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Abstract. We calculate the NS-R fermionic zero-norm states of the type II string spectrum. The massless
and some possible massive zero-norm states are seen to be responsible for the space-time supersymmetry.
The existence of other fermionic massive zero-norm states with higher spinor—tensor indices correspond to
new enlarged boson—fermion symmetries of the theory at high energy. We also discuss the R—R charges
and R-R zero-norm states and justify the idea that the perturbative string does not carry the massless

R-R charges.

1 Introduction

It has been known for a while that the complete space-
time symmetry of string theory is closely related to the
existence of zero-norm states [1] in the old covariant quan-
tization of the string spectrum [2]. This includes the wq,
symmetry of 2D Liouville theory and the discrete T' du-
ality symmetry of the closed bosonic string [3]. However,
all previous studies were aimed at the bosonic sector and
nothing has been said about the symmetries of the NS—
R (Neveu-Schwarz—Ramond) and R-R sectors, ex. NS-R
supersymmetry zero-norm states. On the other hand, a
recent study has revealed that the D-brane is the symme-
try charge carrier of the massless R-R state [4]. A further
study from the zero-norm state point of view may hold the
key to uncovering the whole set of R—R charges, including
the massive ones.

In this paper, we will identify the fermionic zero-norm
states which are responsible for the space-time supersym-
metry in the NS-R sector of the type II string. This in-
cludes the massless and some possible massive ones since
supersymmetry is an exact symmetry at each fixed mass
level of the spectrum. For simplicity, we will calculate the
zero-norm states up to the first massive level. In addition
to the supersymmetry zero-norm states, we discover other
massive zero-norm states with higher spinor—tensor in-
dices which, presumably, correspond to new enlarged mas-
sive boson—fermion symmetries of the theory. We then cal-
culate the massless R—R zero-norm states. It is found that
these have exactly the same degree of freedom as those of
the positive-norm physical propagating R-R gauge fields,
and thus do not fit into the R—R charge degree of free-
dom. We conclude that the massless R-R zero-norm states
do not correspond to the charges of massless R-R gauge
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fields. There are no perturbative string states which carry
the massless R—R charges. This is very different from the
NS-NS and NS-R sectors. A further study of the meaning
of these massless R-R zero-norm states seems necessary.
This paper is organized as following. In Sect. 2, we cal-
culate the NS zero-norm states including the first massive
even G parity states. In Sect. 3, we calculate the massive R
states and discover a type I massless fermionic zero-norm
state and two types of massive zero-norm R states. Sec-
tion4 is devoted to a discussion of the physical meaning
of all kinds of NS-R and R-R zero-norm states. In partic-
ular, supersymmetrical zero-norm states are identified.

2 Neveu—-Schwarz states

In this section we work out all the physical states (includ-
ing two types of bosonic zero-norm states) of the spectrum
after GSO projection [5] in the NS sector of the open su-
perstring. For the massless state (we use the notation in
[1),

5ubli1/2 |0,k); k-e=0. (2.1)

The first massive states (—k? = m? = 2) are

guukbil/Qbil/gbil/g |O7 k> v Euvd = S[Ml//\]? kueul/k =0
(2.2)
and

Euv = Evps Kl'ep =n'ep = 0.
(2.3)

In addition to the above positive-norm states, there are

two types of zero-norm states in the NS sector. They are

et al ) 10,k);

Type I:

G—l/z IX)

where G2 [x) = Gs2[x) = Lo|x) =0, (2.4)
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and

Type II:

(G3y2 +2G_15L 1) |x)
where G2 |x) = Gs/2|x) = (Lo + 1) [x) = 0(2.5)

Note that Type I states have zero-norm at any space-
time dimension while Type II states have zero-norm only
at D = 10. For the massless level, we have only one singlet
Type I zero-norm state:

X) = 10,k),

G71/2 |X> =k- b,1/2 ‘0, k'> .

For the first massive level (even G parity, —k? = m? = 2)

—k*=m? =0, (2.6)

(2.7)

Type I:
1.

|X> = auubﬁl/le:l/Q |O, k> ;
0#1’ = 79V}La kuepy = O,
G—1/2 |X> = [29/walilbli1/2
+k[>\9;ul] bi1/2b51/2bzl/2] |07 k> . (29)

(2.8)

Ix) zgua‘il\o, kY, k-06=0, (2.10)
G_1p2lx) =10 -b_3/2+ (k- b_1/2)(0 - a_1)]]0,k)(2.11)

IX) =101+ (k-b_1/2)(0-b_1/2)]10,F),
k-9=0, (2.12)
Go12x) = {2(k - b_1/2)(0 - 1) + (k- a—1)(0 - b_12)
10 -b_sy0} [0,K) . (2.13)

The discovery of state (2.13) is suggested by noting
that state (2.12) with —k? = m? = 1 corresponds to an
odd G parity zero-norm state.

Type II:

Ix) =10,k),
(G_3j2 +2G_1/2L_1)[x) = {3k - b_3/2
+2(k - b_1/2)(k - a_1)
—‘r(b,l/g . (X_l)} |0, ]41> (215)

(2.14)

The NS-NS sector of the Type II string spectrum can be
obtained by

|¢> = |¢>R ® |¢>L7

where |¢) is of zero norm if either |¢)y or [¢), is of zero
norm. As in the case of the bosonic string, each zero-norm
state corresponds to a symmetry transformation on the
bosonic sector.

(2.16)
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3 Ramond states

We now discuss the interesting R sector. The zero-mode
of the worldsheet fermionic operators dfj = (—i/2'/2)I'*,
where I'* obeys the 10D Dirac algebra

{IH, TV} = —2p™. (3.1)
Define [6]
1
et = —_(d2* +id?*™), (a=1,2,3,4);
\/§ 0 0 ) 9 “y Dy )
1
re = ﬁ(d}) Fdy), (3:2)
then
{ret, r°=}y =6, (a,b=0,1,2,3,4). (3.3)

That is, I'** are raising and lowering operators. The
ground state of the R sector can be labeled by

‘§> =150, 51, 52,53,5) = ‘g,k> Ug (3.4)

with S, = £1/2, a = 0,1,2,3,4, and us in (3.4) is the
spin polarization. The 32 off-shell states decompose 32 —

16 + 16" according to even (odd) numbers of -1/2 on S,.
The on-shell physical state conditions are

F (§ k> us=0 (3.5)

and

R ‘§ k> us =0, (3.6)

Equation (3.6) is automatically satisfied for the state in
(3.4), and (3.5) implies the massless Dirac equation k,I'*,

. S S
us = 0. In the frame k° = k', k' = 0,7 = 2,3,...9, this
implies Sp = 1/2. The 16 on-shell states again decompose:
16 —» 8; + 8. = u + u—. At the massless level, the GSO

s
operator reduces to the chirality operator, and only one of
the chiral spinors 8, (or 8.) will be projected out. There
are two massive vector—spinor states:

aty ‘S,k>u -
]

The physical state conditions (3.5) and (3.6) give

(3.7)

(k- do)a | +d" ] ‘§k> u =0, (3.8)

and N
a |5.k) u =0, (3.9)
" ‘§k> a (3.10)

The physical state conditions (3.5) and (3.6) give

[(k - do)d; + 4] )§k>a =0, (3.11)

w,S
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and .
k|5 k)T - =0,
1,8
Note that (3.8) and (3.11) imply —k* = m? = 2 since
Lo = F2.

(3.12)

In addition to the above positive-norm states, there
are two types of zero-norm states in the R sector. They
are

Type I
Foly), where Fy [¢) = Lo [¢)) = 0; (3.13)
and
Type IL:
FoF_1 ), where Fy [¢) = (Lo + 1) [¢) =0. (3.14)

We have used the superconformal algebra in the R sector
to simplify the equations in (3.13) and (3.14). Note that,
as in the NS sector, Type I states have zero norm at any
space-time dimension while Type II states have zero norm
only at D = 10. For the massless level, we have only one
Type I zero-norm state

) = ’5 k> 0, —k* =m? =0, (3.15)
Fo ‘§k> o= %kurgg ‘§ k> .. (3.16)

Note that (k-I")(k-I) ’§, k> 0§ = 0 implies, in the £ = k!
frame, S, = 1/2. The spinor in (3.16) has 16 on-shell
states as does the spinor in (3.4). In particular, the spinor
k-T ‘§7 k:> 9§ is left handed if §, k> 9§ is right handed
and vice versa. For the Type I massive level:

_ o |g g2 2
) = oty ‘Sk> 0 ok =m?=2 (317)
Fily) = di[s,k)0 - =0, (3.18)
Foly) = [(k - do)aly +d-,] ‘Sk> 0 < (319
— < 0 -, — 2 = 2 =
) =dZ, ‘Sk> 0, -k =m>=2 " (320)
Fy ) = kX ‘5 k> 0 5=0, (3.21)
Foly) = [(k - do)d”; + o] ’S,k>9u o (322)

Equations (3.18) and (3.21) are gauge conditions. Note
that (3.7), (3.10), (3.19) and (3.22) can be decomposed
into 5645 + 8, or 56, + 8, in the light-cone gauge. There is
one Type II zero-norm state at this mass level;

) = ’g k> 0, —k*=m® =2, (3.23)
FoF_1 ) = [d_y -do+k-a_y + (k-do)(k-d_y)
(k- do) (s - do)] ’Sk> oo (3.24)
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4 Symmetry charges and zero-norm states
of the NS—R sector

The fermionic zero-norm states can be obtained by (2.16),
in which either |¢)g (]1);) is an NS zero-norm state or
[¥)1 ([¥)g) is an R zero-norm state. We first identify the
massless supersymmetry zero-norm states which are re-
sponsible for the N = 2 massless space-time supersymme-
try transformation. The obvious candidates are the prod-
ucts of the states in (2.7) and (3.4),

Bboaal0k) @[5,k u (4.1)

and

‘S,k>ﬂ§®k~b,1/2 10, k), (4.2)
for the Type II A string. For II B string, the spinors in
(4.1) and (4.2) are chosen to have the same chirality. An-
other possible choice is to use the zero-norm state in (3.16)
on the R sector side, and either state in (2.1) or (2.7) on
the NS sector side. For the case of (2.1), one notes that
we have the tensor—spinor decomposition

8, ® 8. = 56, @ 8s, (4.3)

8, ® 8, = 56, @ 8., (4.4)

where 564 . are gravitons. In this case, though we get the
right supersymmetry spinor charge indices 8., , the 56, .
zero-norm states do not correspond to any symmetry. One
also notes that, as stated in the paragraph below (3.16),

the state k- I ‘§, /<;> 9; has exactly the same degree of free-

dom as the positive-norm state ‘S, k:> Uz and also Uz gg

have different chiralities. We conclude that the massless R
zero-norm state (3.16) does not correspond to the space-
time symmetry. A similar consideration will be discussed
in the R-R sector at the end of this section.

We now discuss the massive zero-norm states. We first
identify zero-norm states with only one space-time spinor
index. They are all possible candidates for the massive
space-time supersymmetry zero-norm states. For example,
one can choose

(2.15) ® 8., (4.5)

where (2.15) is the singlet Type II zero-norm state in
(2.15), and 8, are the components of the decomposition
through (4.3) or (4.4) of any one of (3.7), (3.10), (3.19)
and (3.22). Instead of using states (2.15) in (4.5), one
can choose either the vector state in (2.11) or (2.13), and
then make use of the decomposition (4.3) or (4.4) again
to get the spinor 8., states. We are unable to identify
which states stated above do correspond to the massive
supersymmetry transformation. However, the massive su-
persymmetry zero-norm states are surely among the set
we stated above.

In addition to the massive spinor 8, s zero-norm states,
we have many other fermionic massive zero-norm states
with higher spinor—tensor indices which, presumably, will
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generate many new enlarged string-like massive boson—
fermion supersymmetries. This is in analogy to the en-
larged bosonic gauge symmetries in the NS-NS sector dis-
cussed in [2]. We give one example here:
e[uu] & 560,53 (46)
where 0, is the zero-norm state in (2.9) and 56, is the
positive-norm state in either (3.7) or (3.10). Equation (4.6)
represents the charge of a complicated inter-spin symme-
try of string-like physics.
The massless R-R states of the Type II string consist
of the antisymmetric tensor forms

10 .

1
GO‘IB = Z EG#M@W}% (Fuluzmuk)aﬁv
k=0

(4.7)

where [M1H2--Fk gre the antisymmetric products of the
gamma matrix, and « and 3 are spinor indices. There is a
duality relation which reduces the number of independent
tensor components to up to the £ = 5 form. The on-shell
conditions, or two massless Dirac equations, imply

k[HGV1~~Vk'] — kuGMV*zu-Vk — 0’ (48)
which means G is a field strength and can be written as a

total derivative:

Equation (4.9) has one important consequence, namely
that perturbative string states do not carry the massless
R-R symmetry charges. It was argued that the non-per-
turbative black P-branes [7] carry the R—R charges before
Polchinski realized that D-branes [4] are exact string soli-
ton states which carry the massless R-R charges. In the
following , we will discuss this issue from the zero-norm
state point of view. For the massless level, we have the
following zero-norm state:

M < N < N
kﬂrg,g‘s,@ 0[5, k)us (4.10)
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which decomposes again into tensor forms according
to (4.7). Note that k- I'f @ k - I'§ = 0. However, since the
number of degrees of freedom of states in (4.10) does not fit
into that of the R-R charges, and for reasons from the NS—
R sector in the paragraph below (4.4), we conclude that
zero-norm states in (4.10) do not correspond to symmetry
charges. This justifies that the perturbative string does
not carry the massless R-R charge.
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