Spin-one vector (with polarization vector 6 - k = 0,
w=abpet, A=LT)

1
|D,(0)) = [<2k#k,,0,\ + 277#,,0,\>a’flaila)11

_9k[M6’V]a’fla —60,a" }lO k)

(2.49)
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= Z@{Za’;la’;laél + ZZai’laijl aél
A J

- 9(al at, — at al,) — 6a? }|0,k>.

(2.50)
(4) Spin-zero singlet
17 9
|E> = |:<Zklu’kyk/\ + En,ul/k)x>alilaz]a/ll
+ Qlk,k, +97m,,)a" a”,
+ 25k, a* }lO k) (2.51)

=[25(cv‘plozploz‘pl +3al af, +2ar;)
+9at,ak af | +9at ok,

+ 92(&?"1 alia? +al aT"Z)}IO, k). (2.52)

2. Spin-three state in the most general gauge choice

In this section, we study the most general gauge choice

associated with the totally symmetric spin-three state
|

_ P
Euva = uPPP[e,ue

+3(€L L P+per)]+uPPL[(eP y L+Per)+3€L

PHYSICAL REVIEW D 71, 086005 (2005)

[ema a” ot + g a” a”, + &,a"3]10, k),

(2.53)
where Virasoro constraints imply
E(ur) = _Ek/\g’”)" (2.54)
1 VA
gy = Ek ke un (2.55)
2nte 0 = kMK g0 (2.56)

Equations (2.54) and (2.55) imply that both g(,,) and €,
are not independent variables, and Eq. (2.56) stands for the
constraint on the polarization g,,,. In the helicity basis,
we define

— z A ,B,C
a,u,v)\ - MABCe;LeVeAr
AB,C

A B C=P LT, (257

Equation (2.56) then gives

ZnABuABc = 2uppc, A B C=P LT, (258)
AB

which implies
Suppc—urrc— ZMTJTI-C =0, C=PLT. (259

J
Eliminating u;;p, t;7;, and uy 7, from the above equa-
tions, we have the solution for &,,,, &(4,), and &,:

T;
ek1+ ZuPPTi[(eﬁeﬁe)‘ + per.)

+3(eLebe T +per)]+ZuPTT[(e e,,eA + per.) — (e ebel +per.) ]+ ZupTT[e e,,e/\ '+ per.]

P
+ > uprlefel
7

Ley +Per]+ZMLTT[(€ evey +per.) —elhe

@i#))

Lel]+ ZuLTT[e ey e)\ + per.]
(#4)

T, T,
+ZuTTT[e,Le,, e) —(ehebe) +per)]+ZuTTT[(e,Le,, e, +per.) — (eLebe, + per.)]

i#j

- T, T,
+ Z uTiT_/_Tk[el;e,/e/\k-i-per.],
(i#j#k)

1

— PP L,L P,L 4 ,L P
38w = uppplelel, + 3elel) + upp (el el + el el)

+Z”PPT(€ er +epel)

+Z”PLT(3 ey +ejel)

+ ZuPTin(eM"e,," —ebel)
7

T; Tj Ty T;
+ Z MPT,-T_,(e,uev + e e,),
@i#))

(2.61)

1

N

T,
8# = |:upppei + uPpLe/I; + ZuppTielu, :| (262)
i

Putting all these polarizations back to the general form of

(2.60)

|
physical states Eq. (2.53), we get
[epmat a” ot + g,a” a”, + &,a"5]|0, k)
~ 1
= 1) + 160D + | (wess + Surss ) [r(e)
1
+ 2[9 <uLLT,- + ZMT_,-Y‘_,»Ti>:||D1(€Ti)>
i J

1
75 |:uLLP + Z”PTT }|E> (2.63)

For the first two terms on the right-hand side (r.h.s.) of
Eq. (2.63), we need to make the following replacements.
For the positive-norm state |A(i)) in Eq. (2.38)
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1
Urrr, — Urr,T, — guPPT,-’
1
ii — o ii — 2.64
Urrr, Urrr, 9 Uppr, Urrr, Urr,1 ( )
_ 1 _
Uprr, — Urr,t, — §”PPL: Uprr, = ULT,T;-

For the spin-two zero-norm state |C(#)) in Eq. (2.43), the
replacement is given by

20LT1’ - 3uPLT,»’ 207"{,7"}, — 3MPTiTj’ for i # j,

2077, — 3<MPT,»T,» - ;_SMPPP>- (2.65)

It is important to note that for the spin-three gauge
multiplet, only spin-two, singlet, and D; vector zero-
norm states appear in the decomposition Eq. (2.63). In
the next section, we will see how one can include the
missing D, zero-norm state in the analysis.

3. Complete spectrum analysis and the D, zero-norm state

After all these preparations, we are ready for a complete
analysis of the most general decomposition of physical
states at m> = 4. The most general forms of physical states
at this mass level are given by

M v A M v
[E/LV/\a—la—la—l + eunaljal,

+ e[w,]a’flaiz + eﬂa’f3]|0, k). (2.66)
The Virasoro constraints are
3.2
E(,MV) = _ik EILV/\’ (267)
3 A
—k"€ru,) + 3€, = Ek”k €uv (2.68)
2k" €[y, + 3€, = 3(kV kY — n”A)eM,,A. (2.69)

The solutions to Egs. (2.68) and (2.69) are given by

1
kY €1, = <§k”k" - n“>em, (2.70)

3e, = k"KM — n"Ne, 0. @2.71)

In contrast to the previous discussion Egs. (2.54) and
(2.55), where both €(,,,) and €, are completely fixed by the
leading spin-three polarization tensor €,,,,, we now have a
new contribution from k”e[,,). It will become clear that
this extra term includes the interparticle zero-norm state
D,, Equations (2.49) and (2.50). Furthermore, it should be
clear that the antisymmetric spin-two positive-norm physi-
cal states are defined by requiring €,,, = €(,,) = 0 and
€, = k”€[,,) = 0. In the following, for the sake of clarity,
we shall focus on the effects of the new contribution
induced by the €, only.
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The two independent polarization tensors of the most
general representation for physical states Eq. (2.66) are
given in the helicity basis by

€urn = > Ungcepele§, A B,C=PLT; (272)

ABC
6[/“/] = ZV[AB]efLel,f. (273)
AB
The Virasoro constraint Eq. (2.70) demands that
3Uppp = UrLrp — ZUPT;T,- =0, (2.74)
3Uppr — UL — ZULT,T,- = 2Vipr), (2.75)
(2.76)

3Uppr, = Ui, — ZUT./'T/T:' = 2Virry
J

In contrast to Eq. (2.59), the solutions to the above equa-
tions become

1 2
Uppr = U1(D12>L + UI(D;’L’

where UY), = %(ULLL + ZUT[T[L>, (2.77)
7
Ug)L = %V[PL];
Uppr, = nglr,. + Uj"Z})’Ti’
where Uy, = ;(Umi -+ ZUT].T].T,), (2.78)
j
U gi)’T; = %V[PT,}

It is clear from the expressions above that only UI(DZ}L and
Ug)r give new contributions to our previous analysis in

the last section, so we can simply write down all these new
terms as

2
8€,,) = g[V[PL](eZe’;eﬁ + per.)

+ ZV[pTi](eiefe? + per.)} (2.79)

T
S€[) = Vipry(ehel — per.) + ZV[PT[](e‘;eV' — per.)

+ ZV[TI_L](eZ;’eﬁ — per.)

T, T.
+ ZV[T!_T,_](e,; er — per.), (2.80)

i#j
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8€(un = 2|:V[PL](eZe§ + per.) + ZV[PTi](eﬁeg" + per.)}

(2.81)

e, = 2[V[pL]eﬁ + ZV[pTi]eﬁ} (2.82)

Finally, the complete decomposition of physical states
Eq. (2.66) in the helicity basis becomes

M~y A P
[G,uw\afla—la—l + E(ur)X_1d_»
I v M
+ €uat a”, + €,a%]00, k)

= |A(UCBA)> + |B(V[T,.A])> + IC(UPBA)> (2.83)

+ > [é(ULLA + ZUTiTiA>:||Dl(€A)>

ASTT,
(2.84)
— LS Vg IDheh) (2.85)
9 [pA]l e :
ASTT,
1
+ %[ULLP + ZUPT[T[:||E>- (2.86)

In Eq. (2.83), |[A(U¢p,)) is given by Eq. (2.38) with iicp,
given by Eq. (2.64) and we have replaced u by U on the
r.h.s. of Eq. (2.64). The antisymmetric spin-two positive-
norm state |B(V[r,47)) is given by Eq. (2.42) and we have
replaced v by V in Eq. (2.42). Finally, |C(Upg,)) is given
by Eq. (2.43) with 6 given by Eq. (2.65) and we have
replaced u by U on the r.h.s. of Eq. (2.65). In Eq. (2.85),
|D}(e?)) = |Dy(e?)) — 2|D;(e?)) is the interparticle zero-
norm state introduced at the end of Sec. Il A with & = —2.
Note that the value of « is a choice of convention fixed by
the parametrizations of the polarizations. It can always be
adjusted to be zero. In view of Eqs. (2.77) and (2.78), we

see that one can use either V[ps; or Ugl)) A (A=LT)to
represent the polarization of the [D)(e?)) interparticle
zero-norm state.

We conclude that once we turn on the antisymmetric
spin-two positive-norm state in the general representation
of physical states Eq. (2.66), it is naturally accompanied by
the D) interparticle zero-norm state. The polarization of
the D) interparticle zero-norm state can be represented by
either Vipsj or US), (A = L, T;) in Egs. (2.72) and (2.73).
Thus this interparticle zero-norm state will generate an
interparticle symmetry transformation in the o-model cal-
culation considered in [7,13]. Note that, in contrast to the
high-energy symmetry of Gross [5], this symmetry is valid
to all orders in «'.
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III. LIGHT-CONE DDF ZERO-NORM STATES

In the usual light-cone quantization of bosonic string
theory, one solves the Virasoro constraints to get rid of two
string coordinates X=. Only 24 string coordinates ', i =
1,...,24, remain, and there are no zero-norm states in the
spectrum. However, there exists another related quantiza-
tion scheme, the DDF quantization, which does include the
zero-norm states in the spectrum. In the light-cone DDF
quantization of open bosonic string [17], one constructs
transverse physical states with discrete momenta

pt = pt — Nk =(1,0,..., —1 + N), 3.1)

where X* = LZ(X0 +X»)and pt =1, p~ =—-1+N.
In Eq (31) m*=-p>*=2(N—1) and p} =
(1,0,...,—1), kf =1(0,0,..., —1), respectively. All other
momenta can be reached by Lorentz transformations. The
DDF operators are given by [17]

. 1 27 . -
Al = — Xi(r)e™X (1 dr, i=1...,24 (3.2
27 Jo
where the massless vertex operator Vi(nky, 7) =

Xi(7)e™X (D is a primary field with conformal dimension
one and is periodic in the world sheet time 7 if one chooses
k* = nkf with n € Z. It is then easy to show that

(L, AL]=0, (3.3)

[Ain’ Aﬁ] = m5ij5m+n' (34)
In addition to sharing the same algebra, Eq. (3.4), with
string coordinates ', the DDF operators A, possess a
nicer property Eq. (3.3), which enables us to easily write
down a general formula for the positive-norm physical
states as following:

(A7) (Ak)" - (AL,)10, o)

where |0, py) is the tachyon ground state and N = >, ri,
is the level of the state. Historically, DDF operators were
used to prove no-ghost (negative-norm states) theorem for
D = 26 string theory. Here we are going to use them to
analyze zero-norm states. It turns out that zero-norm states
can be generated by

i, €N, (3.5

© D—2
A, =A, — Z Z TALAL (3.6)
m=1 i=1
where A, is given by
1 21 o 1 d . R
A, =5 . [:Xe’”x : —Einz(logXJr)e’”X }dr.
3.7

It can be shown that A, commute with L, and satisfy the
following algebra:

[4,,, All=0, (3.8)
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26—D

[A,. A, 1= (m — n)A,,, + m*8yin.  (3.9)
Equations (3.4), (3.8), and (3.9) constitute the spectrum
generating algebra for the open bosonic string including
zero-norm states. The ground state |0, py) = |0) satisfies
the following conditions:
AL10y = A, |0y =0, n>0, (3.10)
26 — D
24

We are now ready to construct zero-norm states in the DDF
formalism.

(1) m> = 0: One has only one scalar AZI |0), which has
zero norm for any D.

(2) m®> = 2: One has a light-cone vector A~ AZ,|0),
which has zero norm for any D, and two scalars, whose
norms are calculated to be

Agloy = — Abl0) = 0.

26— D
2

For b =0, one has a “pure type I” zero-norm state,
AZ,AZ,|0), which has zero norm for any D. By combining
with the light-cone vector A" ,AZI |0), one obtains a vector
zero-norm state with 25 degrees of freedom, which corre-
spond to Eq. (2.5) in the OCFQ approach. For b # 0, one
obtains a type II scalar zero-norm state for D = 26, which
corresponds to Eq. (2.4) in the OCFQ approach.

3) m?> = 4:

(I) A spin-two tensor A’ A’ A~,]|0), which has zero
norm for any D.

(IT) Three light-cone vectors, whose norms are calcu-
lated to be

l(@A=,AZ, + bAZ,)|0)|| = b (3.12)

l(aA” | AZ|AZ, + bAL,AZ| + cAL | AZ,)|0)|
_26—-D ,
T2 @
(IIT) Three scalars, whose norms are calculated to be
[(dAZ,AZ,AZ, + eAZ,AZ, + fAZ;)|0)l
=2(26 — D)(e + f)>.

(3.13)

(3.14)

For ¢ = 0 in Eq. (3.13), one has two pure type I light-cone
vector zero-norm states. For e + f = 0 in Eq. (3.14), one
has two pure type I scalar zero-norm states. One of the two
type I light-cone vectors, when combining with the spin-
two state in I, gives the type I spin-two tensor which
corresponds to Eq. (2.7) in the OCFQ approach. The other
type I light-cone vector, when combining with one of the
two type I scalars, gives the type I vector zero-norm state
which corresponds to Eq. (2.8) in the OCFQ approach. The
other type I scalar corresponds to Eq. (2.9). Finally, for ¢ #
0 and e + f # 0, one obtains the type II vector zero-norm
state for D = 26, which corresponds to Eq. (2.6) in the
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OCFQ approach. It is easy to see that a special linear
combination of b and ¢ will give the interparticle vector
zero-norm state which corresponds to the interparticle D,
zero-norm state in Eq. (2.10). This completes the analysis
of zero-norm states for m*> = 4. Note that the exact map-
ping of zero-norm states in the light-cone DDF formalism
and the OCFQ approach depends on the exact relation
between operators (A,, AL, L,) and a’, which has not
been worked out in the literature.

IV. BRST ZERO-NORM STATES IN WSFT

Cubic string field theory is defined on a disk with the
action

S=—il <I>>1<QB<I>+l OxPxd) (4.1)
g02 3
where Qg is the BRST charge
m—n

QB = Z erncn + Z 2

n=—oo mn=—0oo

ZCanb,m,n T Co

4.2)

and ® is the string field with ghost number 1 and b, ¢ are
conformal ghosts. Since the ghost number of vacuum on a
disk is —3, the total ghost number of this action is O as
expected. The string field can be expanded as

P = Z Ao e ()Y by ey D),
k,m,n
where the string ground state [()) is
1) = ¢,0). 4.3)

The gauge transformation for the string field can be written
as

5D = OgA + g(@x A — A * D), (4.4)

where A is the string field with ghost number 0.
For the purpose of discussion in this paper, we are going
to consider the linearized gauge transformation

8D = QgA, (4.5)

where QgA is just the off-shell zero-norm states. In the
following, we will explicitly show that the components of
Eq. (4.5) are in one-to-one correspondence to the zero-
norm states obtained in the OCFQ approach in Sec. II level
by level for the first few mass levels.

There is no zero-norm state in the lowest string mass

level with m?> = —2, so our analysis will start with the
mass level of m?> = 0.
(i) m* = 0:
The string field can be expanded as
o = {iAM(x)a’f1 + a(x)b_,co}lQ), (4.6)
A ={e’()b_1}1Q). (4.7)
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The gauge transformation is then
1
QBA = {_ Ea%EOb,]co + an’o : Cl’]}lQ) (48)

The nilpotency of the BRST charge Oy gives

QiA =0, 4.9)

which can be easily checked to be valid for any D. Thus
Eq. (4.8) can be interpreted as a type I zero-norm state. To
compare it with the zero-norm state obtained in the OCFQ
approach in Sec. II, we need to reduce the Hilbert space by
removing the ghost states. In particular, the coefficients of
terms with ghost operators must vanish. For the state in
Eq. (4.8), it is

(4.10)

which gives the on-shell condition k> = 0 and the follow-
ing zero-norm state:
QBA = ano : a,1|Q>. (411)

This is the same as the scalar zero-norm state obtained in
the OCFQ approach.

(i) m* = 2:

The string field expansions are

® ={-B,,(x)a* a”, +iB,(x)a", + iB,(x)a" b_co
+ BY(x)b_yco + B (0)b_ic_1}Q), 4.12)

A ={ie,(x)a” b_; + €' (x)b_,}|Q). (4.13)

The off-shell zero-norm states are calculated to be

1
OgA= {(z’aoﬂeg ~I—§elnw>a’_‘1aﬁl + (i€ + age')

1
T _y — li(a% + 2)(60 . a,l)b,lco

1
_E(Gf% + 2)€1b_2C0 - (lao . EO + 361)b_1C_1}|Q>.
(4.14)
The nilpotency condition requires

D — 26

OzA = €'c,|Q)y=0. (4.15)

There are two solutions of Eq. (4.15), which correspond to
the type I and type II zero-norm states, respectively.
(1) Type I: in this case D is not restricted to the critical
string dimension in Eq. (4.15), i.e. D # 26. Thus

e =0. (4.16)
The no-ghost conditions of Eq. (4.14) lead to the on-

PHYSICAL REVIEW D 71, 086005 (2005)
shell constraints

a2 +2=0, 4.17)

ay - € = 0. (4.18)

The off-shell zero-norm state in Eq. (4.14) then
reduces to an on-shell vector zero-norm state

OpA = i{(e" - a_)(ap - a_y) + € - a_,}|Q).
(4.19)

(2) Type II: in this case D is restricted to the critical
string dimension, i.e. D = 26, and €' can be an
arbitrary function. The no-ghost conditions then
lead to the on-shell constraints

aZ+2=0, (4.20)

iag - € +3el =0. 4.21)

The second condition can be solved by a special
solution
3i
0 — _ 1
G/L = anﬂe ,

which leads to an on-shell scalar zero-norm state

4.22)

3 1
OgA = {E(CVO cay)? + E(afl cay)

+ %ao . a_z)}€1|Q>. (423)

Again, up to a constant factor, the zero-norm states
Egs. (4.19) and (4.23) are the same as Egs. (2.4) and
(2.5) calculated in the OCFQ approach.
(iii) m> = 4:
The string fields are expanded as
O ={—iC,,\(x)a* a” a* — C,,(x)a",a”,
+iC,(x)ay — v, (a" a” b_c
+ iy () at b_yey + iy, (et b_jc_,
+iyL(x)at,b_jcy + ¥ (x)b_5cq

+ Yy (Wb _se_y + YA()b_jc,} ), (4.24)

A ={-€,,a" a” b, +ie,(x)a",b_i|Q)
+ie(x)a’ by + €(x)b_3 + € (x)b_1b_rco} Q).
(4.25)

The off-shell zero-norm states are
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i

OgA = {<_a0(uev)\) "‘2

PHYSICAL REVIEW D 71, 086005 (2005)

2 & v A . 24 1 _ 2 & 29 1 4 i 2\ B
E(MnVA)>a_la_la_1+(za0M6,,+ta0,,6M 2¢,, ten,,)aar +(ag, € +2ie, +ie,)aly

1 1 ]
+ [E(a% +4)e,, +—e3nﬂy:|a’flaﬁlblco + [—%(a(z) +4)e2 — aoﬂe3:|a’flbzco

2

] 1
+Qage,, —2ie), —3ier)a b_jc_; + [—%(a% +4)e;, + aoﬂeﬂa’fzb_lco + [—Ea% +4)e’ — 63:|b_3C0

+(—iaf el —4€* —2€)b_yc_ +(—2ialel, — 56 +4€ + eﬁ)b_lc_z}lﬂ). (4.26)

The nilpotency condition requires

2A = (D - 26)[% erat c_, + 2,

1
- §E3b]C2COi| = 0. (427)

Similarly, we classify the solutions of Eq. (4.27) by type 1
and type II in the following:
(1) Type I: D # 26. This leads to

e€=€e=e=0. (4.28)

The no-ghost conditions lead to the on-shell con-

straints
a(z) +4=0, (4.29)
age,, — ie}L =0, (4.30)
—2i(ay - €') + €l = 0. 4.31)

One can apply the same technique as in Sec. II B to
obtain a complete set of solutions to Egs. (4.30) and
(4.31). However, for simplicity, we shall list all
independent solutions only. There are three inde-
pendent solutions to the above equations, which
correspond to the three type I on-shell zero-norm
states:
(i) Tensor zero-norm state

® o
e, =0,

(4.32)

1 — v —
€y =0, aOeM,,—O,

QBA = —{aoﬂé,,)la'lila’zla'l]

+ 2¢,,a",a” }|Q). (4.33)

(i1) Vector zero-norm state

ag - €' =0,
(4.34)

i
_ 1 1
€ur = T 7 Yov€p + @pu€),
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1
OgA= {ii(ao ca_ ) e a)
i)+ Sy @) ay)

+%(ao‘a—2)(€1‘a—1)}|9>- 435)

(iii) Scalar zero-norm state

i(D— 1)
e}L =Ta0#0,
(4.36)
(8 + D)
G,UJ/ = TI,U,VH + Taoluao,,@,
2((8 + D) 9
OpA = —5{ A (- )’ 5
ca)aoraoy) F9(am; @)
3(D+2)
+ T(ao ca ey ay)

+(D-—1xao-a9}m(».
(4.37)
If we set D = 26, then
2 (17 9
OgA = _9{4(010 cag) E(ao cay)
X(aj-a ) +9a a,)

+21(ap - @—)(ag - a-y)

+ 25(6!0 ‘ (1_3)}0|Q>, (438)

where 6 is an arbitrary function.
(2) TypeIl: D = 26 in Eq. (4.27), and €?, €, and €2, are
arbitrary functions. The no-ghost conditions lead to
the on-shell constraints

al+4=0 (4.39)
e =0, (4.40)

=0, 4.41)
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iaf e, +4e* =0, 4.42)

—2iafe), — 5€* + €, = 0. (4.43)

In addition to all three type I zero-norm states as
found above, we now have a new solution to the
above equations. This special solution can be chosen
as

€ = —%(ao €2 =0, (4.44)

€4y = —C(aoﬂe?, + ao,,ei), (4.45)
8iC — 3

ch =56 (4.46)

which gives an on-shell vector zero-norm state:
1
0uh = il(8IC = 2)(€ - ay) + 5 (- @)

X (62 : a_l) + (21C + 1)((10 : (1_2)
X (€2 a_y) +2iClay - a_;)* (€ a_)
12iC — 3
+ %ao ca )€ a,) Q).
(4.47)

For a special value of C = —3i/4, Eq. (4.47) be-
comes

0aA — i{4<e2 ca) (e @)@ a)
+ %(040 ca )€ a )+ %(ao ca_y)?

X (€2 a_y) + ey - a,)(E - az)}|9>-
(4.48)

Up to a constant factor, zero-norm states in
Egs. (4.33), (4.35), (4.38), and (4.48) are exactly
the same as Eqgs. (2.6), (2.7), (2.8), and (2.9) calcu-
lated in the OCFQ approach. In addition, it can be
checked that for C= —5i/8 and —i/16 in
Eq. (4.47), one gets D; and D, zero-norm states of
the OCFQ approach in Egs. (2.11) and (2.10),
respectively.

In Ref. [16], the background ghost transformations
in the gauge transformations of WSFT [15] were
shown to correspond, in a one-to-one manner, to the
lifting of on-shell conditions of zero-norm states in
the OCFQ approach. For the rest of this section, we
are going to go one step further and apply the results
calculated above to demonstrate that off-shell gauge
transformations of WSFT are indeed identical to the
on-shell stringy gauge symmetries generated by two
types of zero-norm states in the generalized massive
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o-model approach [7] of string theory. For the mass
level m> = 2, by using Eqgs. (4.12) and (4.13), the
linearized gauge transformation of WSFT in
Eq. (4.5) gives

1
8B, = —awe‘;) - 56117,“,, (4.49)
_ 121
OB, = —due + 3¢l (4.50)
e 0
56, =5~ 2)el, (4.51)
o_ 1. 1
8p° = 5(@ ¢! (4.52)
6B = —8“62 — 3€el, (4.53)

For the type I gauge transformation induced by the
zero-norm state in Eq. (2.5), one can use Egs. (4.16),
(4.17), and (4.18) to eliminate the background ghost
transformations Egs. (4.51), (4.52), and (4.53).
Finally, conditions of world sheet conformal invari-
ance in the presence of weak background fields [7]
can be used to express B, in terms of B, and one
ends up with the following on-shell gauge trans-
formation by Eq. (4.49):

— 0. 0 —
0B, = 0,€,; date, =0,

(4.54)
(92 —2)€), = 0.
Similarly, one can apply the same procedure to the

type II zero-norm state in Eq. (2.4), and derive the
following type II gauge transformation:

3

1
5B,u,v = Eauavel - _7]/1,1/61, (82 - 2)61 = 0.

2
(4.55)

Equations (4.54) and (4.55) are consistent with the
massive o-model calculation in the OCFQ string
theory in [7].

For the mass level m?> = 4, by using Eqs. (4.24) and
(4.25), the linearized gauge transformation of
WSFT in Eq. (4.5) gives

|
8Cuum = =9, €00 ~ 5 € Mury  (4:356)
8Clu) = ~ €,y ~ Iu€ry 4.57)
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8C(uy) = —a(ve/'” — G(Mei) +2€), — €14
(4.58)
8C, = —0,€ + 2, + €, (4.59)
e 0 14

OY v = 5(8 —4)e,, — Ee N (4.60)
o L .o 2 3

0V —5(8 —4)e, +0,€, 4.61)

8y, = —29€), — 2¢,, — 3es, (4.62)
o1 1 3

Y —5(8 —4)e, —d,€, (4.63)
o_L.» 2 _ 3

5yY = 5(8 —4)e* — €, (4.64)

Sy! = —al“ei — 4€? — 263, (4.65)

8> = —20r€l, —5€ + 4 + €. (4.66)

For the gauge transformation induced by the D,
zero-norm state in Eq. (4.48), for example, one can
use Egs. (4.39), (4.40), (4.41), (4.42), (4.43), (4.44),
(4.45), and (4.46) with C = —i/16 to eliminate
Egs. (4.60), (4.61), (4.62), (4.63), (4.64), (4.65),
and (4.66). One can then use the fact that back-
ground fields C(,,) and C, are gauge artifacts of
C,va in the o-model calculation, and deduce from
Egs. (4.56), (4.57), (4.58), and (4.59) the interpar-
ticle symmetry transformation

1 (Dy) (Dy)
6C,n = Ea(lf«a”e)t)z = 2N €y

_ (D)
6Crus) = 99[u€,)"

(4.67)

where aAe()‘DZ) =0, (0% — 4)6(){)2) = (. The other
three gauge transformations corresponding to three
other zero-norm states, the spin-two, D, and scalar
can be similarly constructed from Egs. (4.56),
(4.57), (4.58), (4.59), (4.60), (4.61), (4.62), (4.63),
(4.64), (4.65), and (4.66). One gets

6C ur = 9(LEur) a*e,, =0,
HYA (uCvA) J (4.68)
(02 —4)e,, =0,
8C =§a( 3,eP0 — g,
I 7 %wv€y ur€y (4.69)
el =0, (82— 4)el =0,
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BC/LV/\ = Za,u,aua)\a - E n(Mva)\);

(9> —4)0 = 0.

(4.70)

Equations (4.67), (4.68), (4.69), and (4.70) are ex-
actly the same as those calculated by the generalized
massive o-model approach of string theory [7].

We thus have shown in this section that off-shell
gauge transformations of WSFT are identical to the
on-shell stringy gauge symmetries generated by two
types of zero-norm states in the OCFQ string theory.
The high-energy limit of these stringy gauge sym-
metries generated by zero-norm states was recently
used to calculate the proportionality constants
among high-energy scattering amplitudes of differ-
ent string states conjectured by Gross [5]. Based on
the zero-norm state calculations in [1-3] and the
calculations in this section, we thus have related
gauge symmetry of WSFT [15] to the high-energy
stringy symmetry conjectured by Gross [4—6].

V. CONCLUSION

In this paper, we have calculated zero-norm states in the
OCFQ string theory, the light-cone DDF string theory, and
the off-shell BRST string theory. In the OCFQ string
theory, we have solved the Virasoro constraints for all
physical states (including zero-norm states) in the helicity
basis. Much attention is paid to discuss the interparticle
zero-norm state at the mass level m?> = 4. We found that
one can use polarization of either one of the two positive-
norm states to represent the polarization of the interparticle
zero-norm state. This justifies how one can have the inter-
particle symmetry transformation for the two massive
modes in the weak field massive o-model calculation
derived previously [7]. This interparticle symmetry trans-
formation, in contrast to the high-energy symmetry of
Gross [5], is valid to all energy.

In the light-cone DDF string theory, one can easily write
down the general formula for all zero-norm states in the
spectrum. We have identified type I and type II zero-norm
states up to the mass level m> = 4. The analysis can be
easily generalized to any higher mass level as well.

Finally, we have calculated off-shell zero-norm states in
the WSFT. After imposing the no-ghost conditions, we can
recover two types of on-shell zero-norm states in the
OCFQ string theory. We then show that off-shell gauge
transformations of WSFT are identical to the on-shell
stringy gauge symmetries generated by two types of
zero-norm states in the generalized massive o-model ap-
proach of string theory. Based on these zero-norm state
calculations, we have thus related gauge symmetry of
WSFT [15] to the high-energy stringy symmetry of Gross
[5].
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