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Abstract

We investigate in detail the critical N=2 fermionic string with and without a
global Z, twist. An analysis of BRST cohomology shows that twisted sectors con-
tain massless ‘spacetime’ fermions which are non-local with respect to the standard
massless boson. However, two distinct GSO projections exist, one (untwisted) re-
taining merely the usual boson and its spectral-flow partner, the other (twisted)
yielding two fermions and one boson, on the massless level. The corresponding chi-
ral BRST-invariant vertex operators are constructed in certain pictures, and their
fusion and picture-changing are investigated, including the construction of inverse
picture-changing operators. The N=2 ‘spacetime supersymmetry’ generators are null
operators, since the twisted massless states fail to interact. The untwisted three- and

four-point functions are recalculated at tree-level.
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1 Introduction

The critical N=2 fermionic string [l, B has a gauged N=2 superconformal symmetry
on its world sheet, it naturally lives in 440 or 2+2 dimensions [, f], it usually has
only a finite number of physical states [[], and it is known to be closely related with
the self-dual four-dimensional field theories and integrable models [f]. ] The N=0
(bosonic) and N=1 (fermionic) strings can also be considered in the framework of
the general N=2 string theory as particular vacua [P}, [0, [T, [J].

As was indirectly argued in ref. [[J], the N=2 string theory may also support
an extended supersymmetry in the target space. Therefore, this string theory is
expected to be related with the extended supersymmetric self-dual gauge theories
and extended self-dual supergravities in 2+2 dimensions [[4]. The main objection
against a presence of ‘spacetime’ supersymmetry seemed to be the apparent absence
of ‘spacetime’ fermionic states in the physical spectrum of the (untwisted) N=2
string. Recently, two of us [[J] proposed a possible resolution to this problem, by
considering non-trivial background topologies which add twisted sectors to the N=2
string. We have shown that there is room for physical ‘spacetime’ fermions in the
N=2 string theory by explicitly constructing the BRST-invariant (physical) chiral
vertex operators corresponding to the bosonic and fermionic physical states which
appear as the massless ground states in certain Zs-twisted sectors of the theory. The
number of ‘spacetime’ fermions, if any, depends on the global topology of ‘spacetime’.
In the case of the flat half-space CY'/Z,, with Z, representing complex conjugation,
we were lead to just two fermionic states. In ref. [[J] we have confined ourselves to
a free N=2 string, since non-local OPEs between bosonic and fermionic chiral vertex
operators prevented us to define interactions between physical bosons and fermions.
We also suggested that an asymmetric GSO projection may be used to evade this

problem.

Since it is a priori unclear if complex-time generalizations of quantum gravity and
string theory can be formulated consistently, we enclose the terms ‘spacetime’ and
‘spacetime supersymmetry’ in quotation marks. It is one of our purposes to argue

about possible consistency.

In this paper we continue to consider the critical N=2 string theory with the
global Zy twist first introduced by Mathur and Mukhi [[§]. Our investigation can
also be regarded as part of a more general search for consistent flat backgrounds for

N=2 string propagation, identifying physical spectra and constructing corresponding

3See refs. [, {] for a review.



scattering amplitudes. As tools in our analysis, we use the BRST approach and chiral
bosonization [[7]. Since we are primarily interested in N=2 string scattering, we want
any physical vertex operator to have a least some continuous momenta and, therefore,

we ignore possible discrete states.

Employing the covariant bosonization lattice approach [[§] we list all possible GSO
projections in the Zo-twisted N=2 fermionic string theory and show that they work
in essentially the same way as in the conventional NSR model. Namely, we identify
two different chiral GSO-projected N=2 string theories, one corresponding to the
purely bosonic theory with untwisted background while another yielding a twisted
local theory with bosons and fermions. Each GSO restriction serves to project onto a
local algebra of BRST-invariant chiral vertex operators, therefore removing the major

obstruction against constructing interactions of twisted N=2 strings.

Like in the BRST-quantized N=1 superstring, the superconformal ghost algebra
in the N=2 case enforces an enlargement of the BRST cohomology by an infinite
number of copies of any physical state. This picture redundancy is made manifest in
the process of picture-changing. The complex nature of the superconformal ghosts
allows for two different bosonization schemes, resulting in a real and a holomorphic
version of picture-changing. In contrast to the N=1 string, inverse picture-changing
is not a local operation. We explicitly construct non-local inverse picture-changing

operators in the real version, which is required for the twisted model.

The Z, twisting leads to a restriction of ‘spacetime’ momenta to 1+1 dimensions,
where massless kinematics essentially forbids interactions. Accordingly, we find that
all twisted massless tree-level three- and four-point functions vanish. The untwisted
theory, in distinction, consists of a single interacting ‘spacetime’ boson (and its part-
ner under spectral flow) at the massless level, as is well-known [[]. For definiteness,

we restrict ourselves to the closed N=2 string, but only write out the chiral half of it.

The paper is organized as follows. In sect. 2 we briefly review the well-known
case of the NSR model and the N=1 superstring, which are going to serve us as the
basic patterns. We then summarize the results of our previous work [I[J] in sect. 3,
which also introduces our notation and the two bosonization schemes. Sect. 4 is
devoted to picture-changing in the N=2 string. The fusion of chiral physical vertex
operators is discussed in sect. 5. In sect. 6 we introduce the covariant lattice approach
which allows us to identify the two GSO-projected models of the N=2 string. Sect. 7
comprises our conclusion, with some remarks on tree-level correlation functions. An

extensive list of chiral vertex operators can be found in an Appendix.



2 NSR model and N=1 superstring

The standard two-dimensional (2d) action of the NSR model,

§ =~ [PEVR[RP0X 03X il g0t + (DX + D) X" P
(2.1)
describes the minimal coupling of the N=1 matter (X*,¢") to 2d, N=1 supergravity
(€%, xa), and it is invariant under 2d reparametrizations and local Lorentz rotations,
N=1 supersymmetry, Weyl and super-Weyl transformations. [| The latter are all
non-anomalous in R, which allows one to choose the gauge fixing e? = §%, x, = 0.
Then, in light-cone coordinates after Wick rotation and gauge-fixing, the action (2.1)

takes the form
_ Ll e X — Lo 90+ bde + 59
S = = [ [0X - 0X — 5 - 9 + bdc+ BOy] + cc. | (2.2)
T

where the usual conformal (b, ¢) and superconformal (/3,v) ghosts have been intro-
duced.

The relative sign in boundary conditions for the 2d fermions and bosons is well-
known to be responsible for the two possible sectors (NS and R) of the fermionic string.
The 2d quantum operators relating states in the NSR model are naturally divided
into the so-called superfields acting in each sector separately, and the so-called spin
fields intertwining the two sectors [[[7. There is an N=1 world-sheet supersymmetry
in each of the sectors separately, while the full NSR theory is non-local. To express
the spin fields S* in terms of the NSR fermions ", one uses chiral bosonization:
Y — e and (8,7) — e**. This introduces a (541)-dimensional half-integral
weight lattice A, = (0) U (v) U (s) U (¢), with the conjugacy classes (v), (s), and (c)
being copies of a root lattice (conjugacy class (0)), shifted by an elementary vector,
spinor, or conjugate spinor weight, respectively, just as for so(8). [] In order to get a
local theory, one must project to an integral sublattice of A,,. This is accomplished
by either one of two GSO projections [R1] which restrict the NSR model either to the
representations in (o) U (v) or to those in (0) U (s). [l The GSO projection of A, to
(0)U(s) is known to give a spacetime supersymmetric theory — the N=1 superstring
[BT]. Beyond the tree level, the necessity for a GSO projection also derives from the
demand for modular invariance of superstring loop amplitudes, which is ensured by
the self-duality of the sublattice (o) U (s).

4The dots stand for contractions of target space indices.

5 See, for example, refs. [[9, B{] for a review.
6Triality in A,, yields (o) U (c) as a third possibility which is, however, equivalent to (o) U (s) by
helicity flip or conjugation.



The ten-dimensional spacetime supersymmetry generators are known to be just
the zero modes of the fermionic vertex operators at vanishing momenta. [| For the

corresponding supercurrents one finds fJ

1 N 1 a

Qi (2) ~ €7278%z) ,  Qfyy(2) ~ eT2P(0X")S,%(2) (23)
in the two different pictures indicated by a subscript in brackets. The (affine) space-
time supersymmetry algebra takes the form

2
Q12 (2) Q(B_uz) (w) ~

Z—Ww

WP (W) (2.4)

with the space-time translation generator P* given by e %" in the (—1) picture, or
just OX* after picture-changing to the (0) picture. The currents in egs. (2.3) and
(2.4) form a closed N=1 spacetime supersymmetry algebra modulo picture-changing.
For example, the OPE [[[7]

Pu)(2) QFirjgy(w) ~ 5" 27557,%(w) (2.5)
B
does not formally vanish, as required by the super-Poincaré algebra, but it picture-

changes to zero instead.

There are some complications arising in the BRST analysis of conventional N=1
superstrings, which have to be properly taken into account. First, there is a dupli-
cation of the BRST cohomology due to zero modes of the anticommuting conformal
ghosts, {by,co} = 1, which are responsible for the existence of two BRST-invariant
operators c¢V; and cOcV; with different ghost numbers for every ghost-independent
physical vertex operator V;, of conformal dimension ~ = 1. In addition, there are
infinitely many picture copies V(,), where p € Z for the NS states and p € Z + %
for the R states, due to the zero modes of the commuting superconformal ghosts,

[Bo,v0] = 1. The latter explains the need for picture-changing [2J).

3 Twisting the N=2 string

Our notation is as follows. Target space indices (internal and Lorentz) always appear
as superscripts. The complex bosonic and fermionic matter fields are split either into

real and imaginary components,

VA AR VA UH = P2 s p=0,1, (3.1a)

7 We ignore the trivial factor proportional to a fermionic wave function.
8 The spinor indices are raised and lowered by use of the ten-dimensional charge conjugation

matrix.



or into holomorphic and antiholomorphic parts,

(20, 20) = (240 270y (W) = (W p=01. (3.1
These fields may also be grouped into light-cone combinations f]
Zi:l: — Zi(] + Zil ’ \Ili:l: — \I/io + \I]il i = 2’ 3 ( )
3.2
Za:l: — ZaO + Zal ’ \Ila:t — \I,aO + \I]al a =+ ’

with respect to the 2d Lorentz index p = 0,1. Hence, lower-case Greek indices
w,v = 0,1 refer to a 2d Minkowski space of signature (—, +), while the lower-case
Latin indices 7,j = 2,3 specify the real and imaginary components of the complex
fields, and @ = =+ denote their holomorphic and antiholomorphic parts. To avoid
confusing the same numerical values of p and i, we have taken an unusual range for
the lower-case Latin indices, so that {iu} = {20,21,30,31}. In eq. (3.2), on the other
hand, the meaning of the signs must be inferred from their position in the double +
index. We frequently suppress inessential Lorentz indices. For any two vectors A*

and BY, we thus have

A-B = n,A'B" = —A’B°+ A'B' = —L(A"B~+A"B"). (33)

The untwisted (Ooguri- Vafa-type) boundary conditions are [f]
Z(r) = Z(0) U(r) = (+or—)¥(0) (3.4)

jointly for all components. They are the only ones which allow us to keep the single-
valuedness of the bosonic matter fields and, hence, yield C1! as the consistent (2+2)-
dimensional background ‘spacetime’ for N=2 string propagation. This choice of un-
twisted boundary conditions only deals with untwisted line bundles and their square
roots (spin bundles) to define fermions, just as for the N=1 string. The two possible
signs in eq. (3.4) are common for all the world-sheet spinors, and correspond to the
usual NS-R distinction familiar from the N=1 case. In other words, untwisted states
reside in the (NS,NS) or (R,R) sectors, where the two factors refer to the boundary
conditions of (V% ¥3). [

The only (Mathur-Mukhi-type) example of twisted boundary conditions that we
employ in this paper is the one first considered in ref. [If]:

Zi(r) = (=1)"ZY0) Ui(r) = (+or—)(=1)" ¥ i=23, (3.5a)

9 Compared to ref. [@], we have slightly changed our notation here by using £ instead of 1.
10 Again our notation differs from ref. [[[5.



which in the holomorphic basis reads
ZE(r) = Z7(0) UE(r) = (+or—)TF(0) . (3.50)

This means that fields of integral spin are allowed to pick up signs, i.e. be double-
valued, just as for fields of half-integral spin. The complete monodromy behavior is
now fixed by the signs picked up by the components of Z, in addition to an overall
sign between Z and U related to the NS-R distinction. Twisted states comprise
(NS,R) and (R,NS). The twist implies the absence of the center-of-mass position and

momentum for Z3(c), and it breaks N=2 to N=1 world-sheet supersymmetry.

The 2d (Brink-Schwarz) action for the N=2 fermionic string is well-known [23]
(see also ref. [[[]). The most important new features beyond the N=1 string action
are just the complexity of the 2d matter fields and the gravitino, and the appearance
of a (real) abelian gauge field (graviphoton) from the world-sheet N=2 supergravity
multiplet. The additional gauge fields are responsible for more first-class constraints

and the corresponding ghosts after covariant gauge-fixing.

Both untwisted and twisted types of boundary conditions are blind to the Lorentz
indices of Z and ¥ and thus compatible with naive real ‘spacetime’ Lorentz symme-
try O(1,1). The full global continuous symmetry of the N=2 string action, however,
is larger and given by U(1,1) = [U(1) ® SU(1,1)] /Zs.

Interpreting the ‘internal’ index ¢ as part of a (2+2)-dimensional ‘extended space-
time’ label iu, the extended spacetime Lorentz symmetry for the N=2 string should
be SO(2,2) = [SU(1,1) ® SU(1,1)] /Z2 [§. Although the gauge-fized N=2 string
action has this symmetry (in the matter part), the interaction terms in the gauge-
invariant action break one of the two SU(1,1) factors down to U(1) ® Zy, with Zs
representing the Mathur-Mukhi twist. It has been conjectured [[3] that the total
global symmetry of the N=2 string might actually be the remnant of a ‘hidden’
SO(2,2) symmetry, which presumably exhibits itself in the equivalent N=4 super-
symmetric formulation of the same theory. Anticipating this ‘extended Lorentz’ sym-
metry, we are able to distinguish between ‘bosons’ and ‘fermions’ in the target space,
since SO(2,2) has representations of continuous spin and its little group GL(1) is
non-trivial. []

Via BRST quantization in the N=2 superconformal gauge the fields (and ghosts)
of the N=2 string on the euclidean world-sheet become free, so that they can be
decomposed into their holomorphic and anti-holomorphic parts, as is usual in 2d

conformal field theory. Lower-case v will be used to denote the chiral parts of U. In

UThe little group of U(1,1) is trivial.



contrast, the notation Z is extended to the chiral part of the bosonic matter fields,
since (z,Zz) is reserved for euclidean world-sheet coordinates. The ghost systems

appropriate for the N=2 string are:

e the reparametrization ghosts (b, ¢), an anticommuting pair of free world-sheet

fermions with conformal dimensions (2, —1).

e the two-dimensional N=2 supersymmetry ghosts (5¢,7%) or (8F,~v%), two com-

muting pairs of free world-sheet fermions with conformal dimensions (3, —1).

e the U(1) ghosts (b, &), an anticommuting pair of free world-sheet fermions with

conformal dimensions (1,0).

In order to construct fermionic vertex operators we make use of chiral bosoniza-

tion [[[7, [§]. The reparametrization ghosts (b, ¢) are expressed as

c X et b e, with o(z) o(w) ~ +In(z —w) . (3.6)

Similarly, for the U(1) ghosts (b, ¢) one has

¢ et b e, with &(z) o6(w) ~ +1In(z —w) . (3.7)

For the complex fields, bosonization depends on the basis. In the real basis,

P P ) ~ 2 and 4 B ~ o (350)
2 —w Z—w
can be represented by [
Y= V2 Vet p o (3.9a)
. . , . , iy . . 4
¢'(2)¢’ (w) ~ +0"In(z —w) , ' (2)¢’ (w) ~ =0" In(z —w) , ()’ (w) ~ —,

where four scalar bosons ¢ and ¢ with values in i(R/27) have been introduced. The
auxiliary anticommuting (n%, £) conformal system of spin (1,0) may also be bosonized

as
g ot g 0 with  0'(2) #/(w) ~ +67In(z—w).  (3.10a)

Though the ‘solitons’ et¢" are outside the monomial field algebra of (8%, 7"), one finds
that [2G]
(), e =a(y), &0, n =iy (3.11a)
12 Normal ordering is always suppressed, as well as cocycle operators [@, @, ]
8




Finally, we introduce real spin fields with helicity index + as

. 1,
St pF2d (3.12a)

I

Their action on the vacuum state implements the Mathur-Mukhi twist for the fermions

and flips the boundary conditions of a given 9.

If one does not perform the Mathur-Mukhi twist, the holomorphic basis,
4 2

++ F- ~ + - ~ b
PR () ~ T B W)~ e (38)
invites an alternative bosonization,
PRttt | ¥ et yEegtett | BT 0T (3.90)
2
$E(2)0" (W) ~ +In(z —w) . PH(E)eT(w) ~ —In(z —w), FETE(w) ~ —

Again, one may go on to
5 V2t pF 2 V2% with 6F(2) 6F(w) ~ +In(z—w). (3.100)

For completeness, we mention that

+

T =G(FT), e =o(vE), eE=OEE), T 2a(yT)yT . (3.11b)

Finally, the holomorphic spin fields are

1
gEF o +5¢F

1
~ e and ST = o297 (3.12b)

The two bosonization schemes are related by non-local field redefinitions, as becomes

clear by comparing, for example, the expressions for the local matter U(1) current,
J = % W2 = _% R IR

4t = i D ew

e LA (G A

One reads off that e?” has U (1) charge e= £ q. Moreover, £ and n* are not linear

combinations of £ and 7’, as is the case for 1, v and 3.
Here and in what follows we use the standard results [[7, [§] for free chiral bosons
p €{o,0,0,p,0} with a background charge Qp,

hlev) = Sala=Q) s p(2) plw) ~ ez —w),  e=zl,



where the factor e takes into account statistics. [f| It follows that the splin fields S
twisting 1) and x have conformal dimension h=1/8. Similarly, the fields e” 27 twisting

f and v have conformal dimension h=3/8.

It is important to realize that the bosonization (3.9)—(3.11) of the superconformal
ghosts enormously enlarges the set of local fields. Indeed, for the real as well as for
the holomorphic scheme, the extended Fock space based on ¢ and 6 is a direct sum
of (Z x Z) copies (‘pictures’) of the original (/3,v) Fock space, each labelled by two

picture numbers (either m; or 7.) which are the eigenvalues of
L = — ]{ By + €] = ]{ [~0y" + 007] i=2,3 (3.150)

or
I, = —%j{[ﬁiﬁ +n¢T] = ]{[—&ﬁ + 067 , (3.15b)

respectively. Obviously, any polynomial only in 3 and ~ has 7=0, whereas e%%" carries
mi=q; and e?" has my=q. A further subtlety is that the extended Fock space does
not contain the constant zero modes of &, since only derivatives of these fields appear
in eq. (3.9).

To describe the N=2 string Fock space of states, we define the formal super-
SL(2,C)-invariant vacuum state |0) in the untwisted NS sector, with vanishing mo-
mentum, conformal dimension and local U(1) charge. States in the (R,R) sector may
then be created by the joint action of two spin fields, S25 or S*S~. In order to
generate the twisted sectors (R,NS) or (NS,R), one acts with a single spin field, S?
or S3, respectively. However, this is not sufficient. In ref. [IJ] we also had to utilize
the Zy-twist fields t*#(z), whose role is to flip the boundary conditions for Z%. The
twist fields generically act as
nHv 69 .

o t(w) , (3.16)

where 7 is another (excited) twist field. Twist fields act trivially on 1. We assume

t"(2) 027 (w) ~

that all twist fields are Virasoro primaries. The conformal dimension of t* is h=1/16,
and their OPE reads

) jv nwj 5ij
We find it convenient to define the composites
t = ¢4 (nosum!) |, o= 2 (3.18)

where t, have vanishing conformal dimension.

13 ¢ = —1for p= ¢, and € = +1 otherwise.

10



The N=2 string BRST charge

QBRST - f—jBRST f.]BRST (319)

can be found, for example, in Appendix B of our previous paper [[J]. In its most
convenient form the dimension-one BRST current reads

jerst = T + bcde + VG ++°G + &

-, (3.20a)
— (7 + 70+ 2i(720 — °09?)b + 10[e(B79° + 77°)]
in the real basis, or
jerst = ¢TI +bede+ 57~ G + 397G~ + &) 5200
— 7 b+ (7O — 4Ty )b+ 30[e(BTy + By T)]
in its holomorphic form. Here, we use the notation
T = Tiw—Toe and J = Jy —9(be), (3.21)

where T, . = —2b0c—(0b)c, and we introduced the full (BRST-invariant) stress tensor
Tiot and the U(1) current Jyo as

Tt = {Qorsr,b} = T+ Ty —00C — 3(8°0%* + B°0°) — 5(v°08* +~+°08°)
— T+Ty.—bIE—3(BT0y + B 0y") — Ly 0B~ +4708") ,
Jot = {QBRST> Z)} = J+ 8(60) - (5 ’Y 53 2)

(3.22)
Here T, G and J are the N=2 string (matter) currents without ghosts, viz.
T = —5 (0207 — ' - 0y') = —302° 07 + T O + v 0y,
G = 6907 -0 | Gt =072 -y",
G = 997 -, G~ =077y,
Jo= e = 5070t = —qut g
(3.23)

Given any vertex operator V of the type cVi, where V] is conformal primary of

dimension one and built without (b, ¢) ghosts, one easily verifies that
{CT + bc&c} (z) V(w) ~ regular . (3.24)
Furthermore, if V; is of the type V; o, where V; o has vanishing local U(1) charge and
does not contain (b, ¢) ghosts, one also has
¢J(2) V(w) ~ regular . (3.25)
11



h(Vip)=1 and e(V;9)=0 are just the physical state conditions of on-shell momentum

and charge neutrality. Twisted states are, however, not covered by this argument since

they require a twisting of (b, &) by e?/2. Replacing ¢V} by cdcVi, or Vi o by éVi g, creates

additional BRST-closed states which are, however, BRST-exact when off-shell or non-

neutral. Finally, if Vio € (NS, NS) has the form e~#*~¢"I¥| with a neutral, zero-

dimensional, and ghost-free W satisfying G(z)W (w) ~ O(=) ~ G(2)W (w), BRST
2

invariance of V' is guaranteed. For (R, R) states, one needs Vj g = e~ W', with

a ghost-free W', and G(z)W'(w) ~ O(ﬁ) G(2)W'(w) yields Dirac equations.

More generally, the bosonic string constraints Ti,; and Ji, annihilate a given physical

o

l\’)l»—t

state [phys) only in the generalized Siegel gauge [

by [phys) = by [phys) = 0 . (3.26)
The constraints associated with the local U(1) symmetry are absent for twisted states,
where l~)0 does not exist.

As representatives of the massless physical states in the twisted N=2 string, we
choose the following BRST-invariant (and BRST non-trivial) chiral vertex operators

(multiple sign choices are correlated)

(NS,NS) Pt — e ¥ ¥ e—%k2122i’
(R,R) : T — ce_%“DQ_%“DB G2+ g3t e—%kZZFz%z’
(NS, R) - =t = ce_¢2_%“"3 S?’iti 6_%k2¢22i’ (3.27)
(RNS) ©  A* = ce 29 g2 o~ ah72

The first four (untwisted) operators just represent the NS-type Ooguri-Vafa boson
(®) and its R-type bosonic partner (T), while the other four (twisted) operators
correspond to the Mathur-Mukhi chiral fermions (=, A). Since the abelian gauge field
has been twisted, no states are related by spectral flow. The twisted string supports
a merely (141)-dimensional kinematics, i.e. k3=0, which turns massless states into
either ‘spacetime’ left-movers (k?T=0, the upper sign choice) or right-movers (k*~=0,
the lower sign choice). As was shown in ref. [[J], all the chiral vertex operators
introduced in eq. (3.27) belong to the N=2 string BRST cohomology. [7]

The untwisted string, in contrast, lives in 242 dimensions so that massless states
only satisfy
2kt kT = kTR 4+ kT =0 . (3.28)

14 The fermionic constraints Gyo are visible in the canonical pictures 7 = —1, —%.
15 Tn ref. [L] more general momenta were allowed for ® and T, to cover the untwisted case as

well. See also refs. [fl, P7] for more about the (untwisted) N=2 string BRST cohomology.
12



In this case, N=2 supersymmetry allows only (NS, NS) and (R, R) sectors, and
holomorphic representations of massless physical states are

(NS,NS) : & = ce ¥ ¥ F7
11, ' (3.29)
(R.R) : T = ce 20 729 (K574t Lkt gtmg—) e ?
where the choice of sign for T is irrelevant since the two expressions agree via
eq. (3.28), as long as no k% vanishes. Spectral flow [f] identifies ® with T, lead-
ing us back to the Ooguri-Vafa result of a single massless scalar boson Alternatively,
a real set of representatives is obtained upon replacing e?® +¢%) by e2(@*+¢%) and
SFESEE by S2£53E in eq. (3.29), and dropping the relative factor of i there. It is
noteworthy that the restriction of (3.29) to the twisted kinematics (either k=0 or
k*~=0) splits the BRST cohomology classes to ®* and T+ of eq. (3.27).

To compute scattering amplitudes with the BRST-invariant chiral vertex opera-
tors introduced in eqgs. (3.27) and (3.29), we need to discuss the picture-changing
operations and GSO projections in N=2 string theory.

4 Picture-changing

The BRST cohomology problem is simplified by identifying grading operators. For
the N=2 string, these are

e the total ghost charge
U = — flbc + be+ 529% + f°7°] = §[00 + 06 — 9p? — 0]
= — f[bc + be+ $8Yy + 3877*] = §[00 + 05 — dp* — By

e the picture charges II; = — §[B8!" + ni¢l] = §[—D¢" + 00] i=23
or Tls = —g §[BE9T +5EF] = §[-0pT + 067

e the full bosonic constraints Tiy; and Jio

of which only U does not commute with Qgrst. Accordingly, it suffices to separately
investigate simultaneous eigenspaces of the commuting set {U, IT, L{**, Ji°'}, labelled
by {u, 7, h,e}. From LY = {Qprst, bo} and Ji = {Qgrsr, bo} it readily follows that
non-trivial cohomology only exists for h = e = 0. [ At this point, no restriction on

the values of w or 7 arises, so that an infinity of (massless) physical vertex operators

16 Note, however, that Ji°* and e are not defined for twisted states.
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is anticipated. Like in the N=1 string, however, BRST cohomology classes differing
by integral values of u or 7 correspond to the same physical state, if their spacetime
properties agree. Hence, we should identify physical states with equivalence classes
of BRST cohomology classes under integral total ghost and picture number changes.
The task of this section is to exhibit the form of these equivalence relations and derive

a number of representative vertex operators.

For the evaluation of string amplitudes, the collection (3.27) of representatives is
not sufficient. Consider a correlation function of exponential operators e?*)? for one

of the ghost systems listed in eq. (3.14). The tree-level ghost number selection rules [[]
doak) = —Q (4.1)
k
yield, in particular,

> w(k) = =2 and > u(k) =0 (4.2)

k k

for nonzero tree-level correlations of vertex operators. These constraints generally

require the use of vertex operators in several pictures and total ghost sectors.

Let us begin with the representatives of eq. (3.27) which have u(®,T,Z,A) =
(—1,0,0,0); their pictures can be read off the ¢’ charges. We are looking for a map
to equivalent vertex operators which changes the u and/or m; values. For the simplest
BRST class in our list, represented by ® with (u,ms,m3) = (=1, —1,—1), the total
ghost number u may be increased from —1 to 0, 0, or +1, without changing the
pictures, upon replacing the factor ¢ by cdc, ¢c, or ¢cde, respectively. This reflects
the vacuum degeneracy due to the anticommuting ghost zero modes in the untwisted
sector, and leaves the generalized Siegel gauge. A way to lower u to —2 is exchanging
the factor ¢ by a chiral integration [dz, delocalizing the resulting vertex VJ. The
other vertex operators mentioned above, T, = and A, have ‘partners’ in non-zero
ghost numbers as well. In general, however, there does not seem to exist a simple
recipe to derive them directly from one another and establish an explicit equivalence.
Nevertheless, from the argument just given we expect in a given picture that localized

untwisted vertex operators come in four types and localized twisted ones in two.

None of the above changes the picture numbers 7;. The existence of the doubly
infinite set of pictures is related to the superconformal ghost algebra. Fortunately,

we do not need to repeat the cohomology analysis for each picture, since in this

17 Since the constant zero modes of ¢ are not part of the Fock space, the § charges must sum to

zero instead of one.
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case an explicit equivalence relation is known. More precisely, the so-called picture-
changing operations X" shift m; — m; + 5; while commuting with Qpgrst, by and L™,
and raising u by one. The latter fact makes the total ghost number impractical to
label picture-equivalence classes of vertex operators, so we introduce instead the real

picture-invariant combination
Vi = U—Th—Tl; = — ]{[bc+ée—n2g2—n3g3] - f[aﬁa&—am —860°], (4.3a)
with eigenvalues
Vp = U— Ty — T3 . (4.4a)

The v,-charges in a tree-level correlation function must sum to 4. We speculate that

BRST cohomology exists only for v, = 1,2,2’,3 in the untwisted sectors, [J and for

3

v =3, g in the twisted ones, with the indicated multiplicities, and omitting v/

We display the picture of a vertex operator by parenthesized subscripts and its
(vr)

ma.3)" Picture-changing in the real basis

v-charge by a parenthesized superscript, V(

then proceeds as

‘/(7r2+1,7rg) = [QBRST7£2‘/(7F2,7T3)} = X2 ’ ‘/(WZJFS)

(4.5)
‘/(7r2,7r3+1) = [QBRST7£3‘/(W2,7TS)} = X3 : ‘/(wzﬂrs) )

where, in the absence of normal ordering between ¢! and V, one defines the real
picture-changing operators
X'(2) = {Qsrst,&'(2)} i=2,3. (4.6a)
Analogously, in the holomorphic basis,
X*(2) = {Qprs1,¢"(2)} (4.6)
shifts m, or m_ by one unit, while leaving the eigenvalues
v = u— Ty — T (4.4b)
of
Vi = U—IL, 1l = — j{ [betbi—sn—er—Lnte] = ]{ B0 +05—96" —06~] (4.3)

unchanged. Again, we conjecture that (apart from discrete states) physical states

reside in v, = 1, 2,2, 3 sectors only.

18 The two BRST classes with v = 2 are being distinguished by using a prime.
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By construction, the X are BRST invariant but not BRST trivial due to the lack
of the zero modes of ¢ in the bosonization formulae (3.9) [[4]. The picture-changing

operators just introduced take the following explicit form:
X? = 0 + e [G+ 53B° + 2i(0b)y" + 4ib0n? | + 262 b0n* + 0(e* b)rp? |
X3 = ¢ + e [@ — 5ep? — 2i(0b)y® — 41’(3872} + 2% b + 0(*°b)

3 9
(4.7a)
Xt = c0gt 47 |GT +20by" + 4boyT — 2077 .
X~ = o0& + e’ [G_ — 20by™ — 4bO~y~ — 2b7_} . 47
It is clear that X* are not just linear combinations of X?. The two types of picture-
changing operators differ in two respects. The holomorphic version does not contain
e?% terms, and it also lacks any ¢ dependence. The latter means that X* commute
with Ji°', whereas X* do so only modulo BRST-exact terms. The dimensions of
various fields appearing in the picture-changing operators are compiled in Tables I

and II. One can easily check, in particular, that h[X] =0 and u[X] = 1.

Table I. The conformal dimensions A of the N=2 string world-sheet fields and ghosts.

¢ B vy 4B) dy) m &
0 3/2 —1/2 —3/2 1/2 1 0

field| 9Z ¢ b ¢ b
h |1 1/2 2 -1 1

Table II. The dimensions h of some frequently appearing exponential operators.

T T
field | eT2% ¢ | o720 ¢ T2¥ T2P otv et20 | o720 o0 oH0

h | 1/8 1/2| 0 1/2 3/8 -5/8 -3/2 -4 3 1 0

Since picture-changing X establishes an equivalence of cohomology classes, its
inverse Y can only be well-defined modulo BRST-trivial terms and may, like X itself,

possess a BRST-trivial nonzero kernel. We require in the real form that
[QprsT, Y] = 0 and Y2(z2) X2(w) ~ 1 ~ Y32) X3(w) (4.8)

but do not constrain the mixed products. The quantum numbers of Y are determined
as (h,u,m;) = (0,—1,—d;;). A simple ghost number analysis shows that this leaves
only a single candidate for each ¢’ ghost charge value below —1. In the case of Y3,

for instance, we are forced to write a linear combination of
k—2
VP = () 0. dog e k> 2 (4.9)

which satisfy
V3(2) X3 (w) ~ 6pp + O(z—w) . (4.10)
16



The promising first term,
VP = cogte ¥ (4.11)

is identical with the inverse picture-changing operator of the N=1 string, but fails to
be BRST invariant for the N=2 string. Astoundingly, this failure can be corrected
by adding an infinite series of Y;3, with k = 4,6,8, . ... In other words, the coefficients

mn
[e9) k—1 -1
1 1
VP = o) YE o= P+ SV —— Y+ 4.12
;(g) G > 1" T 3ase0 0 T (4.12)

k even

lead to a chain of cancellations among BRST commutators of successive terms. With

some effort, the formal series can be summed to the non-local expression
Viw) = —sin § 126" =975 - Yi(w) = isinh(2 adJy) Vi(w)  (413)
where we introduced
VP = —c&e 0 = o(y)18() (4.14)

and understand the action on Y;? as a power series of iterated commutators. Of course,
a mirror image expression emerges for Y2. Note that the Y are pure ghost operators
and do not contain any matter fields. The formal sum in eq. (4.12) is no longer
contained in the local bosonized field algebra. Thus, Y? -V may not correspond
to a state even in the extended Fock space, unless only a finite number of terms
from eq. (4.12) contribute. Furthermore, the issue of BRST equivalence becomes
intractable. There are instances where Y - (X - V) — V produces an infinite series
which ought to be BRST trivial. In our calculations, we have used Y as a guide
to new representatives but always checked the results by reapplying X. A similar
analysis in the holomorphic basis fails to produce any candidate for Y*. Still, we
suspect that some, necessarily non-local, inverse picture-changing operators exist in
this case as well.

The massless vertex operators in eq. (3.27) or (3.29) may be written as

[\SIoV)

V()

(-3,-1)

KA
I
=
,’I—‘V
._g

|
-
I

= v , E=V . (415

b b (4.15)
with additional helicity indices in the twisted string. In the remainder of this section
we shall present some of their cousins in other pictures, as needed later in tree am-
plitudes. The principal tools are picture-changing (which changes = but not v) and

fusion, Vj(z)Va(w) ~ V3(w) (which is additive in 7 and v), to be discussed in the

17



following section. To simplify the notation, we suppress the ubiquitous factor e™*-Z.

The masslessness condition reads
k4 = —(k‘2+k2_ + k3+k‘3_) = —%(lﬁ*k" +ktkKTT) = 0. (4.16)

Since the untwisted vertex operators of the twisted model are obtained from restrict-
ing the momenta of the real vertex operators of the untwisted string, it is convenient
to discuss the full (2+2)-dimensional vertex operators for ® and YT in the real rep-
resentation. Although picture-changing fixes the relative normalization of the vertex

operators, we have not paid attention to it.

For the Ooguri-Vafa boson, @, it is straightforward to work upwards in pictures

as we already know V((_vi’_l) for v=0,1,2,2,3. Some v,=1 vertex operators are

Vi y = ce (k) + 727 + secog’e ™ .
VY o = co P k] 447 e — fecoete
Vo o = cflk-02] = (k) (k) } = 7 [k] + 7 (k)
where we have abbreviated
(k) = i69k ¢ and  [k)] = il k- (4.18)

and similarly for (k-0Z) and [k-0Z]. An almost complete list for v =0, 1,2,2', 3, real
and holomorphic, are listed in the Appendix.

Next, let us consider the spectral-flow partner T in the pictures 7; = —3 and
—3. Rather than solving the fermionic constraints in the canonical (—3%,—3) pic-
ture, it proves more straightforward to begin with the subcanonical (—3, —3) picture.

Applying X? and X? one obtains for v,=1

V(l)gi 5 = Ce—%<ﬁ2—%s@352¢53¢

(=3.—3)
Tl e e B S e A i
-2:72
VOR | = el R TSI ST SIS — gt 102 5T
-273
V(l)li L = Ce—%¢2—%@3[ki$52j:53iikﬂ:ﬂ:g2$s3$]

(=3:—3) 7

(4.19)
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where the last expression obtains after division by kTT. The two sign choices are
BRST-equivalent, which may be checked for V( 3 _3) but is obvious from

272
k- :tv(l 1) x —l—]{?_:t[]{?+_52+53++k++52_53_]
_2’ 2

— :l:k+:|:[k—+52—53— ——S2+S3+] x :l:k—l—:t V(l 1)
_2’ 2

(4.20)

Y

as long as all k% are generically non-zero. Each picture-changing by X essentially
raises the @' charge and applies one of two Dirac operators, ¥ = 0¥ k*TY or }f = 9 k'T7,

via
OZ" - i (z) S?283e*Z(w) ~ (z—w) 3?2 (—ik?) - ([VS253)BeikZ (4.21)

We may write, for example,

1, 1 _

kK v“1 = ce 7 (JES2SY) T (4.22)

-2 §>
or use ) = —Qikﬁ for a holomorphic description, with ¥* = k¥-I'*. This ensures
automatically that V 1 1. satisfies two Dirac equations,
-2 2
1 - 1)
(—27—2) -2 2) 2 2)

since each J squares to zero on-shell. Such is not required for the BRST invariance of

V( 3 3.. As arule, lower pictures enlarge the image of (Jgrst but increase its kernel
92—

as Well Again, states in other v, sectors as well as holomorphic representatives can

be found in the Appendix.

In the twisted theory, we must restrict the kinematics to k3t = 0 = k3~ which,

together with masslessness, implies either
EFt=0=k" or Et=0=k". (4.24)

Now the upper and lower sign choices in eq. (4.19) are no longer equivalent, since
division by kT is no longer admissible, so that

R

=0 and k- VYT o« §2ST (4.25)
(=2.-3

and the opposite in case k*~=0. Hence, the two above momentum constraints lead
to different BRST classes, i.e. Y1 and T~. The helicity index distinguishes (1+41)-
dimensional ‘spacetime’ left-movers (Y* with k**=0) and right-movers (T~ with

k?>~=0), and it agrees with the spinor helicities in the (—3, —3) picture.
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The two fermions in the twisted sector, = and A, are related by interchanging
indices 2 <> 3 (except for twist fields and momenta). To save space, we only display
vertex operators for Z¥ in the pictures m = —1,0 and 73 = —3, —%. Like before, =~

and A™) are obtained by helicity flip. For v, = 2 one finds
( y y 5

3
V(§)+3 = Ce_¢2_%¢353_t3_
(_ 7_5)
)+ 2\ —5u? 33
Vi = {elkp) ++7} €727 5%
2 (4.26)
)+ 2l ai o
VEL = ce PTG
(_17_5)
3
2+ _ 2] 34" g3+;3
v(o,—%) = {c(/mb)—i—”y}e STt

Vertex operators with v, = 4 and 3 appear in the Appendix.

We close the section by remarking that the non-vanishing tree-level two-point
functions induce a natural pairing among the vertex operators, relating V' to its
conjugate,

v E < 1/((4_”)i (4.27)

(m2,m3) —2—79,—2—m3) °

The non-vanishing two-point functions are made exactly from these pairs.

5 Vertex operator algebra

In this section we turn to the fusion algebra of the localized chiral vertex operators
discussed so far. The relevant information is contained in their various OPEs. More
precisely, the fusion of two BRST cohomology classes obtains as the constant piece
in the OPE of any two representatives. The resulting vertex operator may be BRST-
trivial, as must be the case for all singular terms in the OPE. In the previous section
we have learned that the BRST cohomology classes are labelled by (v, s, 73) which
behave additively under fusion. Since the spectrum of non-trivial v-values is presum-
ably bounded, the fusion of two vertex operators should automatically give a trivial
answer if the sum of their v-charges exceeds that range. Ultimately, we like to divide
the vertex operator algebra by the picture and ghost number equivalence and arrive
at a fusion algebra for the physical excitations. In order to retain a non-trivial result
we must keep v, € {1,3,2, 3,3} for localized operators. Since we investigate massless
states only, the momenta & and %’ of the fusing vertex operators are taken to satisfy
k-k' = 0.
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On the one hand, as was already noticed in ref. [[[J], interactions between the
Ooguri-Vafa boson ® and the Mathur-Mukhi fermions (A, =) have to be forbidden,

since the relevant OPEs are non-local. At vanishing momenta we have, for example,

3.2 9,3 412
+ —1/2 —5p?—203 +54? 3
D(2) A (w) ~ (2 —w) V2 cdee 29 2 em27 43

L (5.1)
AT A (w) ~ (z—w) Y2 cdce " %°¢

and similarly for =*.

On the other hand, each of the three sets (&, &~ T+ T7) (Z*,AT,T7) or
(E27,A7,TT) separately have local OPEs among themselves. This means, in par-
ticular, that an interacting theory can make sense for each of those sets seperately.
Eq. (5.1) also shows that if we just want to disregard the Ooguri-Vafa boson ® in
favor of the new fermionic fields, we should restrict ourselves to a definite helicity.
This gives us two fermionic generators to play with, for example AT and Z*. Their

fusions must either be trivial or lead to some representatives of 1.

Generally speaking, the non-locality between the ‘spacetime’ bosonic and fermionic
vertex operators does not yet mean that their interactions are impossible, since
the left-moving (chiral) fields still have to be combined with the right-moving ones
to complete the full vertex operators. As the example of the non-supersymmetric
0(16) ® O(16) string showed [B§, B9, B(], square root singularities in the OPEs may
disappear when the proper GSO projection is applied for modular invariance. We
have investigated this opportunity in some detail and found that an asymmetric GSO
projection does not work for the N=2 string, being unable to produce well-defined

correlation functions.

First, let us concentrate on the bosonic theory whose massless physical spectrum
is represented by ®* and Y*. Allowing for the momenta to be (2+2)-dimensional
amounts to combining the four states to two, ® and Y, which was shown in the

previous section. A fusion of two ® fields, as represented in eq. (3.27), with momenta
k and k' and k-k" = 0 gives

D(2) P(w) ~ —(z—w) ' cdce 2" 72 FHR)Z () 4 %‘/((_2;7_2)(10) +O(z—w) , (5.2)
where the residue
coe 6—2¢2—2¢3€i(k+k’)~z _ {QBRST ’ C€—2¢2—2¢3€i(k+k’)~z} (5.3>
is BRST-trivial as expected, but the finite term

V((_Q;’_z) = {QBRST, Oc 6_2@2_2¢36i(k+k,)'z} — cOci(k—k')-0Z e 20° 2% gilktk')-Z (5.4)
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is not. In fact, consecutive application of X? and X? reproduces ‘/((_2)17_1) of eq. (A.1a).

The same result may be observed in other pictures, e.g. for
1 1 2
Vel (2) V8 g (w) ~ V& ), (5.5)

showing that fusion of ® with itself reproduces ®. For the fusion of T with ® one
finds with eq. (4.22) that

T(2) Dw) ~ —cdee 23 (FS2S) 002 () o VE, (5.6)

(_27_2)
which does not picture-change to zero since the momentum on the right-hand side is
k+k'. Finally, fusion of T with itself yields

Y(2) T(w) ~ —cdce ¢ (linear in kk') ¢*¥) 7 (w) o ‘/((_237_1). (5.7)

Denoting the picture and ghost number equivalence classes of cohomology classes
by square brackets, the physical fusion algebra in the bosonic (untwisted) theory takes
the simple form of

(@] -[®] = [@ , [o]-[Y] =1[1] , [Y]-[Y] =1 , (58

which is consistent with the only non-zero three-point functions (®®®) and (¢YY).
The spectral flow identifies ® with Y. Indeed, a short calculation shows that, at
tree-level (cf ref. [BI]),

(P0D) = <V((—23,—1) V((B), 0) ‘/E(—li,—1)> - kgk?? - kgk?% - 5023 (5.9)
while
(BYY) = <v((_237_1) v(_”% ) V(_l)% _%)> =k kit — kT = e (5.10)
as well, with ¢;; = ki™-kj —kj -k} = —c;j; being the additional non-trivial U(1, 1) (but
not O(2,2)) invariant. The bosonic ‘scalar’ ® is known to represent the only excitation

of self-dual gravity, corresponding to deformations of the free Kéhler potential in 2+2

dimensions [f, §].

The alternative local algebra of physical vertex operators can be based on =+ and
A* in the twisted theory. Note that for this helicity choice only the k?>~ component

of the momenta k™ stays non-zero. The OPEs then read

=t (2) BY(w) ~ Ecdee ¥ ¢ P e G242 7y X

A(2) AF(w) ~ Gedee 2 o mBURTHREZ () X0

=T (2) AT (w) ~ 50006—%w2—%¢352+53+ e—%(k2*+k’2*)z2+(w) _ V3)§ . _X> 0
272 ( 11 )
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the last vertex being trivial due to its ‘wrong’ helicity. The first two fusion rules may

also be obtained directly from
(5.12)

With T~ moving to the right and the fermions to the left, massless fusion is impossible

at non-zero momenta. Finally,

T (2) Y (w) ~ c@ce‘¢2_¢3(k_+k’__+k__k'_+)e_%(k27+k/27)22+(w) =0 (5.12)

since k%t =0 = k/*T.

Thus, the local fusion algebra of chiral massless vertex operators in the twisted
N=2 string theory becomes trivial (away from k=0). Since there is no spectral flow
in the twisted theory, T~ here has nothing to do with the field ® which is absent.
The fusion rules are consistent with the vanishing of the only potentially non-trivial
tree-level three-point function,

(E*A*T7) = <V(%) vy > -0, (5.13)

(-1,-3) (=3,-1) (-3,—3)
simply due to the massless (1+1)-dimensional kinematics, for non-zero momenta.
An equivalent new theory can of course be obtained by flipping the helicities of
(EF,AT,T7) to (E7,A7,TT). Obviously, the twisted string does not support in-

teractions of its massless excitations.

One may now try to build N=2 extended ‘spacetime supersymmetry’ generators

from the two ‘spacetime’ fermionic vertex operators at vanishing momenta. Tak-

1
) 1 from egs. (A.15) and (A.11), and

1
ing the integrated versions V(z) and V
1 (c1-1

(_57_1
replacing [ by a contour integration, we arrive at

1
+ _ = _ + -~ —50% —¢® Q24 43
Q2 - f‘b (Z) o %A c—omitted, k=0 746 € S t+’

1
O = i) = § = ~ et s

where § = § 2 and either + or — should be chosen. From eq. (5.11) we have the
OPEs

(5.15)

c—omitted, k=0

j3 (2) j5 (W)~ (2= w) "t Ee e (w)

J3(2) J3 W)~ (2= w) ey (w) (5.16)
-+ -+ ~1;,-59°- 5% 2+ o3+

gz (2) Jg (w) ~ (z—w)™" e 27 27 575" (w)

23



and similarly for jy (2) j5 (w), whereas
5 (2) jy (w) ~ O(z=w)™2 | jf(z) js(w) ~ O(z—w)™* . (5.17)

The operators ¢?e¢" and 1/**e~¥" appearing on the r.h.s. of the first two OPEs in
eq. (5.16) are the ‘spacetime’ translation operators in the (—1) picture, just like in
the N=1 superstring theory. However, this does not ultimately come through since
the N=2 picture-changing of the full operators on the r.h.s. of eq. (5.16) brings the

first two to zero. The third operator,
32 35 0y s
Py = j{ae—w 59’ g2 g3+ (5.18)

should represent T~. However, picture-changing turns it into zero due to vanishing

momenta. This result is consistent with
1 1
{V(2)1 7V(2)1 } —0
(07_5) (07_5)

1 1
{V(2)l >V(2l) }
(07_2) (_270)

(5.19)

I
o

integrated vertex operators being taken from eqs. (A.12) and (A.16). Therefore,
instead of translation operators we get in fact zeros on the r.h.s. of our ‘spacetime

supersymmetry’ algebra,
{@r.or} =0 i,j=2,3. (5.20)

These N=2 extended ‘supersymmetry’ generators should rather be interpreted as a

kind of ‘exterior’ derivatives.

6 GSO projections

Until now, our treatment of local operator algebras has not been systematic. In this
section finally we are going to employ a unified formalism which simultaneously deals
with all chiral vertex operators defined in arbitrary pictures. For the purpose of mu-
tual locality of vertex operators, we may temporarily forget about their momentum-
dependence [ and concentrate on their ghost, spin, and twist field structure. In op-

erator products, the (b,c) and matter twist fields never lead to branch cuts, since t3

19 For the tree-level correlation functions, their momentum dependence is essentially absorbed into
the usual Koba-Nielsen factor. In the twisted sector, the constrained kinematics (only k2~ non-zero)

allows merely Z2* which does not get twisted.
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always occurs in combination with a ghost twist field, i.e. 3 = t3e7/2 and those have
meromorphic OPE with one another. A difficulty may arise from the non-local oper-
ator product of these combinations with (b, ¢) fields, i.e. €7/2(z) e (w) ~ O(z —w)/2,
For this reason, we at first restrict ourselves to vertex operators without ((3, ¢) ghost
content in the untwisted sectors. This condition is merely technical and will turn out
to be irrelevant later. Now, only ¢+ and S™ as well as (5,7!) and their spin fields
may ruin locality. After real bosonization, egs. (3.9a)—(3.12a), any vertex operator is

a linear combination of terms proportional to [

exp [pag” + 1290” + p30® + a5 (6.1)

where p; and ¢; take integral or half-integral values. Furthermore, the conformal
dimension of (6.1), h = %Zi(p? — ¢? — 2¢;), must be an integer to enable BRST

invariance. Specifically, the [pa, g2; ps3, ¢3] values for the operators in eq. (3.27) are

(I):I: R [0’ 170, ]-] )

T {:l:%,—%ﬁ:%’ %} ’ (6.2)
== [0,—17:&%7_%} ’ |
AT — {i%ﬁ%?O’_l}

Generally speaking, each pair [p;, ¢;] belongs to 1TV = ZYt U [(%, %) + ZY1] which
may be regarded as a lorentzian weight lattice I',,. Here, the scalar product has been
chosen as [p,q] - [P, ¢'] = pp’ — q¢’. Like in the N=1 string and for so(8), the weight
lattice decomposes into the root lattice (o) and three copies of it, each shifted by a
different elementary weight vector and conventionally denoted by (v), (s) and (c).

Explicitly, these so-called conjugacy classes (r) are

(o) : p,q€Z, p+qeZ,

(v) - p,q€Z, p+qe2Z+1, 63)
(s) : p,qGZ—I—%, p+qe2Z+1,

(c) : p,qGZ—I—%, p+q€?2Z,

and each set (r) of weights [p, ¢| forms an equivalence class of representations. The
classes (0) and (v) reside in the NS sector whereas (s) and (c) live in the R sector. In
141 dimensions, the lorentzian length-squared p? — ¢* is an even integer except for

weights in (v) where it is odd. On the other hand, the contribution to the conformal

20 Eventual derivatives of ¢¢ or ¢! are irrelevant again.
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dimension h of the operator (6.1) is integral for (o) and half-integral for (v), (s) and
(c). The total weight lattice I',, is half-integral, as is obvious from the following table

of lorentzian scalar products modulo 1 for any two weight vectors from (r) and (r7).

[0 ) () (9
0)
)

o o O O
= o= O O
= O N O
O Ni= N O

)
c)

Combing two representations from (r) and (') in a tensor product yields representa-

tions from a single conjugacy class (r + ) which is given below.

_l’_
]

(0) ) (©)
(0) | (@) (v) (s) ()
V) [ (v) (0 (o) (s)
5) | () (e) (0 (v)
(©) (@ () (v) (o)

For our purposes, we have to consider the combined weights [ps, ¢2; p3, ¢3] which
form the still half-integral lattice I' = '@ @ T'®) = {(ry;73)}. In eq. (3.27), we have

representatives of 7 classes, as follows

d* € (v;v) Tt e (ce) T €(s;s)
=t €(v;e) AT € (¢v) (6.4)
= €(v;s) A™ € (s;0)

In total, there are 42 = 16 conjugacy classes. It is natural to group them into 8 twisted
and 8 untwisted classes, the former consisting of (NS; R) and (R; N.S), and the latter
formed by (NS;NS) and (R; R). Another coarse grading of the 2+2 dimensional
lattice I' consists of its division into points of even and odd length-squared. The
latter comprise the 6 conjugacy classes (rq9;73) with a single (v); the former live in
the remaining 10 classes. Collecting the contributions h; = %(pf — ¢ — 2¢;) to the
conformal dimension, one sees that the 6 conjugacy classes containing a single (o)
yield a half-integral result which rules them out for physical states. The remaining
10 classes I do not form a lattice but neatly separate into
even untwisted : (0;0) (v;v) (s58) (c;¢) (s;0) (¢58)

(6.5)
odd twisted : (v;s) (v;e) (s;v) (s;0)
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Like in the N=1 string, we should like to identify commuting (spacetime bosonic) ver-
tex operators with even untwisted weights and anticommuting (spacetime fermionic)
vertex operators with odd twisted weights. The lattice consideration takes us out of
the ‘canonical pictures’ of eq. (3.27) because the fusion algebra only closes in the in-
finite set of all pictures. Since the 6 charges are always integral, the picture numbers
m; agree modulo 1 with ¢;, so that integral (half-integral) values of my + 73 coincide
with even untwisted bosonic (odd twisted fermionic) vertex operators, and we may

use these terms interchangeably.

The relevance of the lattice description derives from the basic OPE of two bosonized

operators from eq. (6.1),

exp[pid’ +4ip')(2) explpid’ + i) (w) ~ (z—w)PP 4% exp|(pi+p})d' + (4 +4))¢)(w)

(6.5)
where the lorentzian signature in the pole order stems from the relative sign between
egs. (3.6) and (3.10). This relates the mutual locality of two vertex operators to
the integrality of their weight’s lorentzian scalar product. Moreover, fusion simply
corresponds to adding weights. Essentially squaring the above multiplication table,

one finds for the known vertex operators the following table

o+ Tt T- =t =T AT AT
|+ + + - - = =
™+ + + - + - +
T+ + + + -+ =
S e e S
=l- + - - 4+ + +
AV - - 4+ + -
Al -+ - + + -+

where ‘+" stands for locality and ‘—" for non-locality. It is obvious that the only
closed mutually local subsets are (®*,®~, T+ T7), (Et,AT,T7) and (Z7,A7,TT),

as stated before.

However, this analysis is not exhaustive. Our task is to enumerate all local vertex
operator subalgebras. This amounts to classifying the integral sublattices T, C T7V.
Each such Ty is obtained from I' by some GSO projection and leads to a different
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string model. By inspection, one finds six maximal possibilities,

I 0;0) U

I7

0;

Q

Q

(6.6)
v

Q

0;

)
)
)
)

cC C C cC

v

0;

s

(

(
111 (o;

(

(

(

VI

C

0;0)
By construction, these lattices are self-dual, which is expected to be crucial for mod-

ular invariance. Abbreviating (0;0) = (0) and the other three classes present at a

time by (1), (2), (3), the fusion rules of all models can be unified to

(0)-(0) =(@)-(0) =(0) , (0)-() =) , )-0G)=(k) {1,7,k} ={1,2,3},

(6.7)
allowing for vanishing coefficients like in eq. (5.11). Hence, one may continue to
project any of these six models further to (0) U (i) or even to (0). Simultaneous
helicity flip (s) <> (¢) in both factors (r) and (r) relates the models 171 and IV as
well as V and V' I. One-sided helicity flips connects I and 11 as well as I11 through V' I.
Hence, there are only two types of essentially distinct GSO projections, say, model I,
with four bosonic classes, and model /11, with two bosonic and two fermionic ones.
But these theories have already been identified! Namely, returning to eq. (6.4) we see
that model [ is nothing but the untwisted theory, whereas model /11 has the content
of our twisted theory. At this point, however, we established that there are no further
(maximal) options beyond those two. It may be noted that models 7, V and VI
do not contain massless states since no massless BRST-invariant (c; s)- or (s; ¢)-type
ground state was found in ref. [I§]. Thus, the three local sets of [[J] appear as models
I, 11T and IV.

The fact that each GSO projection gives us a weight lattice ensures that fusion of
vertex operators does not lead out of a given model. However, we would also like to
form equivalence classes with respect to picture-changing. A glance at egs. (3.20a)
and (4.7a) shows that Qprsr as well as X" are linear combinations of terms in (0;0)
and (v;v). Thus, we must expect part of their action to change the conjugacy class
of a given operator by adding (v;v) to it according to the fusion table above. Indeed,
V((O{B)) in eq. (4.17), for instance, contains pieces in (0;0) while ‘/E(—li,—l) = e (v;v).
Hence, in the untwisted theory picture-changing mixes

(0;0) < (v;v) and (s;8) < (c;0) . (6.8)
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In contrast, the (v;v) pieces of Qgrgr and X' seem to disturb consistency with
the twisted GSO projection, since (v;v) is not part of the twisted lattice (see model
IIT of eq. (6.6)). Alas, just because of their relative non-locality those (v;v) terms
never contribute to twisted vertex operators, so that the conjugacy class of = or A is
retained under picture-changing. Still, the T operators are troublesome, since they
exist both in the twisted and untwisted model. However, the ‘dangerous’ parts of
G and G in eq. (4.7a) contain 9Z3 which does not contract with e?*Z when k3=0.
The remaining (v;v) pieces of X' are just the (b, ¢) ghost terms. Those produce &s
in various vertex operators, which lead to an extra branch cut in the OPE with tf’r
of Z% or A*! However, all the ‘dangerous’ terms fuse with twisted vertex operators
to O(z — w)*Y2 — 0, since they never occur for v = 1 while non-zero fusion only

happens for the following values of (v):
1)-(1) = (2) (1)-(2) = 3)
(3)-(3) = ().

Hence, BRST cohomology seems to be consistent with the twisted GSO projection,

(6.9)

and the untwisted vertex operators in the extended Siegel gauge (no dc or ¢) do
set the general pattern, as was assumed in the beginning of this section. Further
evidence derives from the fact that (formally) the inverse picture-changing operators
Y? € (0;0). Therefore, the lattice approch is also relevant for more general vertex

operators (containing ¢), and the twisted fusion algebra is not affected.

From the analysis of the type III GSO projection in eq. (6.6), we should expect a
second bosonic state in (0;0) in addition to T~ € (s;s). Using picture equivalence,
this new state must be represented in the (—1,—1) picture. However, dimensional
analysis easily shows that there can be no massless (0;0) state in this picture; the
only massless state at all is ® € (v;v)! We must conclude that for the twisted theory
the (0;0) class has no BRST cohomology, i.e. contains only trivial states. This leaves

us exactly with the two fermions and one boson already known.

In summary, there are just two different GSO projections in N=2 string theory,
one leading to a purely bosonic model containing the Ooguri-Vafa boson, while an-
other giving non-interacting bosons and fermions in the target space. In analogy
to the standard NSR model, where the ‘twisted” GSO projection generates an N=1
spacetime supersymmetric theory, one finds here an N=2 extended ‘spacetime super-
symmetry’. The latter is, however, itself ‘twisted’ in the sense that the fermionic
generators are not the square roots of ‘spacetime’ translations but square to zero

instead. This property may be rather natural for the twisted N=2 fermionic string
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theory. In particular, it does not require an equal number of bosonic and fermionic

physical degrees of freedom.

7 Conclusion

Requiring world-sheet locality for physical vertex operators, we used the covariant
lattice approach to establish that only two distinct maximal GSO projections are
possible for the Zs-twisted N=2 fermionic string. The first one simply retains the
untwisted states which, on the massless level, were proved to comprise two ‘spacetime’

scalars, to be identified via spectral flow.

The second projection should lead to an N=2 superstring, yet it falls short in three
respects. First, the necessary ‘spacetime’ twist restricts the kinematics from D=2+2
to D=1+1, trivializing massless interactions. Second, there is one bosonic state
‘missing’ from the massless spectrum of two ‘spacetime’ fermions and one ‘spacetime’
boson. Third, the would-be ‘spacetime supersymmetry’ generators are null operators
instead of producing ‘spacetime’ translations. Their geometrical significance is yet
to be understood. As is well-known, the Witten index [BJ] counts the mismatch of
bosonic and fermionic ground states. In our twisted N=2 string theory, this index is
non-vanishing, which implies that our N=2 extended ‘spacetime supersymmetry’ is

unbroken.

The local massless vertex operator algebras for both GSO-projected N=2 string
theories were extracted. No interactions occur in the twisted model, whereas the

untwisted bosons fuse in accordance with spectral flow.

Without twisting, a real and a holomorphic chiral bosonization scheme is available,
which lead to two different pairs of pictures and picture-changing operators. For the
real version, we were able to explicitly construct non-local inverse picture-changing
operators. This technology was then used to compute the massless vertex operators

for all ghost sectors in various pictures, as needed in tree-level correlations.

An advantage of chiral bosonization is that all correlation functions and OPEs are
given in terms of free field expressions — this is usually called vertex representation [B3).
Chiral bosonization also gave us a convenient way of handling the various spin fields.
We have recomputed all tree-level three-point functions for the untwisted and the
twisted model. As regards the four-point function, it is known that

2/ 0 1 1
(@eed) = (V) VO ) ViED Vioy) (7.1)
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vanishes due to the special kinematics in 2+2 dimensions, which yields
012034t + Co3C41S — 16stu = 0 (72)

for ¢;j = ki-k; — ki -kj and —4s;; = k-k; + ki -k]. Because of spectral flow, the
same should hold true for (@TY) and (YYYY). Indeed, abbreviating z;; = 2, — 2;
and

SF = (kST HikETSTTS ) (=) (7.3)

and making use of s+t 4+ u = 0, one computes, for example,

(TTYY) = <V(2’l> L VO vy v l>
(=2.-2) 2 2:72)

(-3-3) (-3

1
—2si;—3 _ _
= /dzz 213214234 sz’j e <Zf 2, Z:J{ Z4>
i<j (7.4)
T(—2s)0(—2¢)

T T T(-2u) ATk ) (k5 k) ¢4 4(k ) (R k) o

=0,

because the expression in square brackets equals eq. (7.2). In fact, the vanishing
of the four-point function is easiest to confirm from the latter correlator due to the

symmetry in the picture assignments.

It would be interesting to investigate consequences of our results for the N=2

string field theory or string loop amplitudes. This work is in progress.

Note added:

N. Berkovits and C. Vafa pointed out to us the relevance of their recent work [B4]
where they imbed the N=2 string into a new N=4 topological string theory. This
allows them to rewrite the critical N=2 string n-point functions as correlators in
the topological theory, where their vanishing to all string loop orders can be proved
for any n>3. Furthermore, one has an SU(1,1) worth of choices for the complex
conjugation Zs which determines the imbedding. This extra SU(1,1) completes the
global symmetry to SO(2,2) as anticipated in ref. [[3], but it is realized in a twistor

sense.
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Appendix: list of massless chiral vertex operators

In this Appendix, we display almost all vertex operators for the massless states
O, YT, =2 and AT with 0 < v < 3 in all pictures —2 < 7 < 0. Untwisted states are
given in the real as well as in the holomorphic representation. The normalization of
the vertex operators is left undetermined. Like in section 4, the universal exponential
factor e**# will be suppressed, and Y¥ is given for unconstrained momenta where it
is BRST-equivalent to T~. The opposite helicities follow from flipping all light-cone

indices.
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We begin with the real representation. The ® vertex operators are

(7'('2,7'('3) = (—1, —1) .

(A.la)

v, =2: clce ¥ @
v, =21 cce ¥¥
v, =3: cclce ¥ @

(7T277T3) = ( 0, _1)
v =0: / [ (k) — se0%e ")
v=1: ce™ (k) +42 e + Lacogle ™’ (A.2a)
v, =2: cdce ? (kap) — (e —2c07) e — %60000536_2“03
v=2: dce? (k) + &2 e + ien’
v, =3: écdce ¥ (k) — &0y —2c07?) e* — 2icden®

(7T2>7T3) = (_17 0) :
v, =0: / {e‘“’z (k-] + %60526_2“’2}
v =1 ce k] +797 e — facdg’e (A.30)

v, =2 cdce P k)] — (0’ —2c07?) e + ecOcdee
v =2 éce k] + & e — 2ien?
v, =3: écdce ¥ [kap] — &0y —2c07) e + 2icden’

(g, m3) = (0, 0):
v=0: [ {Ik0Z] - Iv)(kv) + 30268 ~+"67)}
ve=1: o{[k0Z) = [ky](k-) } — V2 [k-v)] + 7 (k) (A-da)
v =21 cde{[k-02] - [kv)(k) b + (1207° —1*0n?) + icde
+ (9ey2=2c07) k)] — (Dey*—2c07") (k1))
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For T one finds, with lightlike & € C!1,
3 3
(7T2>7T3) = (_Qa _?) :
v, =0: / 6—%&—%@352_53_
v, =1: ce_%“ﬂ_%@Sz_S?’_
(A.5a)
v =2 cace_%“pz_%sogSz_Sg_
v, =2 Ece_%“oz_%“°352_53_
3, 3
v =3 ddce 1T G263
1 3
(m2,m3) = (=3, —3) :
v, =0: / {e—%wz—%@ (K2 S2T 93 — ik 5% 53] + %58536—%%02—3@352—53—}
1 3 . L 2.3
vp=1: ce 297292620 G _ )3 62 3] 4 LaeoPe 29 2% G2 5%
1, 3
v =2 0806_5”2_5“03[162_52+S3_ — ik*” S S
— cn? e+%“°2_%“°352_53_ + $écOcoe? 6_%502_%“0352_53_
b= 2 Gee 2P RGP B _ e 52 5]
v, =3: ¢coc 6_%¢2_%¢3 (k275283 — ik S~ 53] — éen? e+%¢2_%¢352_53_

(A.6a)

(79, 3) = (—%, _%) :

n=0: [ {6_%“02_%“03 552+ S5 4 ik 57 53] — geag2e—%¢2—%¢352—53—}
b= 1: ce 2970 [ GRS | 2 §2 ] — Laagte 290190 g2 55
b= 2 cdee 1RO I3 G2 G 4 k2§25

o e 292 G2 G8 _ i5eeag? ¢ 329 g2 g
b =2 Gee 2P ISP G 4 2 2 5

v, =3: ccoc 6_3”2_%“03 [k*7S*TS% +ik? S?7 53] — éen? e_%¢2+%¢352_53_
(A.7a)

34



v, =0
v, =1
vy = 2
v, = 2
v =3

(g, m3) = (—3,—73) :

/ o 39734 [kt 8%+ ST 4 k52 §37]
¢ e BPR [t G2 GRY | it g2 5]
(O e TP TR [t G2 G 4t g2 g3
o 29I 13 52 O 4+ kP 5P SO
T o e K2 5P GO ik 5P 5O
Go e 2P TR [t G2 SR |t g2 5]
Gede e 3B [t 2§ 4 6P g
e (K3~ S2T 9% 4 ik> % S /K

o TIPS S i 82 5
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The twisted states =% are generated by

DO =

Ur

Uy =

DO =

Do — NI (V]

NloT Dolw

DO =

Bl Ut [\J[oV]

NloT ol

3
(M9, m3) = (—=1,—3) :
2 3 3 3,3
/e AR
—302—%@3 SS—t?)
ce +

2.3 3 .
cOce ¥ ~2¥° 63 tf’r

(m2m3) = (0, ~3) :
[ (k) 2 554
{c(/m/J) + 72} 6_3“0353_153’r
coc e_%“og(/’{;4/1)53_15‘1(8072 — 2¢0v?) 6_3“0353_15‘1

. 5 3.
+ £cdcoe? e 29" 53273

(maym3) = (—1,— %) :

1
2_ =3
/e“” 2¢7 5343

—_

o 13
ce ¥ 2% S3+ti

' 1 1
T S S 2.l 3 o
——cOce” P TP SIS — o ¥ TGS

1
/ clk-p) e 39 533
1
{e(kv) +47} e727 5544,

’ 1 1
%c@c 6_5“03(16~1/1)k2_53+ti + —=(0ey* — 2c07?) 6_7¢3k2_53+ti

i
V2

21,3 %303 3—43 _ @ —%@ 3— %&3
—{c(k-¢)+7}ne STt — 5ce S°e2%

3 1. 1 1.
+ 3icn®on® e29° 5372943 4 V2cden® 2% |2~ G323
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Interchanging 2 <> 3 except for 3 and k', the states A obtain as

(m, ) = (—3,—1) :

3 9 3 o
/e 2% “”Szti

Uy = 9
3 (A.13)
2 2
vy = % :oce 2¥ _“0352_15?’F
3
vy = % . coc €_§¢2_¢352_t§_
(w2, m5) = (~3. 0)
3
V=3 / k] e~ 29° 5283
3
v = % : {c[lmp] + ”y?’} 6_%0252_53_ (A.14)
3 3
Uy = % L cOce 2 (k1] S>3 (Dey® — 2c07*) €_§¢QS2_ti
: 5 3.
+ £cdcoe? e 29762273
1 .
(7T277T3> = (_fv _1> .
1
Up =3 / 6_§¢2_¢SS2+&
A.15
Uy = % : ce_%“’J?_@SSHti ( )
. ) )
vy = % : %c@c 6_§¢2_¢3k2_52+ti — cn? e+§¢2—¢352—t§r
1 :
(m2,m3) = (=3, 0):
1
vy = % : / clk-1] e_WZSQJ“ti
1
v, = % : {c[lmb] + ”y?’} 6_%02524_53_
2 : ) -3 Labl k2 §2+3 Z (cy® — 2¢07%) —%s02k2 G2+43 (4.16)
UV =5 . —=cdce . - + —(dcy” — 2c e -
2 V2 (k1] + /2 Y Y +

1 1 3.
- {c[k:-w] + 73} 7’ 65“”252_15?’F — 3¢ e 29" %273

3 1. 1 1.
+ 3icn?on? €29 5% ¢ 2%43 4 V2cden? 2% |2~ G223
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Untwisted states can be represented in the holomorphic basis. ® is created by
(r7) = (~1,-1) ;

o —opt
v, =0: /e¢ ¥

e o
vp,=1: ce ¥ ¥

(A.1D)
v =2: cOce ¥ ¢
v, =2 Gce? ¢
v =3: écdce ¥ ¥
(my,m) =(0,-1):
vp=0: / k=t e "
=1: ck pte ¥
oh ckyre (A.20)
vy =2: cock T e ¥ — 2ent
oy =2 éck T e ? — 2ient
vp=3: écdck -t e ¥ + 2icen™ — 2icden”™
(7T+77T—) = (_17 O) :
v =0: / ETap~e ¥
=1: ckTp"e ¥
o . (A.3b)

vp=2: cOcktp” e ¥ — 2icen”
v, =21 cckTapTe ¥ — 2ien”

vp=3: ccdckTap~ e ¥ + 2icen” — 2icOen”

(m.m-) = (0, 0):
w=0: [{H0z7 —k02") ikt (0}
o=1: (K02 —k02%) —i(k"0T)(k 0N | = (TR =T k)
=20 (cc+~yy) (K02 — k=-02%) — (k™) (k™))

+ (Oc +ick-0Z + cd) (v kT~ — "k pT)
(A.4b)
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The holomorphic vertex operators for T read (two correlated sign choices are

equivalent)

(e, m_) = (—3,~3)

v, =0: / BBt GG

_37_§++_ L
v,=1: ce 2% 729 §7° 9

s s (A.5b)
v, =2: cOce 29 ~2¥ §T—G~—
3 3
v, =2 1 Gce 29 T297 Gt
3. - 3 +
vy =3: éclce 29 729 §t- G~
1 3
(7T+77T—) = (_Qu _i) :
1 3 4
v, =0: /e_W T2 T St gt
1 3 4
vp=1: ce 29 T2¥ T gt- gt
e (A.6D)
vp=2: cOce 2¥ ~2¢ f~—Gt-gt+
1 3 4
v, =2 éce 2¥ T2¥ TGSt gtTt
1 3 4+
vp=3: éclce 2¥ T2¥ TGt gt
3 1
(7T+77T—) = (_gu _?> :
o =0 /e—%@—%@*iﬁ—s*s——
3 1
vh=1: ce 29 2T gTGTS
(A.7H)

S B
vp=2: cOce 2¥ "2¢9 TG~ t8
, B S e T
v,=2": ¢cce 2¥ T29 [T S57TS

B T
vp=3: éclce 2¥ "2¥ t-g7tg

39



Uh—O
Uh—l
Uh—2
Uh—2,
'Uh—3

(7o) = (=3,-9)

/ 39D [LE g G 4 g g

ce_%“f_%w (k=SS £ ik*+St=57]

cOc T [kE=S™F ST £ ik*TST=8]
+ent ei%“ij%wSijFSii/kfF_

O T [k 5~T8t £ ikt St 57

Gedee 391 [JEm G G 4 it St 5]

! o Fhot otT ot LT
=~ 1507 F3p 9 /
+ éenTe™?2 S

40

(A.80)
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