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1 Introduction

Supersymmetry is undoubtedly one of the main ingredients of string theory. Although,
historically, the development of string theory and supergravity originated from somewhat
different paths, the strong connection between the two has become essential for our under-
standing and investigating their rich structure. Over the last four decades, supergravity
theories [1, 2] in D > 4 dimensions have been studied in great detail (for overviews see,
for instance, [3, 4]). Moreover, this discussion has been extended in [5], where a full clas-
sification of all possible number of supercharges has been obtained for the case of D = 3.
The main purpose of the present work is to fill a gap in the landscape of D = 2 extended
supergravity theories by investigating superstring vacua with an “exotic” number of su-
persymmetries. Extending previous results [6-9] we will present novel two-dimensional
string constructions obtained as asymmetric 7% /Ly, or T8 /2y, X Loy, orbifold compactifica-
tions [10, 11] with chiral (P, Q) supersymmetry, namely, with P positive and Q negative
helicity supercharges.

In particular, we will construct new asymmetric Z4 orbifold compactifications® of type
ITA, TIB or heterotic string theory in which a very interesting phenomenon occurs. As is
well known from the familiar case of four dimensions, requiring the absence of massless
states of spin higher than two, constrains the maximal number of supersymmetries of the
theory to N' < 8. Despite the absence of such a no-go theorem in the more exotic case
of two spacetime dimensions no examples of consistent 2d string or supergravity theories

!Similar left-right asymmetric string constructions were considered in the context of non-geometric flux
compactifications [12, 13], from the point of view of exactly solvable worldsheet CFTs, realized as freely-
acting asymmetric orbifolds. Closely related theories were also obtained in the framework of double field
theory in [14], while generalizations realised as Gepner models in four, six and eight dimensions were
presented in [15-18].



with more than 32 supercharges have been presented in the literature. As we will show
explicitly in this work, twisted sectors of asymmetric orbifolds in 2d may actually give rise
to additional supercharges and, hence, lead to consistent string theories with more than
32 supercharges. These are, to our knowledge, the first examples of such theories in the
literature.

We have organized this work as follows. In section 2 we will recall the structure of
the chiral (P, Q) supersymmetry algebra in two space-time dimensions and emphasize that
for chiral theories the massless spectrum of the positive and negative helicity states is
different. This fact is especially prominent for chiral models with (P,0) supersymmetry,
where the negative helicity sector is non-supersymmetric with a different number of space-
time bosons and fermions. In section 3 we discuss the type Il and Heterotic strings on a
symmetric Z4 orbifold of T®. This section is mostly a systematic elaboration on known
results, but is nevertheless useful as an introduction to the formalism. In section 4 we
move on to the analysis of asymmetric Z4 orbifolds, where we encounter our first examples
of exotic superalgebras. In section 5 we analyze various asymmetric Z4 X Z4 orbifolds
with the peculiarity that the resulting two dimensional spacetime theory has more than 32
gravitinos. The appendices contain various technical results we use in the main text.

2 Chiral (P, Q) theories in two dimensions

Here let us recall some basic facts of supersymmetric field theories in two dimensions and
their supersymmetry algebras [19, 20]. First we introduce lightcone coordinates Y+ =
%(YO + Y1) in the (1+1) dimensional uncompactified Minkowski space-time. Then a
massless particle ® (Y1) or ®_(Y™T) is either left- or right moving in target space with
either Py = 0 or P_ = 0. In particular, massless spin-1/2 fermions ¥ or ¥_ can have he-
licity +1/2 or —1/2 in two space-dimensions. For the supercharges, this possibility is made
manifest by representing the supersymmetry algebra by P positive chirality supercharges,
denoted by er (I =1,...,P) and Q negative chirality supercharges Q' (I’ =1,...,Q).
The extended (P, Q) supersymmetry algebra then takes the following form:

(QL.Q1y=26""P., {QI.Q7}y=2"""P_, {QL.Q”}=0. (2.1)

In string theory one can represent the supersymmetry algebra in terms of the vertex
operators of the supercharges (see e.g. [21]). Specifically in ten space-time dimensions,
space-time supersymmetry transformations in type II (heterotic) string theories are gen-
erated by 32 (respectively 16) supercharges, coming from left- and right-moving sectors of
the world-sheet superconformal field theory.

Upon compactifying, the number of preserved supercharges is generically reduced.
However, in later sections, we shall be considering asymmetric 2d orbifolds with additional
supercharges arising from the twisted sectors, such that the total number of supercharges
can be even higher than in the ten-dimensional theory. Consider first the left-moving
supercharges, which are identical in type ITA,B and heterotic string theories. All (P, Qr)
space-time supercharges in two dimensions are realized on the world-sheet by covariant

iHg(2)
+72" . Here,

weight-1 vertex operators that necessarily contain the spin fields Sy (z) = e



Yy = (Yo £ ip')/v2 = e 0(2) ig the complex world-sheet fermion in the light-cone
directions, that may be bosonized in terms of the current Jo(z) = i0Hp. In addition,
we need the internal spin fields S7(z) (I = 1,...,Pr) and ST (2) (I' = 1,...,Qy) with
conformal dimension h = 1/2 of the internal eight-dimensional space. In terms of these,
the vertex operators of the supercharges in the (non-canonical) +1/2 ghost picture take
the form:

dz B(2)+iHq(2)
Qh = 74 §1(z)e "

2mi

Q' = 7{ R (2.2)
2mi
Here, ¢(z) is the bosonised superghost field.
Upon dimensional reduction from ten to two dimensions on 7%, the 16 right moving
supercharges transform in the 16-dimensional spinor representation? 16, of SO(10), which
decomposes under SO(2) x SO(8) as

1 _\* 1 _\*
161 — (+2,83> - (2,SC> : (2.3)

The ITA, IIB and heterotic vertex operators of the corresponding 16 supercharges Qi and
Q" with (Qr,Pr) = (8,8) are explicitly:

QI _ % dz eiwﬁ'H(z)ei(b(ZH;HO(Z)

)

+ 2m
ol — %femg'ﬂ(z)ew)_;%(z) , (2.4)
™

where the four chiral bosons Hg(z) originate from the bosonization of the internal com-
plexified world-sheet fermions 1. The eight different 4-vectors w! = (i%, i%, i%, i%)

S

(even number of minus signs) are the spinorial weight vectors of the 8% spinor represen-
tation of the internal automorphism group SO(8). Similarly the eight 4-vectors wl =
(+3,+3,+%,£3) (odd number of minus signs) are the spinorial weight vectors of the 8%
spinor representation.

For type ITA and IIB string theories, there is also a certain number (Qpr,Pr) of su-
percharges originating from the right-moving world sheet sector. In type 1IB, the 16 right-
moving supercharges follow the same group-theoretic decomposition as the left-moving
ones. E.g. for compactification on 7%, one derives the following vertex operators for the

16 supercharges Q~fr and Q~I,/

~ dZ . I 75 ¢E)+iHg(2)

Qh = p g e,

~ 0 e 6(2)—iHg(2)

Qr = —dz,e“”g HE) =5 (2.5)

*We choose a convention where the SO(10) spinor weights (:i:%, :I:%7 :I:%, :I:%, :I:%) with even (resp. odd)
number of minus signs correspond to the 16, (resp. 165) representation.



The two sets of supercharges correspond to the decomposition of the ten-dimensional spinor
16X to two dimensions in the same way as in eq. (2.3).

For type IIA on T® however, the right-moving supercharges originate instead from the
16, spinor representation of SO(10). In this case one obtains

~ dzZ . 1.7 ®E+iHg(2)
Q! - ]{ Gl () S

2mi

Q[_’ _ %;?eiwg’ﬂ(z)ed?@);ﬁo@) 7 (2.6)
™

corresponding to the decomposition
1 _\" 1 _\"
167 — <+2,8c> - <—2,85) . (2.7)

We see that in both cases for type IIA and type IIB on T® we have in total 32 super-
charges in two dimensions corresponding to the (P, Q) = (Pr, + Pgr, Qr + Qr) = (16, 16)
non-chiral supersymmetry algebra, whereas the heterotic string on 7% is characterized by
a total of 16 supercharges realizing the (Pr, Qr) = (8,8) non-chiral supersymmetry alge-
bra. In the next section we will discuss how the various orbifold projections act on the
supercharges, which will result in several chiral, as well as non-chiral superalgebras in two
dimensions.

In general, the spectrum will fall into appropriate supermultiplets of the relevant
(P, Q) supersymmetry algebra. The generic supermultiplet is of course the supergrav-
ity multiplet, with (P, Q) supersymmetry. However the graviton and all P + Q gravitini
are non-propagating in 2d. Therefore all supergravity multiplets in two dimensions only
non-propagating states, which do not contribute to the one-loop partition function of the
theory. Notice, however, that even though the gravitino and spin-1/2 fermions in the
gravity multiplet are non-propagating, they still contribute to gravitational anomalies [22].
Although there should exist an off-shell formulation of the chiral (P, Q) supergravity action
in two-dimensions, we will not display it here.

We now turn to the matter fields, which arise from the compactification from ten
to two space-time dimensions. In addition to left- and right moving string excitations
on the two-dimensional string world-sheet, also the space-time spectrum is split into left-
or right moving states with respect to the two-dimensional target space. In particular,
massless fermions U4 or W_ can have chirality +1/2 or —1/2 in two space-dimensions.
For non-chiral theories with (P, P) space-time supersymmetry in two dimensions, the left-
and right-moving spectra match. However, for chiral theories with (P, Q) supersymmetry
(P # Q) the positive and negative chirality sectors are in general different from each other.
For example, in chiral theories with (P, 0) supersymmetry the target-space left-movers are
supersymmetric, i.e. there is the same number of positive chirality fermions and bosons,
whereas the right-moving states are non-supersymmetric with different numbers of negative
chirality fermions and bosons.

In conclusion, the target-space left- and right-movers are associated with two different
sectors, which we will label by a parameter u: the target space left-movers, i.e. the positive



helicity states, correspond to the choice p = 0 and the right-movers with negative helicity
belong to p© = 1. From the string point of view, the two different cases yu = 0,1 are
related to the two different possibilities for the “internal” part of the GSO projection on
the transverse string spectrum, as we shall discuss in the following section. While these
are equivalent in dimensions D = 4k, this is not so in dimensions D = 4k + 2, where the
supersymmetry algebra is chiral.

3 Symmetric T®/Z, orbifold

3.1 Symmetric T%/Z4 orbifold in type IIB with (12,0) supersymmetry

Before dealing with the asymmetric orbifold constructions advertised in the introduction,
it will be instructive to first revisit the symmetric Z4 case, involving the rotation of all eight
coordinates of the internal 8-torus. Although these orbifolds have already been mentioned
in [9], the present analysis will serve as an opportunity to set up the notation and encounter
some of the central ingredients that will be useful later on when we turn to the asymmetric
cases. In particular, we will consider IIA, IIB and Heterotic string theories compactified on
T8 /7,4 orbifolds, with the orbifold action rotating all 8 internal super-coordinates as follows

X' — X2, X? - -X!,
X3 - -X*, X' X3,
X5 — X6 X6 - —X5 (3:1)

X7 -Xx8 X% X7,

Although we display here only the Z4 action on the bosonic left and right moving coordi-
nates X!, worldsheet supersymmetry requires the exact same action also for the left and
right moving worldsheet fermion superpartners, 1/. This orbifold action may be easily
diagonalised by complexifying the corresponding super-coordinates.

In this section, we shall focus on type IIB case. Upon compactifying the 10d IIB
string theory on the T®/Zj4 orbifold, one obtains a two dimensional theory with chiral
supersymmetry. The full spectrum of the theory can be straightforwardly extracted from
the one-loop partition function

| 1 orars Ol yla ) me bl
7 - = - _1)atbtpab b+g/2 b—g/2 e—iwhg/Q 878_ g
Ly iy -

h,g€Z4 a,b=0,1
. —[§+h/2]2—[§7h/2]2 (3.2)
% 5 Z (_1)a+b+uab b+g/2 = b—g/2 o Timhy/2

a,b=0,1

We denote by 9[3] = J[3](0,7) the Jacobi theta constants, where we adopt the convention

W)z ) = Y qplnme/) PriGopIn e/, (3.3)
nez
in terms of the nome ¢ = €*™7. They are holomorphic with respect to the complex

structure parameter 7 of the worldsheet torus >; and encode the boundary conditions



a, B of worldsheet fermions ¢! along the a- and b- cycles of ¥, respectively. Similarly,
the Dedekind n-functions are conventionally defined as n(7) = [],,-o(1 — ¢"). The spin
structures ¢ = 0,1 and @ = 0,1 are associated to the left- and right- moving fermion
numbers, respectively, while summing over b,b = 0,1 imposes the corresponding left- and
right- moving GSO projections. Similarly, the orbifold sectors are labelled by h = 0,1,2,3
while summing over g = 0,1,2,3 enforces the Z4-invariance projection. The additional
phases eFi™h9/2  while cancelling each other in the total partition function, are inserted
for later convenience in organising the various character blocks in a language that will
be particularly useful once we turn to the asymmetric orbifold case. The contribution of
the internal bosonic coordinates is encoded in the symmetrically twisted lattice T'gg [/]
carrying Lorentzian signature (8,8), and is defined as

1212

28 sin® (FA[] — >, (h.g) #(0,0)
T = (3AG) [0 12 0l 12| (3.4)
FS,S(Ga B)7 (h7g> - (070)

Here I's 3(G, B) is the usual (untwisted) Narain lattice of T®, as a function of the constant
metric and antisymmetric tensor fields. The parameter A[Z} is equal to 2 for elements in
the T'g(2) orbit [9], [3], [3], and equal to 1 otherwise.

Let us now comment on the particular choice of GSO phases (—1)¢*0*Heb and
(—1)atbtrab appearing in the left- and right- moving RNS fermion blocks. The factor
(=1)atba+b ig standard, and present already in 10d. It is required by one-loop modular
invariance and may be derived by imposing unitarity and cluster decomposition of higher
loop amplitudes. It actually automatically implies the correct spin-statistics assignments.

The additional phase factor (—1)“(““‘75), with g = 0,1 is more subtle and particular to
twisted 2d constructions. In two dimensions, spacetime can be thought of as longitudinal,
in the sense that it entirely spans the lightcone directions. States such as the graviton
or the gravitini, which are constructed using string oscillators in spacetime directions are
non-propagating and are, therefore, not captured by the simple one-loop partition function
given above. This is because the longitudinal contribution 9[}|/n is exactly cancelled by
that of the (super)ghosts 1/9¥[}] and a full covariant treatment [23] is needed for the proper
analysis of longitudinal states.® Consider, for instance, the left moving RNS sector. In the
full covariant treatment and for a fixed superghost picture, the GSO projection is imposed
at the full SO(10) level, and comes with an ambiguity concerning the choice of the SL(2)
vacuum. Once this ambiguity is lifted by a choice of convention, the chirality of SO(10)
spinors is completely fixed by the GSO projection. The lightcone partition function, on
the other hand, can effectively see only the transverse SO(8) part of these spinors. Upon
decomposing the 16 spinorial representation under SO(10) — SO(2) x SO(8) we have, for
instance, 16 — (+%, 85) ® (—%, 86), with SO(2) being the “Euclideanised” Lorentz group

3Notice that it is actually possible to appropriately deform the longitudinal theta function contribution
to the partition function by a Jacobi parameter ¥[£](0,7) — 9[;](z,7) such that we can keep track of all
states, including longitudinal ones. Although we have checked our results also using this method, we shall
not employ it explicitly in this work, since it is more convenient to work with the lightcone partition function
and revert to the full covariant formalism whenever needed.



in 2d. Specifically, the lightcone gauge treatment sets X+ = 27 + p*t and ¢ = 0, with ¢
being the worldsheet proper time and, therefore, the partition function does not reproduce
the full massless spectrum for chiral theories in 2d where the target space involves both
left-moving and right-moving massless states. Massless propagating NS states (a = 0)
carry no SO(2) charge and a p-phase ambiguity does not arise. States in the R sector
(a = 1), however, do carry non-trivial SO(2) charge and the light cone gauge will select
either the 8; or the 8. spinor, depending on the choice of u = 0, 1. For this reason, in our
writing of the partition function (3.2), we keep p unspecified, with the understanding that
a full analysis of the spectrum will require considering both the = 0 as well as the p =1
spectra, which will correspond to (propagating) states of positive and negative spacetime
chirality, respectively.

The analysis of the full string spectrum in such Z4 orbifolds, and even more so in the
asymmetric versions we shall be considering in later sections, can be quite tedious and
requires the construction of SU(4) characters which are eigenmodes of the orbifold action.
Anticipating this, it is instructive and convenient to first describe the massless sector of
the theory from a geometric perspective and then verify that these results are indeed
reproduced from the purely CFT orbifold analysis. The singularities in the 7% /Z, orbifold
cannot be smoothed out in a Calabi-Yau way, so there are no twisted sectors, and thus
the cohomology generators for the orbifold can be computed to be those of T® which are
left invariant by the orbifold action. Alternatively, the cohomology may be computed from
the knowledge of the internal CF'T by exploiting the isomorphism between the cohomology
ring and the chiral ring of the N' = (2, 2) worldsheet SCFT. The most straightforward way
to do this is by first computing the modified elliptic genus

2(a,,0,7) = Tr g | (1) o=/ ghoe/2 o ] (3:5)

where f = Jy — Jp in terms of the U(1) currents of the SCFT. From this, one may readily
extract the Poincaré polynomial P(t, ) = (t£)%/Z(0,—t,0, 1) of the associated smooth
manifold. Applying this to the 7% /Z4 orbifold at hand, we find the following Hodge square

—h070 ho1 ho2 hos h074— (10 4 01]
hio h1g hi2 hi3 higa 08 0 80
hao ha1 hoo hos hosa| = | 4018804 |, (3.6)
h3o h31 h3o h33 hsa 08 0 80
| hao hay hap hag haa| 10 4 01 ]

with Euler number x(X) = 240. In terms of the Hodge numbers, one computes the number
of self-dual and anti-self-dual 4-forms

b:{ = 2h1,3 + h171 — 2h072 —1=15,

3.7
bz =47 + 22h0,2 + 4h173 + 3h171 — 2h1’2 =191, ( )

and also the Hirzebruch signature of the manifold
7(X) =b; —bf =176. (3.8)



A 10d M-W spinor 16, of SO(10) decomposes under SO(2) x SO(8) as (+3,8) & (—3,8).
On Kéhler fourfolds, the SO(8) spinors can, in turn, be decomposed under the SU(4)
holonomy in terms of gamma matrices acting on covariantly constant spinors, according to
the group-theoretic decomposition

8, +1+6+1, 8. =4+4. (3.9)

The coefficients of this decomposition correspond to (0, ¢q)-forms. Hence, the singlets in
the decomposition of 84 are associated to (0,0) and (0,4) forms. To obtain the number of
supersymmetries preserved by this compactification, one counts the zero modes of the Dirac
operator arising from the above decomposition of the 10d gravitini. The latter correspond
to those (0,q) forms which are also harmonic. From hgg = hos = 1 and hg2 = 4 we see
that there are 6 such zero modes. Since both 10d gravitini have the same SO(10) chirality,
the reduction on the above fourfold gives rise to a 2d theory with chiral (N,0) = (12,0)
supersymmetry. More generally, for type IIB* on a fourfold with hoi = ho3z = 0 and
ho2 # 0, one finds (IV,0) chiral supersymmetry with N = 2(2 + hg2).

We may proceed with the analysis of the rest of the massless spectrum in a similar
fashion. For brevity, we will mention here only the results which will, anyway, be re-
derived below from the orbifold perspective. We have 4(hy1 + h13) = 64 spacetime spin
1/2 fields ¢* of positive chirality that will fit into chiral (12,0) multiplets and 4hy 2 = 0
spinors of negative chirality which would have been supersymmetry singlets. In other
words, all massless fermions come with positive chirality. The supergravity multiplet is
(9> 0, N1 N11) and contains also the dilaton. Aside from the dilaton, there are 3hy 1+
2h1,3 + 2ho2 + 1 + b, = 240 negative chirality scalars (susy singlets), and 3h; 1 + 2h1 3 +
2ho2+1+ bj{ = 64 positive chirality scalars. There are 64/16 = 4 chiral matter multiplets
of negative chirality (16¢™,16¢™), since for N = 12 supercharges, the massless matter
multiplets actually have the same structure as in the (16,0) case, even though the gravity
multiplet does not.

Since the theory is chiral, it is important to check how the gravitational anomaly
cancels in this case. The gravity multiplet contributes only through its fermionic states
(N, , Ny*), while chiral multiplets are of the form (N'¢™, N'¢)*"). Here, N = 12 which
is the number of supercharges and N’ = 16 since the matter content of chiral multiplets for
a (12,0) theory in two spacetime dimensions is enlarged. The gravity multiplet contributes

2N ., N ., N
— — = — .1
r trR° 4 5 trR 5 trR*, (3.10)

while the chiral multiplet contributes

N’ N’ N’
— trR?>+ — trR?> = ~— trR2. 3.11
og U gt 16 (3.11)

The 240 negative chirality scalars ¢~ which are susy singlets contribute similarly
—240/24trR? and there are no negative chirality fermions. Adding together these con-

“In the type IIA case one finds instead that the theory has non-chiral (N, N) supersymmetry with
N =2+ ho,2.



tributions one has

N N 240
2 4 24

+— - > trR%> =0, (3.12)

which indeed vanishes for N = 12 and N’ = 16, as desired. This is in accordance with
the more general result in [7], in which the type IIB anomaly cancellation condition for
a compactification on a fourfold may be expressed directly in terms of the number of
supercharges N and topological numbers of the fourfold

24N —37(X) + x(X) =0. (3.13)

The analogous condition for anomaly cancellation is much less straightforward in cases of
asymmetric orbifolds, where no geometric interpretation is possible.

We are now ready to move on to the analysis of the IIB theory in the orbifold theory.
The CFT approach is exact to all orders in o’ and enables one to access not only the massless
spectrum, but also the full tower of massive excitations. Indeed, the vertex operator of
any state in the theory may be straightforwardly constructed from the expansion of the
partition function (3.2) in terms of characters. In the rest of the section, we set up the
techniques necessary for deriving the character decomposition of the partition function
and recover the same massless spectrum as the one obtained above using the geometry
of the fourfold. Since these techniques will set the basis for the analysis of the much less
intuitive asymmetric orbifold constructions of subsequent sections, we will discuss them in
some detail.

In all orbifolds that we shall construct, all 8 RNS fermions spanning the transverse
(internal) directions are twisted. By simple redefinitions, it is actually convenient to group
them all together, such that the relevant contribution to the partition function becomes

IO = (—D)M o[ (3.14)
Out of these, we can construct characters with definite transformation under the internal
GSO parity projection, associated to the transverse SO(8) charges,

1 19[;+h//2]4
a, +g/2 —ir
(I’Lr,];] D) Z ni (—1)Phemimhal2

b=0,1

| R o
a,h + —im

oy - 3 B s o

b=0,1

but not under the orbifold action. In this way, @[ihg] is invariant under GSO, while @[‘fg]
picks a minus sign. This relation can be inverted if we identify £ = 0 with the + (even)
GSO parity and £ = 1 with the — (odd) one as follows

ﬂ[a+h/2]4

b+g/2 —T a,
%(—1)% ha/? = NT (-1 B[] (3.16)



We next define the characters with a definite eigenvalue under the Z4 action

1 .
= 3 e e @17
gE€ELy

2miN/4

This transforms by a phase e under a Z4 action (¢ — g + 1). This relation may be

inverted as follows
ah 7h —27iA
e = > x[Gh] e A/ (3.18)
ANEZy
By expressing the theta functions in the definition of y in terms of their U(1) charges
Q; =n; —a/2 — h/4, where n; € Z, we may explicitly sum over b and g, i.e. perform the
GSO and Z4 projections, and derive constraints on the corresponding charges. As before,
we let & = 0 denote the GSO even case, and £ = 1 the GSO odd case. One then finds

ny+ng +ng+ng =&mod2,

(3.19)
niy +n2 +ng +ng = (A4 2a) mod 4.

These conditions must be satisfied simultaneously for states in y which transform as (—1)&
under GSO and as ¢™/2 under Z4. These states are associated with vertex operators of

the form e'@H

where H;(z) are the chiral bosons arising from the bosonization of the RNS fermions.
Under the GSO transformation H; — H; + 7, this state transforms with a phase e/™(¢=5),
Similarly, under the (redefined) Z4 action, H; — H; + m/2, it acquires a phase eim(A=h)/2,
Notice that the conditions (3.19) imply £ = Amod 2, regardless of whether the y character
is bosonic a = 0 or fermionic a = 1. Because of this, the transformation of the y characters

under GSO is essentially the square of the corresponding Z4 transformation, i.e.

GSO: Hi—Hi+n, |Q)— ™M |qQy,

Za:  HioHi+g, Qe 0NRQ). 2

With these tools at our disposal, it is now possible to construct the characters y for
all orbifold sectors, as well as the corresponding vertex operators. The characters relevant
for the purposes of the present work are collected in appendix A.

For the extraction of the spectrum and the decomposition of the partition function in
terms of characters, it will be convenient to define also the projected lattice characters,
with definite eigenvalues under the Z, orbifold. These eigenvalues will be parametrized
again by A =0,1,2, 3,

A 1 1 .
D] = 5 7 D Tag g ™" (3.22)
U )

The g-expansions of the symmetrically twisted lattice characters can be found in ap-
pendix B.
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3.1.1 Positive chirality spectrum (y = 0 states)

We will first describe the spectrum in the py = 0 case. The first step is to decompose
the partition function (3.2) in terms of the characters introduced above. For the generic
sector h = 0, 1, 2, 3 we arrange the various contributions into NS-NS, R-R, NS-R and R-NS
sectors as follows

257N = (xPAIRCA] 4 xR ]+ (I + x P ) B
28 = (AR xR g+ (AR + MR B
zﬂ*R=—Cw4mLﬁ+x[1ﬂ%®f”W@—C%4R[1+X[]ﬂﬂﬂfwﬂﬁ
217N = = (IR + xR D] = (IR + I T
(3.23)

This contains all information about the massless spectrum as well as the full tower
of massive excitations. For our purposes, we will only extract the spectrum of massless
propagating states. Using the explicit expansions in appendices A and B, one may see
that all twisted sectors are massive for p = 0, and therefore, we can focus only on the
untwisted one (h = 0). We also need to remember that the right-moving characters y have
opposite charges and transformation under Z, with respect to the left-moving ones. From
the NS-NS sector we have 32 states

X[gol]ﬂgol] LA 4 x4y,
0,0 7-10,0 ST A (3.24)
R AP 1L N PP
From the R-R sector we find
[— + 4+ +] [ — — — +]
L|l+—++| _ 1|-—+- .
1,0 11,0
_ X — , 4 x4_ 5
RIS ERE S B 3 D 1 X4
4+ |+ - = ]
- i - ) (3.25)
—— =+ —+ 4+
1,0 11,0 ==+ LI+ —++F A
g ) _ X — 5 4_ X 4 .
XL,&]XL,&] 2| -+ - — 214+ 4+ — + 1 !
|+ == =] |+ ++ ]

In this and subsequent expressions, whenever convenient, we adopt a notation according to
which we use a matrix M,; to denote the vertex operators Vi, = exp (iMqy; H J ) associated
to the Cartan weights of each state in the spinorial (or other) representations. In this way,
the index « labels the states making up the representation, whereas j = 1,...,4 spans the
Cartan directions of SO(8).

— 11 —



From the NS-R sector, we obtain

- — =+
_ R B e
_X[(}?l]X[E?l]: \Iﬂxi S 4 x 41,
_+____
_ - (3.26)
—+++
e .
0,0 7-r1,0
—x[2 51X () Ut o I I 4.1 x4,
|+ ++ =
Finally, the R-NS sector gives
— 4+ +]
L+ —++|_ = o
1,0 10,0
—Xx|Z Ik = x W', 4, x4 1,
x[2alx[2h] >N 1 1
|+ ++ -
] ] (3.27)
- — =+
1| —-——4+ — .
1,0 1=10,0
—x[23lx([2 5] : N P x U, 4 1 X4,
_+____

These are indeed all the propagating massless states with positive spacetime chirality.

3.1.2 Negative chirality spectrum (u = 1 states)

We now turn to the u = 1 case, corresponding to states with negative spacetime chirality.
For the generic sector h = 0, 1, 2,3 we arrange the various contributions into NS-NS, R-R,
NS-R and R-NS sectors as follows

ZNSTNS = (WORIRIZA] + IR D8]+ (2RI + xR ) v
28 = (AR + XA A) T B+ (] + xIx]) Em i
ZpS R = (x[ﬂ’ﬁbz[i*;] ARG T ] — (AR + xR ) T
ZRNS = = (XA + XEIR ) D] = (B Rh) + X hIR)) T h)
(3.28)

— 12 —



Consider first the untwisted sector ~ = 0. The NS-NS sector is identical to the p = 0 case.
The R-R sector contains 40 massless states with SO(8) charges

[— — + +] — =+ +]
-4+ -+ -4+ -+
1,0 11,0 Ll —++- Il—++-
’ il — — 36
X[+7O]X[+7O] 2 + o + X 2 + o + 9 9
+ =+ - + =+ = (329)
L+ + - — |+ + — — ]
10110 V++++] 1[++++
X[+,2]X[+,2] : 5 X = , 4.
2| - - - — 2| - - - —
The h = 1 twisted sector contributes 16 massless states from the R-R sector
L1111 1 1
X[+,2]X[+,2]F[(1)] : Z(+a+v+7+) X Z(_v_v_a_) ;16 (330)
The h = 2 twisted sector contributes 136 massless states from the R-R sector
1,21-11,2 1 712
X[+’2]x[+’2] INHE (0,0,0,0) x (0,0,0,0), 136. (3.31)
Finally, the h = 3 twisted sector contributes 16 massless states from the R-R sector
1,31 11,31 37 . 1 1
X[+,2]X[+,2]F[O] : Z(_a_a_v_) X Z(+7+7+7+)7 16. (332)

By taking into account all states (namely, both chiralities ¢ = 0 and p = 1) and
computing the U(1) charges of R-R states with the definition J = i0H; + i0Hy — i0H3 —
i0Hy, as required due to the fusion ﬁ[gi;//; ]219[2:5//22 ?— 19[?15//22 ]4, one correctly reproduces
the Hodge numbers given in (3.6).

From the above spectrum of massless propagating fields, it is clear that only the states
with positive spacetime chirality (@ = 0) are supersymmetric, whereas the negative chi-
rality states are SUSY singlets. This is possible in two spacetime dimensions, where su-
persymmetry may be chiral. In what follows, we shall elaborate on the counting of (V,0)
supercharges, and how the spectrum of massless propagating states organizes itself into

(enhanced) chiral multiplets.

3.1.3 Supersymmetry charges

Let us consider first the left-moving (untwisted) sector. There are six Z, invariant left-
moving supercharges in the theory, which may be written in the —1/2 ghost picture as

S
-+ -+
g/ 1l —++-
Quip=e P T T 6 (3.33)
+ -+ -
L+ 4+ = ]
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In accordance with the notation of the previous subsection, the six SO(8) charge vectors
Q; simply stand for the vertex operators e’9ifi with i = 1,...4, which are left invariant
under the Z4 action. They have GSO eigenvalue G = +1, according to the following choice
of GSO parity

G = ™ (—Qs+Q0+Q1+Q2+Q3+Q) ’ (3.34)

which fixes the left-moving SL(2) vacuum convention. This is so, such that when the super-
charges act on physical states in the spectrum, which themselves have G = +1 eigenvalue
under the GSO operator, they produce superpartner states which are also physical states.

Its BRST equivalent operator in the +1/2 picture reads

SN
-+ -+
4 1|—++4+—

¢/2+iHo/2 o) — 60 . 3.35
2 |+ - —+ ’ (3.35)
+ -+ =
[+ +—

Q+1/2 =€

Similarly, there are 6 more invariant supercharges arising from the right-movers, which
have the same spacetime chirality as the left-moving ones, i.e. Qo = Qo = —1/2 in the
—1/2 canonical superghost picture.® Therefore, the theory enjoys chiral (N,0) = (12,0)
supersymmetry. For the same reason, when )/, acts on an NS-NS boson in the —1 ghost
picture in order to create a fermion in the canonical —1/2 ghost picture, it will produce a
spacetime fermion with positive chirality 1.

Therefore, since the supersymmetry is chiral, aside from the gravity multiplet, only the
states of positive chirality (described in the partition function by p = 0) will be arranged
into supersymmetry multiplets, while the negative chirality states will be SUSY singlets.

A convenient way of constructing the supersymmetry multiplets is to first identify
the decomposition of the SO(8) characters Vg, Sg,Cs under the R-symmetry SO(8) —
SU(4) x U(1). One has

8 —41+4_1,
8 — 1+ 1 9+ 6, (3.36)

80—>4_1+4—11.

As usual, the subscript denotes the U(1) charge. In terms of components, the decomposi-

5Notice that, going from the —1/2 to the +1/2 ghost picture, the spacetime chirality is flipped. We shall
adopt a convention according to which the spacetime chirality of states in the Ramond sector is always read
in the +1/2 ghost picture.
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tion reads

D=
'
flin

Cs = - - , (3.37)

N[
|
+
|
|

and similarly,

N[ =
_|_
_|_
_|_
_|_
e

D=
|
|
|
|
[y
|
[}

Sy = (3.38)

N[ =
|
|

+ + +
_|_

while, for the vector of SO(8) we have

141

Vs = . (3.39)

N
L

Notice that the U(1) charge is also related to the Z4 charge via Qu1)/4 = Qz,, with the
eigenvalues of the states under the orbifold transformation being 797
We can now arrange the states of positive chirality (1 = 0) as follows

NS — NS : 41 x4 1 +4_ 1 x4,
R—-R: 4_ 1 x4, +41 x4_1,
NS—R: 41 x4 1+4_1 x4,
R —NS: 4 1 x4, +4, x4_4.

(3.40)

There are in total 64 massless bosons of positive chirality, and an equal number of fermions,
of the same chirality, as expected by supersymmetry. To see the action of the supersym-
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metry transformations, note the OPEs (or, fusion rule)

60 -4 — 41,1,

B (3.41)
60 -4 = 44 s

and, clearly, also the inverse transformations exist.

For chiral (N,0) supersymmetry in 2 dimensions, one would expect the massless states
to be arranged into chiral multiplets (N¢™, N9yT), where ¢*,9" are scalars and spin
1/2 fermions of positive chirality, respectively. There are ny /N such multiplets, with n4
being the total number of scalars of positive chirality. In the IIB theory we are analysing,
n4 = 64 and therefore, naively, ny /N = 16/3, which is not an integer number. Actually,
the structure of two dimensional N = 12 supersymmetry is more subtle and the chiral
matter multiplets become enlarged and arrange themselves as if they were multiplets of
N = 16. As we will explicitly see below, there are indeed 64/16 = 4 chiral multiplets in
the theory.

To obtain the explicit multiplet structure, one needs to observe that NS-NS and R-R
scalars are connected by 2 supersymmetry transformations (one from the left, and one from
the right) and, hence, must lie in the same multiplet. This is achieved by taking linear
combinations of the NS-NS and R-R states for the bosons and similarly NS-R and R-NS
states for the fermions, as follows

1 —
(2) —

4 x4 1+4; x4, 4 x4 +4; x4_),
41Xé_l,1—411><4,1, 211X2171—41><4,1

9

i - o (3.42)
4 1 X4 +4 1 x41,4 1x41+4_1x4

( )
( )
( )
( )

4_1,1X41*4,1X4_11, 4,1X41*41,1X4_11 .

And indeed, we find 4 chiral multiplets containing 16 scalar and 16 fermion compo-
nents each.
3.2 Symmetric 7%/Z, orbifold in type IIA with (6,6) supersymmetry

In this section we consider the compactification of type IIA string theory on the same
symmetric orbifold 7%/Z;, defined in (3.1).5 Tts partition function is given by

1 1 P P 3l
7 - L _1)atbtuab b+g/2 b—g/2 o imhg/2 8,8_ g
PIREIIC) -
ygeZ4 a,b
% 5 Z(_l)a+b+(u+1)ab b+g/2 = b—g/2 o timhg/2

a,b

The main difference between this partition function and the IIB case (3.2), lies in the
phase (—1)#+1)% phase, which ensures that the left- and right- moving spinors come with

A specific limit in moduli space of this compactification, in the presence of D2 branes, gives rise to one
of the N/ = 3 theories discussed in [24, 25].
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opposite Weyl chirality already at the 10d level. Contrary to the type IIB case, the ITA
theory is not chiral and it is, therefore, sufficient to extract the physical spectrum by
analysing only the p = 0 case. The internal manifold is, of course, identical to the one
derived previously in the IIB case and, therefore, so are the elliptic genus and topological
numbers ascribed to it.

The ITA theory enjoys (6,6) supersymmetry. From the p = 0 and g = 1 cases,
one obtains an equal number 2(h; 1 + hi3 + h12) = 32 of positive and 32 negative chi-
rality Majorana-Weyl modulini. Similarly, there are 32 + 32 supersymmetric partners,
namely, chiral/anti-chiral scalars of positive/negative chirality (or, alternatively, 32 non-
chiral scalars). These scalars arise as follows. There are hy + 2hi13 — 2hgo = 16 real
(non-chiral) scalars from the reduction of the metric, hi 1 + 2hg2 = 16 from the NS-NS
B-field, and 2h12 = 0 from the R-R 3-form. The R-R 1-form gives no dynamical fields.
The dilaton goes into the gravity multiplet, together with 6 dilatini of positive and negative
chirality, and together with the non-dynamical metric and gravitini. In two dimensional
(N, N) = (6,6) supersymmetry, the matter multiplets are the same as for (8, 8) and, there-
fore, there are 2(hj 2 + h13)/8 = 2 chiral multiplets and 2h; ;/8 = 2 vector multiplets,
but the content of the vector multiplets in 2d is the same as for chiral multiplets, plus a
non-dynamical vector. Furthermore, type ITA theory in 2d generically has a B-field tadpole
term which, however, can be cancelled without introducing extra fluxes simply by adding
x/24 = 10 fundamental strings [6, 26]. Each fundamental string has the matter content of
its light-cone worldsheet fields, namely 8 real scalars and 8 positive and 8 negative chirality
Majorana-Weyl fermions. In our case, this introduces x/3N additional chiral multiplets.
Since N = 6 and the structure of chiral multiplets in this case is the same as for N = 8, the
addition of the fundamental strings corresponds to x/24 = 10 additional chiral multiplets.

3.2.1 Positive chirality spectrum (y = 0 states)

We will first describe the spectrum in the p = 0 case. For the generic sector h = 0,1,2,3
we arrange the various contributions into NS-NS, R-R, NS-R and R-NS sectors as follows

235N = (XOAIRAT + xR ) P+ (AR + xR
28R = (XAIRE) + XA )+ (] + XL Miho]) e i)
2357 = = (MCRIRG D]+ xCAIRES]) T = (ARG + X IRE)

27N = = (AR xIR) T - (U] + x[Efg]x[%ﬁ]) L)
(3.44)

ﬁ
\T/
)1
1}
<
]

The g = 1 spectrum is the left-right mirror of this. We now extract the massless states.
In the untwisted h = 0 sector, we have 32 NS-NS scalars of positive chirality

X[(i’?ﬂ)_([g?ﬂ : U, 4y x4,

R (3.45)
X[g’?g])Z[%?g] : Ul 40 x4,

,17,



and an equal number of positive chirality R-NS fermions

[~ + 4+ +]
. Vit —++| 5 4 .4
_X[l_,?l]X[(E?l] . 5 44—+ X \Iﬂ, 41 X 471a
+ 4+ -
: | (3.46)
———+
. Ll——+—|
B A LS B LA SR
_+ - __

The twisted sectors are all massive.

3.2.2 Negative chirality spectrum (u = 1 states)

The p = 1 states are exactly the same as for the . = 0 case but with left-right exchange and
negative chirality. The NS-NS sector gives again 32 massless scalars of negative chirality

X[(i’g])_([%%] : v \I’ja 4, x4, (3.47)
X[(}?3]X[g?3] : VAR I BN T
and an equal number of negative chirality NS-R fermions
T
0,0 11,0 ;o= =+ =
_XL,l]XLJ] : U x 5| I 41 x4 _q,
+ —_ - —
- : (3.48)
—+++
HP T S o
0,0 11,0 i
—x|2 ol U x — , 4.9 X4y,
XL,3]XL,3] 24+ -+ 1 1
|+ ++ —]

Again, the twisted sectors are all massive.

The 6 @/ supercharges of positive chirality act only on p = 0 states, while the
6 412 supercharges of negative chirality act only on p = 1 states, and the the the-
ory has (N,N) = (6,6) supersymmetry. The massless chiral multiplet has the structure
(N¢T,Nop~—, NypT, Nep~), and for N = 6 as in our case, the multiplets become enlarged
to the content of N = 8 ones. Thus, the perturbative spectrum gives a total of 4 chiral
multiplets, in agreement with the previous analysis based on the smooth geometry.
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3.3 Symmetric 7%/Z4 orbifold in heterotic with (6,0) supersymmetry

We now consider heterotic Eg x Eg string theory compactified on the same symmetric
orbifold T% /7,

a+h/279 gja—h/212 sym pp,
7 1 1 _1)atb+pab [b+g/2] ﬁ[b—gﬂ] —imhg/2 Tss [9]
Ly Iyen sl | T2

h,g€Z b
L (3.49)

_ Srk+h/299 grk—h)2 _
~ EZ 79[?]4 19[6#(1/2]279[6—9/2]2 etimhg/2 | o EZ o)
2 — ﬁ4 774 2 Py 778

As in the type IIB case, the chirality of the states is specified by the choice of u = 0, 1.
Namely, the choice p = 0 describes states of + chirality, while the choice u = 1 describes
the states of opposite chirality. We will see below that the p = 0 chirality states are
supersymmetric, while the g = 1 ones are not. Since the compactification manifold is the
symmetric orbifold 7®/Z4 that we used before, the Hodge numbers are exactly the same
as the ones we obtained in the type IIB case.

Moreover, this construction uses standard embedding and will have a non-vanishing
tadpole or, equivalently, a non-vanishing coefficient in the corresponding anomaly poly-
nomial. As in the type ITA case, the tadpole may be cancelled by introducing a certain
number n of fundamental strings, given by [6, 26]

1
= — du A(q .
(e (7,0,0), (3.50)

where p = dridry /73 is the usual integration measure over the fundamental domain F of
the worldsheet torus and A(g,0,0) is simply the partition function of the internal CFT in
the Ramond sector. Holomorphy and modularity force A(g,0,0) to take the form

A(g,o,O):aJ(%)Jr,B:%JrﬁJr...7 (3.51)

where «, 8 € Z and J(1) = 1/q+ O(q) is essentially the usual invariant j-function with its
constant term subtracted, i.e. J(7) = j(7) — 744. After performing the modular integral,
we obtain

n:%—a. (3.52)

Let us note that this matches also with the results in [9]

nEgxEs = 15(2+ho2),  msoz) = 15(2+ ho2) — % : (3.53)
which are, however, valid only in the case of standard embedding for geometric compacti-
fications. Nevertheless, it should be noted that (3.52), which is computed in terms of the
index A(g,0,0) is more general and is, in particular, valid also for asymmetric orbifold

constructions.
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We can now evaluate this number in our heterotic symmetric 7% /Z4 orbifold. We have

19[1-1—]1/2]2 [l—h/Q] 2 sin ( A[ })?7127]12

1 1+g/2) Yli—g/2
A(q,0,0) =~ Z 12 1+h/29 orl—h/2y 31+h/219 c1—h/2
4 2 " L o ] o L e iy
(h,9)#(0,0) I+g/2) "H—g/2" H+g/2] ll—g/2 (3.54)
45 k+h/2 k—h/212 2018 1
X ’Zﬁ Vorgre] 19[13—9/2} 5219[51] 7
.0

As expected, the holomorphic g—part cancels out, and one is left with

x VI s PG
_ 93 - 8 (T ATh +g g 91018
A(q,0,0) =2 Z sin <4 [g]> Z _1219[1 h/2]219[1+h/2] 219[0] (3.55)
(h,g)#(0,0) k.t 1—g/20 Yliqg/2l po :

=3j(T) +2232.

Hence, the number of fundamental heterotic strings that we must introduce in order to
cancel the B-field tadpole is n = 2232/24 — 3 = 90. We can also check this using (3.53)
which computes n in terms of Hodge numbers, in perfect agreement with the result above.
In what follows, we will further check this number directly from the knowledge of the
massless spectrum, by relating the tadpole coefficient to the anomaly polynomial of the
2d theory.

3.3.1 Positive chirality spectrum (y = 0 states)

We begin with the positive chirality states. As usual, for the generic orbifold sector h =
0,1,2,3, we arrange the various contributions into NS and R contributions

23 = X[ [P B Tarl®h] + CoxMA]) + 17 1] Osxl%4] + Ssx i)

+ P (Gx () + CoxlM4]) + P BOsx (Y] + Ssx ()] (O + S16)

- B (3.56)
+ x[25] [T BI(Vex(2] + Cox(M]) + T ™ B1(Osx( 28] + Ssx[35)
+ TV Va2 + Cox(L]) + T 3 (Osx(%]) + Ssxl¥o]) | (O16 + Sto)
ZR = = xR [P 1 Vx(2A] + Coxh)) + T [11(Osx(S] + Sex ()
rsym[ JRI] + Cox(2]) + T B1(Osx %] + Ssxl¥b]) | (016 + S1e) .
[ E BRI + CoxlbhD) + T [1(Osx(2h] + Sexlh)) |
- rsym[ J(xIy] + Cox(2y]) + ¥ ) (Osx (%] + Ssxlya]) | (O16 + St)

Here only the untwisted sector h = 0 gives rise to massless states. The first Eg gauge group
factor breaks to SO(14) x U(1). The scalars are

XN RX(ZN] + Osx[Lh]) : 4% (64,1),
X(23] Fsym[s] 2o 16x(1,1),

)

(3.58)
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where by boldface we denote the representations of SO(14) and Eg. The fermions read

XX + CoxPh]) 4% (64,1), (3.59)
—X[ ]rsym[g]; 16 x (1,1).

In total, we have 544 massless scalars ¢ and 544 massless fermions 1 of positive spacetime
chirality, which organize themselves into 68 representations of (6,0) chiral supersymmetry.
As in previous cases, each massless chiral multiplet has the same content as an (8,0) one.

3.3.2 Negative chirality spectrum (u = 1 states)

We now turn to states of negative chirality, arising from p = 1, and which are now super-
symmetry singlets. For the generic sector h = 0, 1, 2, 3, once again, we arrange the various
contributions into NS and R contributions

2 = I [F Vi) + Cox(A]) + T 1) Osxl%h) + Soxlls)
+ VRNV + Cox(M]) + T (1 Osx(%] + Ssxl¥a])| (016 + S1o)
+ X2 [T B (Vax 2] + Cox (L)) + T [31(Osx($s] + Ssx[yh))

+ TRV (2] + Cox (L)) + T3 (Osx (%] + Ssxl¥o])| (016 + Ste)

(3.60)

The NS states are of course identical as for the p = 0 case and arise only from the untwisted
sector. The difference comes in the fermions, which read

28 = = XYl [P BV + Coxl™h) + DY [1(Osx %] + Sexl)
+ I B(Vax(] + CsxlM3]) + T (O[] + Ssx(i )] (O6 + S1o)
— XA [Em IR + CoxhD) + T (B Osxls] + Ssxl)

+ D (Ve (] + CoxlMy)) + DY B)(OseIY) + Ssxlyo)) ] (O + Sie).

(3.61)

For the fermions, there are contributions from all twisted and untwisted sectors. From
the untwisted sector h = 0 we have a total of 2096 massless fermionic states of negative

chirality
X[ioo](Osx[Jr ol + Ssx[} W) (016 + S16) . 6x[(91,1) + (1,1) + (1,248)], (3.62)
XS OsXES] + Ssx[35) (016 + Sie) 2 x [(14,1) + (14,1)]. '

From the h = 1 sector we have a total of 384 massless fermionic states of negative chirality
1,197 5 0,1 g 1

X[ o] (Osx[F o) + Ssx[ypl) - 16 % (14,1),

X[y LT B0sx(T )+ 160 x (1,1).

From the h = 2 sector we have a total of 2144 massless fermionic states of negative chirality

(3.63)

R BIOGR) + SsxpAD) - 120 % [(1,1) + (L,1)],

_ _ (3.64)
xR B1(Osx[3) + Ssxlba]) 0 136 x (14,1).
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Finally, form the sector h = 3 we have a total of 384 states of negative chirality

—x PR RO [0%] + Ssxlh]) 16 x (14,1),
xR (Os (0] + Ssx V) - 160 x (1,1).

)

(3.65)

Adding all sectors together, we find a total of 5008 massless chiral fermions _ of
negative chirality. We may now perform an independent check of the B-field tadpole
coefficient n = 90 that was computed earlier, by exploiting the fact that the tadpole arises
from 10d anomaly canceling term | B A Xg, where Xg is a particular curvature and field
strength 8-form. In 2d, the anomaly would be cancelled by the term n [ B in the Green-
Schwarz mechanism, with n = m | Xs.

The anomaly coefficient in the 2d theory with (N, 0) supersymmetry is obtained as

!
—n:g—ﬂu%—i—n; <—214> + ny, <_418> . (3.66)
The contribution N/2 is the contribution of the gravity multiplet, N’/16 is that of a chiral
multiplet (positive chirality) which contains N’ chiral scalars, —1/24 is the contribution
of a scalar of negative chirality and —1/48 is the contribution of a fermion of negative
chirality. In our case N = 6 but the chiral multiplets actually have N’ = 8. There
are ny = 544/8 = 68 chiral multiplets, and we have 544 negative chirality bosons and
5008 negative chirality fermions. Putting everything together we verify indeed n = 90 in
accordance with the previous calculation. The tadpole can be cancelled by introducing
n = 90 elementary heterotic strings, which amounts to 90 additional chiral multiplets in
the spectrum of the theory.

4 Asymmetric T®/Z,4 orbifold

4.1 Asymmetric 7%/Z, orbifold in type IIB with (24,8) supersymmetry

We are now ready to consider asymmetric 7%/Z4 orbifold constructions, where the left-
moving coordinates are rotated according to the Z4 action (3.1), whereas the right-moving
ones are inert. Such an orbifold is heavily left-right asymmetric and exhibits strong simi-
larities to the worldsheet realisation of special non-geometric fluxes considered in [12, 13].
These are inherently stringy constructions without geometric duals or, equivalently, with
the Z4 action on the super-coordinates lying outside the conjugacy class of geometric T-
duality actions. As a result, such constructions cannot be cast into a geometric duality
frame and are typically constrained to live only at special points in moduli space.

In essence, the asymmetry of the construction implies the geometric moduli are now
charged under the Z4 action. If the Z, rotation were also coupled to a translation to render
the action free, which from the point of view of target space would correspond to turning
on a non-geometric flux background, a non-trivial scalar potential would be generated for
these moduli at tree level, and the orbifold theory would live at the minimum of this
potential with vanishing vacuum energy [12, 13]. In the case at hand, the corresponding
orbifold action has fixed points and the non-invariant moduli are in fact projected out of
the physical spectrum.
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In general, asymmetric orbifold constructions are not automatic but are heavily con-
strained by modular invariance, which implies unitarity at all genera and the correct parti-
cle interpretation of the theory. In general, such constructions are only possible at special
points of enhanced symmetry in moduli space that ensure the appropriate factorisation of
the underlying left- and right- moving CFT on which the asymmetric orbifold acts.

We will realise our construction at the fermionic point in 7% moduli space, where the
torus factorises into a product of eight circles at the special radii Ry = 1/4/2, so that we
can consistently fermionise all coordinates as follows

OX" = ylw! (4.1)

and similarly for the right movers. Here, y’(z) and w’(z) are auxiliary left-moving fermions
on the worldsheet, that are introduced to replace the CFT of a left-moving boson at
R = 1/4/2 with that of a pair of real left-moving fermions. As a result of sitting at this
special point, it is possible to obtain a representation of the (untwisted) Narain lattice I'y g
entirely in terms of theta functions

Tos=3 > Q" (1.2

7,0=0,1

We are now ready to introduce the Z, action at the level of the partition function. Since
all bosonic T® coordinates have been fermionised, the asymmetric Z4 action will be in-
troduced entirely at the level of the left-moving worldsheet fermions {t, 3’ w'}. It is
straightforward to see that the action

¢1_>1/}27 y1—>y2, w1_>w27
w2_>_w17 y2_>_y1’ ,w2_>w1,
w3_>_w47 y3_>_y4’ w3_>w4’
¢4_)¢3’ y4_>y3’ w4—>w3, (43)
¢5—>¢6, y5—>y6a wS_)U}G? .
17[)6_)_1;[)57 y6_>_y57 w6_>w57
¢7_>_¢87 y7_>_y87 w7_>w87
7

S AR AR S AN T R VL
correctly induces the left-moving part of the Z, transformation in (3.1). It constitutes a

well defined chiral action on the left-moving d.o.f. under which the internal part of the
worldsheet super-current

8
Tp(z) ~ Y lyle’, (4.4)
I=1

remains invariant. Diagonalising the action (4.3) in terms of complexified fermions allows
one to read the boundary conditions of each, and hence arrive at the one-loop partition
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function of the 2d type IIB theory on T%/Z4

a+h/2y2 gra—h/272 asym h,
1 1 [b+ /2] 19[1) /2} i r [¢]
7 — - - 1 a+b+pab 9 g e imhg/2 91 ¢ imhg/2
NDE n4
h,g€ZL4 a,b (4 5)
X 12(—1)‘”@@5 19[2]4 |
2 a,b "t .

where the asymmetrically twisted (8,8) lattice is now also represented in terms of Jacobi
thetas
e SIS SRR R i e o K S D
’y 6=0,1
In some cases, the symmetrically twisted Narain lattice may be further simplified by using
the following generalization of Jacobi’s triple product identity
12
IO 0y 2 OR R = 24— 1) sin® (TALL)) iy (47
- g/2] 19[1+g/2]

This identity is valid for (h, g) # (0,0) and whenever the 1.h.s. does not vanish, i.e. (y,9) #
(1,1), (v+ h/2,0 +g/2) # (1,1)mod 2 and (v + h,d + g) # (1,1)mod 2. Similarly to the
symmetric case, we also define the asymmetric lattices with definite eigenvalue with respect
to the orbifold

S 1 1 . )
Fasym[&] _ 778778 Z Z ngsgm[g] 627rz)\g/46717rhg/2' (48)
gEZLy

Notice that we added the additional phase e~9/2 which is required for modular invariance.
The explicit expansions of these asymmetrically twisted lattice characters are assembled in
appendix C.

We will see in what follows that type IIB theory compactified on this asymmetric
orbifold enjoys chiral (24,8) supersymmetry. Moreover, in the absence of a geometric
background, the vanishing of gravitational anomalies should be checked by explicitly de-
riving the massless spectrum. As in the previous symmetric cases, the spacetime helicity of
the states is specified by the choice of = 0,1. Namely, the choice ;1 = 0 describes states
of 4 spacetime chirality, while the choice ;n = 1 describes the states of opposite chirality.
We will show below that all propagating positive helicity states are massive, and there are
16 chiral multiplets with negative helicity arising from the p = 1 sector.

4.1.1 Positive chirality spectrum (y = 0 states)

The analysis of the spectrum works in a similar fashion, as in the symmetric case. We
begin with the positive chirality states, © = 0, and for the generic sector h = 0,1,2,3 we
obtain the expansion of the various contributions into NS-NS, R-R, NS-R and R-NS blocks

ZNSTNS = [P o] Vg 4 x [Of) Tom ] i
Zp R =t ,]rasym[’g]é + X[V e ] Cy o)
ZpSTR = (M) m[’;}és—x[‘lfyr%ym[’ﬂ Cs '
ZRNS = (M Tm) Vg — x (M) Do) Vg
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Using the results in appendices A and C, it is straightforward to check that there are no
propagating massless states of positive spacetime chirality in any sector h = 0,1, 2, 3.

4.1.2 Negative chirality spectrum (u = 1 states)

Moving on to the = 1 case, we perform the analogous expansion into NS-NS, R-R, NS-R
and R-NS blocks valid for the generic sector h = 0,1,2,3

ZNSNS = O] Pasymil) Vg o x [V P ] Vg

ZR7R = [P T ] Sg 4 y [} T 4] S w10,
ZYS TR = 2] Pevmh) Ss—x[o_’fé] pesym(h) Sg '
Zp7NS = X[ T [0V — X[V T 3] Vg

Massless states with negative spacetime helicity arise only from a = 0. In the untwisted
h = 0 sector we have 48 negative chirality fermions and an equal number of negative helicity
RR scalars

—X[+0] (Vs — Sg) : 6 x (Vs — Ss), (4.11)

where 6 is the antisymmetric representation of SU(4). In the h = 1 sector we find 16
negative chirality fermions and an equal number of negative chirality RR scalars

Lot 4] 26¥%) - (- By). (4.12)

— XL E (Vs = S5 s

The notation (2¢*®) within brackets denotes the 2 chiral operators of conformal weight
(%, 0) arising from the twisted lattice. Whenever convenient, we shall utilise this shorthand
notation in what follows to refer to contributions involving the twisted lattice. In the h = 2
twisted sector we find 48 negative chirality fermions and similarly for the RR scalars

— xR (Ve — Ss) : 1+ (6¢"%) - (Vs — Sx). (4.13)

Finally, in the h = 3 sector we have 16 massless fermions of negative chirality and an equal
number of RR scalars

AP (-8 )60 (- &), (41a)

4.1.3 Supersymmetry charges

In covariant formalism, we may now construct the vertex operators associated to the space-
time supercharges of the theory. In IIB theory we conventionally choose the GSO parity

G = +1 to be
G = e™(-Qs+Qo+Q1+Q2+Q3+Qu) (4.15)

for the left-movers, and make an identical choice for the right-movers

G = im(~Qp+Qo+Q1+Q2+Q3+Q4) (4.16)
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We conventionally choose to display all supercharges in the +1/2 super-ghost picture.
From the worldsheet left-movers and the untwisted sector h = 0, we have 6 invariant
supercharges with positive spacetime helicity (Qo = +1/2)

- ++_
—+ -+
. 1| -+ + —

Q+1/2 :e¢/2+ZHO/2®§ L4 s 60. (417)
+ -+ -
[+ + -~

These 6 invariant operators are exactly the same as the ones found in the untwisted sector of
either the left- or the right- moving sectors of the symmetric orbifolds discussed in previous
sections. In the present asymmetric construction, however, this is not the end of the story.
Indeed, if we assume that that the left-movers only contribute the above 6 positive chirality
operators then, together with the 8 positive and 8 negative chirality supercharges from
the right-movers, one would obtain a (14,8) theory. The gravity multiplet would then
contribute 14 - % -8 % = 3 to the anomaly. The propagating p = 0 states are all massive,
but from the p = 1 states one finds a total of 128 massless scalars and 128 massless fermions
of negative chirality, contributing —128 - i — 128 ﬁ = —8 to the gravitational anomaly,
which would then fail to cancel against the gravity multiplet. One, therefore, arrives to the
naive (and necessarily incorrect [27, 28]) conclusion that the theory is anomalous, despite
being modular invariant.

In fact, what this naive anomaly counting really indicates is that there exist addi-
tional degrees of freedom in the theory that we have missed. This is not very surprising
since in 2d, as already mentioned in previous sections, the fermionic content of the gravity
multiplet is built out of string oscillators in the longitudinal directions and the lightcone
partition function is blind to such states. It is then natural to ask where such additional
supercharges could come from. Because the orbifold is fully asymmetric and forced to live
at a special point in moduli space, it is possible for the twisted R-NS sectors to provide
additional ( %, 0) conformal operators which, in turn, can be sewed together with appropri-
ate string oscillators from the right-movers in order to construct additional supercharges
(or gravitini).

These can be easily extracted from the vertex operators of massless fermions of the
previous section simply by replacing the right moving NS character Vg with the right moving
worldsheet fermion oscillator 1/;“ in the spacetime directions, an operation that preserves the
right-moving GSO parity. These are states that involve string oscillators in the lightcone
directions and, therefore, do not propagate nor do they appear in the lightcone partition
function, as explained earlier. Nevertheless, they still do contribute to the construction of
the gravity multiplet and, hence, to the gravitational anomaly. Explicitly, for h = 1,2, 3,
they may be represented as

) h=1:2 states
e$/2FiHo/2 g (—X[i’g] fasym [’5]) ®e Pt h =2 : 6 states (4.18)
h = 3 : 2 states
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These twisted sector states correspond to 10 additional gravitini (and 10 additional spin
1/2 fermions), arising from the twisted sectors. To each one corresponds an additional
supercharge, so that we have a total of 16 supercharges of positive helicity arising from the
left-movers from all orbifold sectors.

From the worldsheet right-movers we have 8 + 8 additional supercharges of opposite
helicities ) }
¢/2+iHo/2 Sy,

Q+1/2 = e Q;1/2 — e¢/2*iHO/2 C~'8 , (419)

all of which are left intact by the asymmetric Z4 action. Therefore, the theory enjoys
chiral (N, M) = (24, 8) supersymmetry and there are 128/8 = 16 physical massless chiral
multiplets of negative helicity. We now see that the gravity multiplet actually contributes
24 - % - 8- % = 8 to the gravitational anomaly, while the 16 chiral multiplets of negative
helicity yield —16 - 1% = —8, as before. Therefore, the total anomaly coefficient indeed
vanishes identically, as it should in type IIB theory, in accordance with modular invariance.

Let us further mention that the compactification of IIA string theory on the same
asymmetric orbifold is essentially identical, and amounts to the exchange of the internal
Weyl chiralities of the right-moving SO(8) spinors Sg <+ Cg in both the y = 0 and p = 1
spectra. Indeed, a T-duality in one of the eight directions at this special point does not
affect the lattice, but introduces an additional phase (_1)516 in the right-moving RNS
partition function. Because the orbifold does not act on the right-movers, this simply
flips the GSO projection of right-moving Ramond states a = 1 and exchanges their Weyl
chiralities.

The type II theory on the asymmetric Z4 orbifold constructed here is the first ‘exotic’
example we present in this work. Modulo chirality assignments, it contains a total of 32
supercharges. Theories with 32 supercharges are often thought to be “trivial cases”, in
the sense that they only arise either directly in ten dimensions, or by compactification on
simple torii. This is not the case with the (24,8) theory that we discussed here, which
serves as an example of the rich structure of 2d constructions.

4.2 Asymmetric 7%/Z, in heterotic with (16,0) supersymmetry

The phenomenon of extra supercharges (or gravitini) arising from twisted sectors in fully
asymmetric orbifold constructions in two spacetime dimensions is not particular to type
II theories. As the discussion of previous section suggested, it is a property of the pure
left-moving action of the twist. We therefore expect the same kind of supersymmetry
“enhancement” to occur also in heterotic theories compactified on the same asymmetric
T8 /7,4 orbifold.

To this end, we consider the heterotic Eg x Eg string theory compactified on this
asymmetric orbifold, whose partition function reads

7 — Z Z 5 Z(_l)a+b+uab b+g/2 - b—g/2 e—iﬂhg/Q 8788_89 e—iwhg/?
h,g€Zy a,b n T (4.20)
1 9617 1~
Ay A s
k0 Pso
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The theta function combinations in the second line simply reflect the free fermion repre-
sentation of the anti-chiral Eg x Eg Kac-Moody lattice. As before, due to the asymmetry of
the orbifold action, this construction is performed at the special fermionic point in moduli
space. We will show that the theory has chiral (16,0) supersymmetry with gauge group
SO(16) x Eg x Eg.

4.2.1 Positive chirality spectrum (u = 0 states)

The analysis of the spectrum of states of positive spacetime chirality states, p = 0, was
outlined in the previous sections. As discussed there, the most convenient representation
from which to analyse the massless (or even massive spectra) is the character expansion of
the partition function in the generic orbifold sector A = 0,1, 2, 3, while taking into account
the splitting into spacetime bosonic-NS and spacetime fermionic-R states

72 = (XA T ] 4 2 T (2]} (Ore + B1e)?

o o S (4.21)
Z} = = (\EA ) 4+ x5 ) (Or6 + S16)°

A close inspection of this decomposition shows the absence of massless physical (propagat-
ing) states with positive chirality in any sector h =0, 1,2, 3.

4.2.2 Negative chirality spectrum (u = 1 states)

The same decomposition may be obtained for the negative chirality states, corresponding
to the choice p =1,

ZNS = (X[(lhl] fasym(h) 4 X[Q’g] f‘asym[}fD (O16 + Si)*

R Lyt h Lhqt w) A o (4.22)
Zy = — (X[{o] rasymh) 4 X[J;’Q} I‘asym[2]) (O16 + S16)

Like in the p = 0 case, also in g = 1 the bosons a = 0 are again massive in all orbifold
sectors h = 0, 1,2, 3. Massless physical (propagating) states of negative spacetime chirality
can, however, arise in the Ramond sector a = 1. From the untwisted A = 0 sector we find
a total of 3696 fermionic states in the adjoint representation of the gauge group

— X[ T 01016 + S16)® : - 60 x Adj[SO(16) x Eg x Eg. (4.23)
From the h = 1 twisted sector we similarly find a total of 1744 fermionic states
. - _ 1 . _
X[ 016+ 516)° = T4+ [(2q3/8) - Adj(Es x Eg) + 752q3/8q} - (4.24)
The h = 2 twisted sector gives rise to a total of 4720 fermionic states
A TE (Or + S16)? 1+ [(64%) - Adj(Fg x By) +1744/%g] . (4.25)
Finally, from the h = 3 twisted sector we find 1744 fermionic states
. - _ 1 . _
XLESTE] (Oo+S16): Jl=———][(2677%) - Adj(Es x Bg) +752¢"%q] . (4.26)

In total, there are 11904 massless propagating fermions of negative chirality, all of which
are singlets with respect to the chiral (16,0) supersymmetry.
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4.2.3 Supersymmetry charges

To construct the vertex operators of supercharges, we again employ the covariant formalism.
For heterotic theory, the left-moving RNS sector requires the projection onto GSO-even
G = +1 states, with GSO parity defined as

G = eiﬁ(*Q¢+Qo+Q1+Q2+Q3+Q4) ) (4‘27)
As in previous sections, we only display supercharges in the 41/2 super-ghost picture.

From the untwisted sector, we have the familiar 6 invariant supercharges with positive
spacetime helicity (Qo = +1/2)

r + +_
-+ -+
. 1| -4+ 4+ —
+ -+ -
[+ + -~

As in the asymmetric type 11 case, additional supercharges do arise from the twisted sectors
/22 (—x[ifé] pasym [3]) ®OX: 2oy + 6p—p + 2y = 10. (4.29)

In particular, we see that the twisted sectors give rise to 10 additional gravitini (and 10
additional spin 1/2 fermions), so that we have a total of 16 supercharges of positive helicity
arising from the left-movers from all orbifold sectors, and the theory enjoys chiral (16,0)
supersymmetry.

4.2.4 Anomaly and B-field tadpole

Let us evaluate the gravitational anomaly coefficient for this construction. From the gravity
multiplet, we have a contribution 16 - % = 8. On the other hand, from the 11904 negative
chirality fermion supersymmetry singlets, we have a contribution —11904 - i = —248.
The total anomaly coefficient is therefore found to be —240 and will be cancelled by the
Green-Schwarz mechanism. As in the symmetric heterotic case, since the target space is
two dimensional, this same coefficient will be also identified as the coefficient of the B-field
tadpole that can be cancelled by introducing n = 240 additional fundamental heterotic
strings in the theory.

This can be verified independently by performing a 1-loop computation, in order to fix
the tadpole coefficient. From the partition function of the internal CF'T, we can compute

- 8
A(g,0,0) =85(7) = 7 +5952+ ..., (4.30)
which, according to the notation of the symmetric heterotic orbifold of section 3.3, a = 8

and 8 = 5952. The tadpole coefficient is then found to be n = §/24 —a = 240 and matches
precisely the anomaly coefficient computed directly from the spectrum, as it should.
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4.3 Asymmetric 7%/7Z, in type IIB with shifts and (20,8) supersymmetry

In this section we consider type IIB string theory compactified on an asymmetric orbifold
T®/Z4 with a slightly modified action. Namely, in addition to the Z4 rotation of all 8
left-movers, the orbifold simultaneously acts as an order-2 shift on 4 right-moving 7°
coordinates. The partition function in this case reads

| | ol 200l yrigh
7 — Z Z 5Z(_l)a—i-b-&—p‘ab b+g/2 . b—g/2 e—z7rhg/2 8788_89 e—wrhg/Q
h,g€Z4 a,b N T (4 31)
1 asoat VBT
> 5zﬁ:<_1)a-i-b-‘ruab 771)4 ’
ab

where F e [g] is the twisted /shifted (8, 8) lattice at the fermionic point, defined as follows

Lex™l Zﬂ 0 R s R B e 7 1 R P (4.32)
Since the action of the orbifold involves an asymmetric rotation, the construction is again
forced to lie at the fermionic point in the 7% moduli space. We will see below that this
theory has chiral (20, 8) supersymmetry. Similarly to the asymmetric type II construction
of section 4.1, the trivial action of the orbifold on the right-moving RNS fermions implies
that the ITA and IIB theories have essentially identical spectra and the same amount of
supersymmetry.
We now turn to a brief discussion of the spectrum. All p = 0 states are massive, in all
orbifold sectors. The massless physical u = 1 states (negative chirality) are identified as

ZR;OR:X[}FOO] 01Ss:  6x8
ZR—NS:_X[IO] []V 6 x 8
= +,0 8
R-R 1,2 (4.33)
Znsy = X[l T [ ]Ss:  6x38
ZilztzNS = —X[1+22] 2] Vg : 6 x 8

Notice that the sectors h = 1 and h = 3 are always massive. Therefore, we have 96 negative
chirality R-R scalars and 96 negative chirality R-NS fermions.

4.3.1 Supersymmetry charges

As everywhere in this work, we will write (and count) all supercharges conventionally in the
+1/2 superghost picture. Since the supercharges can only be counted in the full covariant
framework, we will need to specify a conventional choice for the GSO projection. For type
IIB, we will choose

G=(-1)"% DGy, G= (1) WD Gy, (4.34)

for the left and right moving GSO parity operators, and define also the“internal GSO
parity” operators

Gint = (_1)Q1+Q2+Q3+Q4 7 éint _ (_1)@14—@2-&-@34—@4‘ (4.35)
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The general form of the positive and negative chirality supercharges (if they exist) is

QS_JE)/Q = ?/2HHo/2 v positive chirality

(=) _ p¢/2—iHo/2 S

B (4.36)
Q+1/2

negative chirality .

Here, X" is an operator in the internal CFT with conformal weight (1/2,0), invariant under
the orbifold action, and with internal GSO parity Giy = +1. Similarly, 3% is an operator
in the internal CFT with conformal weight (1/2,0), invariant under the orbifold action,
but with the opposite internal GSO parity Giye = —1. For the type 1IB theory, identical
expressions hold also for the right-moving supercharges with the analogous internal GSO
parity requirements.

Let us first examine the negative chirality supercharges arising from the left-movers.
We are looking for orbifold invariant operators 3 with internal GSO Gint = —1. For this
theory, since the right-moving RNS fermion characters are completely factored from the
remaining degrees of freedom, it suffices to look at the left-moving Ramond sector part of
massless states with negative internal GSO projection, i.e. the sector a = 1, u = 0. Since,
as mentioned above, no massless states exist in the y = 0 sector, we conclude that the
left-movers do not give rise to any negative chirality supercharges.

Now we can turn to the positive chirality supercharges arising still from the left-movers.
We are looking for orbifold invariant operators > with positive internal GSO Giny = +1.
To find them, it is again sufficient in this particular theory to consider the left-moving part
in the Ramond sector of massless states with positive internal GSO projection, i.e. the
sector a = 1, u = 1. By looking at the p = 1 massless spectrum, we can identify 2 such
possibilities

h=0:  x[OITRL (60731 +..),

A~

(4.37)
h=2:  x[{YTB,  (1+..)(6¢"77).

These 12 operators indeed have conformal weight (1/2,0), they are invariant under the
orbifold action and are positive under the internal GSO, Gj, = +1. Therefore, the left-
movers contribute a total of 12 positive chirality supercharges and no negative chirality
supercharges, i.e. (12,0).

Now let us turn to supercharges arising from the right-movers. The supercharges will
again have the generic form

Q(j‘l)/Q — ®/2+iflo/2 57 ,  positive chirality,
: e (4.38)
QS-_I)/2 = ?/271Ho/2 535 pegative chirality .

Let us first count the positive chirality supercharges. This amounts to finding invariant
operators 3, with conformal weight (0,1/2), which have Giy = +1. Since the orbifold does
not act on the right-moving fermions, we can focus only on their contribution. The positive
internal GSO requirement translates to g = 1 and gives rise to the 8 states ¥ — Sy and,
hence, 8 supercharges of positive chirality.
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For the negative chirality supercharges, we work in a similar way. We look for invari-
ant operators ¥ with conformal weight (0,1/2) with Gi,x = —1. The negative internal
GSO requirement arises from the sector y© = 0 and again gives rise to 8 states ¥ — Cs,
corresponding to 8 supercharges of negative chirality.

Therefore, the right-movers contribute a total of (8,8) supercharges. Adding these
together with the supercharges arising from the left-movers, we find that the full theory
enjoys chiral (20, 8) supersymmetry.

As a check, we can verify the vanishing of the anomaly polynomial. There are 96
negative chirality R-R scalars, contributing —96/24 to the anomaly and an equal number
of negative chirality R-NS fermions contributing —96/48. Since the theory has (20,8)
supersymmetry its gravity multiplet contributes 20/2 — 8/2, and hence, we find that the
anomaly indeed cancels.

The above discussion illustrates a peculiar phenomenon which, as we have seen, may
arise in asymmetric orbifolds in two spacetime dimensions. In ordinary four-dimensional
string constructions, supplementing an orbifold rotation with a translation does not affect
the number of preserved supersymmetries of the theory. Typically, it is the rotation itself
that determines which supercharges survive the projection, regardless of whether this ro-
tation belongs to the space of ordinary coordinates such as in the case of partial breaking,
or whether it only rotates the R-symmetry lattice, as in the case of full Scherk-Schwarz
breaking of supersymmetry. In those cases, the effect of the translation is merely to render
the action free and, for instance, to give mass to non-invariant gravitini instead of project-
ing them out of the theory. In the construction at hand, instead, modifying the orbifold
action as little as introducing an asymmetric shift does significantly affect the number of
preserved supercharges — specifically, those arising from the twisted sectors.

5 Two dimensional string theories with more than 32 supercharges

In closed string theory, one does not normally expect finite changes in the size and shape
of the internal space to affect the number of preserved supersymmetries. Gravitini may
become massless only at the boundary of moduli space. As we will see more clearly in the
following, however, different choices for the shape of the T® lattice may result in different
numbers of supersymmetries being preserved, after modding out by an asymmetric orbifold
action. This does not contradict our expectation that no supersymmetry enhancement may
result from infinitesimal deformations in the bulk of moduli space, since the phenomenon we
are describing is founded on the asymmetric nature of the orbifold. The would-be moduli
responsible for continuously interpolating between two such theories preserving different
numbers of supersymmetries are, in fact, absent.

In order to illustrate how different choices for the shape of the (8,8) lattice may lead
to different numbers of supercharges, we shall examine two type II theories based on asym-
metric T /74 x Zy4 orbifolds. In both cases, the action of the orbifold on the worldsheet
degrees of freedom will be the same from the point of view of the internal CFT of the aux-
iliary worldsheet fermions y, w, 3, @ replacing the internal coordinates, but the way these
elementary left- and right- moving degrees of freedom are then combined together in order
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to form “coordinates” will be different. In other words, these two theories will differ in the
choice of point in the perturbative moduli space of the Narain lattice, leading to different
lattice symmetries. Remarkably, we are going to show that a special factorised choice for
the (8,8) lattice gives rise to a consistent 2d string theory with more than 32 supercharges!

5.1 Asymmetric 7%/Z4 x Z4 in type ITA/ IIB with (16,16) or (32,0) supersym-
metry

The first case we shall present involves type ITA /IIB string theory compactified on an asym-
metric orbifold T8/Z, x Z, which is, in a sense, a double copy of the asymmetric orbifold
we have been considering so far. Namely, each of the Z, orbifold factors independently act
as asymmetric pure Z, rotations (4.3) on the left (resp. right) movers. The IIB partition
function explicitly reads

[a+h1/2]219[a7h1/2]2

1 1 1 a+b+pab _ b+g1/2 b—g1/2 —imh1g1/2
Z=7 > 7 2 |32 i e~
h1,91€Zs  h2,92€2L4 a,b
fasym [h1 ,hz]
8,8 191,92 e—iﬂ'(hlgl—h292)/2 (5‘1)
U
1 I e P 2
1 _ q\a+b+pab _ b+g2/2 b=92/2"  tirhaga/2
i . Firhag:
ab
where Ig3™ (M) is the twisted (8,8) lattice at the fermionic point,
1 1
Gry= 55”7 By = 5e1s, (5.2)

and is defined in terms of one-loop Jacobi theta constants as follows

= asym 1 Thi/2 —h1/2 —h h
DR lia] = 5 2o OGP 00 Lot 06 1 O g1 0
~¥,0

3712 Grthe/292 arr—he/212 gry—h2 g
SRR Frar i Ky R 1 K i (5.3)

Since the action of the orbifold involves asymmetric rotations, no continuous deformation
away from the point (5.2) is possible. The IIB theory has chiral (32,0) supersymmetry,
while for ITA one finds instead (16, 16).

A detailed analysis of these theories is straightforward but technically heavy to display
explicitly. We shall, therefore, discuss here only their salient features, starting with their
massless physical spectra. In type ITA, all sectors are massive for both positive and negative
chirality states. In type IIB, only RR sectors with negative chirality can give rise to massless
states. The number of such massless states for each orbifold sector (hy, hy) is found to be

(0,0): 36,  (0,1): 12,  (0,2): 36,  (0,3): 12,

(1,0): 12,  (1,1): 12,  (1,2): 28,  (1,3): 12, (5.4)
(2,0): 36,  (2,1): 28,  (2,2): 68,  (2,3): 28, '
(3,0): 12,  (3,1): 12,  (3,2): 28,  (3,3): 12.
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In total, there are 384 massless RR states of negative spacetime chirality. The left movers
give rise to a total of 16 supercharges, while the right movers contribute 16 more. As in the
previous sections, this is due to the presence of extra chiral operators in the CFT that are
used to construct gravitini, and which arise from twisted sectors according to the pattern

XEOIT00] 6gM 2 (1+...),
Xl Tl0) (14"/%)(24°®),
1,2 1 112,07 1/2 (5.5)
X[ 2l Pl : (1+..(6g77),
XS TR0 (14"/%)(24%®) .

As usual, the gravitini carry the same or opposite spacetime chirality depending on whether
the theory is ITA or IIB and, therefore, we indeed count (16,16) supercharges in ITA and
chiral (32,0) in IIB. No tadpole arises in the ITA case, while the IIB anomaly vanishes as

expected

N 384
5~ 55 =0 (5.6)

for N = 32.

5.2 Asymmetric 7%/Z, x Z4 in type ITA/ IIB with exotic (24,24) or (48,0)

We now come to the final example to be discussed in this work and also the most exotic
one. To our knowledge, it is the first example of a consistent string construction with more
than 32 supercharges. Following the discussion of the previous subsection, we consider
again type II string theory compactified on the same asymmetric orbifold T8 /Z, x Z4, with
one of the Z4 orbifold factors acting asymmetrically as pure left-moving Z4 rotation (4.3),
while the other Z,4 similarly rotates asymmetrically only the right movers.

The novelty here is that the (8,8) lattice is now factorised into a purely holomorphic
lattice of signature (8,0) times a purely anti-holomorphic (0,8) one. Before the orbifold
action, the Narain lattice is expected to carry left- and right- moving modular weights (4, 4)
and, hence, holomorphy and modularity uniquely associates this lattice with (Eg)y x (Es) g,
namely

s s(m,7) = Tpy (1) X Ty (7). (5.7)

This factorised enhancement point is achieved with a special choice for the T® metric and
B-field, such as

|
[ |
= O O NN N= = N

O O N O NI O NI

|
N O O ONF = NI- O

O NIENI= O = NN
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and

1 1 1
s 2% ) )
5(1)—5—1550051
BT R
Brr = 2 2 2 2 2 5.9
e ey "
500515?—5—15
o1 gl
2 2 2 2 2

It is straightforward to verify that with this choice, the matrix G + B becomes upper trian-
gular, and reflects the symmetry enhancement. Of course, transformations such as discrete
reparametrisations may be employed to offer other equivalent bases for its construction.
However, it is important to stress that the factorised point described here is physically dis-
tinct from the non-factorised one of eq. (5.2) used in the previous section, even though both
choices admit a CFT realisation in terms of auxiliary worldsheet fermions y,w, g, w. The
difference between the two constructions from the point of view of these fermionic degrees
of freedom lies in their different boundary condition assignments. By analysing this theory,
we shall see that the enhancement SO(8)r,r — (Eg)r,r is responsible for increasing the
number of extra gravitini and the full theory is shown to have more than 32 supercharges.
The partition function of the IIB theory reads

[a+h1/2]219[a h1/2]

1 1 a+btpab _ b+g1/2 b—g1/2 —iﬂ'h g1/2
Sy by iy : "
h1,91€Z4 h2,92€Z4 a,b
% FES[ ]FES[ }e—iw(h1gl—h292)/2 (5.10)
n¥n®
Il P2
% 12(—1)‘”””&5 b+g2/2 b—g2/2 o Timh2g2/2
2 it ’

a,b
where I'g, [Z] is the purely holomorphic, twisted Eg lattice, defined in terms of level one
free fermion characters as follows

asym +h/2 vY—=h/212 qry—h1 qryth
Ty Zﬁ U ray Rl g e 1 L (5.11)
Similarly, the IIA partition function is simply obtained from (5.10) by introducing an
additional (—1)® phase flipping the right-moving GSO projection of right-moving Ra-
mond states.

In fact, the boundary condition assignments are such that the left- and right- moving
CFTs completely factorise. Note that this is a global” factorisation. To illustrate this fact,
we define

a+h/212 gra—h/212 h
Z Z a+b+,uab+hg [b+g/2] Il 9/2] U'p [g}
U A
,g€Z4 a,b

- (5.12)

"A local factorisation would be true only up to boundary condition assignments.
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and observe that the partition function for type IIA and IIB can be expressed as the
sesquilinear product

Zua = f(u, 7)f(p+1,7), Zug = | f(p, )% (5.13)

This holomorphic factorisation property has important consequences on the spectrum of
the theory. It is straightforward to show that f(u,7) is a holomorphic function on the
compact Riemann surface F = SL(2;Z)\H*, with H* being the Poincaré upper half-plane
together with the point at infinity. Indeed, f has no pole at ¢ = 0 and is, hence, a constant
by the open mapping theorem

flu,7) =—12(1 — (=1)H). (5.14)

In other words, the entire partition function factorises into a purely holomorphic, times a
purely anti-holomorphic part which, numerically, turn out to be constants! The disappear-
ance of the 7, 7 dependence in the lightcone partition function is a consequence of spacetime
supersymmetry in the case u = 0, or the consequence of an MSDS spectral flow [29, 30]
operating in the massive spectrum of the theory in the case p = 1.8

Using the identity (5.14), it is easy to derive the spectrum of propagating massless
states in both the type IIA and IIB theories under investigation. In type IIB, the p =0
sectors are massive, whereas the = 1 sectors give rise to 242 = 576 massless RR scalars
with negative spacetime chirality. In type IIA, all sectors are massive.

We now turn our attention to the supercharges and work out the contribution of the
left-movers only. The right-movers will give identical contributions, modulo their spacetime
chirality that will either be the same as that of left-movers or opposite, depending on
whether we are considering type IIB or type ITA, respectively. It is sufficient to look at the
various orbifold sectors and identify all holomorphic operators of conformal weight (%, O)
with Ramond boundary conditions on the left-movers

XA TE s 621+,
X5 T3] (a"/%)(4¢*®) ,
2TeB (10047, (5:19)
X T3] (q/%)(44%'%) .

Once these operators are tensored together with the superghost and longitudinal parts, they
create the desired (1,0) vertex operators of the supercharges. The left-movers contribute
(24,0) supersymmetries and the same is true for the right-movers, modulo chirality as-
signment. Therefore, we find that type IIB theory will enjoy chiral (48,0) supersymmetry,
whereas type ITA has (24,24).

It may appear surprising that we speak of supersymmetry in a theory where all prop-
agating states are massive, such as in the case of type IIA, or for type IIB in the sector of

$While the MSDS spectral flow may be employed to explain (5.14), we emphasize that the supercharges
we discuss in this work are associated with genuine gravitini in two dimensions and are otherwise unrelated
to the MSDS spectral flow that anyway operates on the non-supersymmetric negative chirality massive
states (u =1).
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positive chirality states. Nevertheless, the spectral flow in the massive ;1 = 0 sectors is the
result of the supercharges identified above. Furthermore, the gravity multiplet does indeed
organise itself according to the above counting of supersymmetries. As a check, consider
the gravitational anomaly in the chiral type IIB theory

N 576

R 1
5 91 =0 (5.16)

which indeed vanishes for N = 48.

Let us close this section with a comment about the vacuum energy. In the IIA case,
the partition function numerically vanishes and, hence, so does the cosmological constant.
The IIB case is more interesting and, in fact, may be calculated analytically

d*r

A = —  — (ZM:O + Zuzl) = —1927. (5.17)
F T2

In addition to non-trivial zero point energy, the theory also possesses non-trivial vacuum

momentum and we refer to [7] for further discussions of this point.

6 Summary and further directions

In this paper we have constructed several 2D left-right (a)symmetric orbifolds which lead
to chiral theories with exotic (P, Q) supersymmetries. In some of the completely asymmet-
ric cases an interesting and new phenomenon occurs, namely the emergence of additional
supercharges from the twisted sectors, such that the total number of supercharges is bigger
than 32. This happens if either in the left- or right-moving string sector the number of
supercharges is bigger than 16, which so far never occurred in any D > 2 string construc-
tion. The way how the two-dimensional orbifolds evade the common no-go theorem that
constrains the maximal number of supersymmetries to A/ < 8 is the observation that in
the sectors with “too many” supersymmetries only massive propagating states exist.

A natural and very interesting question is whether the configurations that we find
have a higher dimensional description in some region of parameter space. By virtue of
being asymmetric orbifolds most of the moduli of the internal space are projected out,
so if possible at all, we expect the appearance of a higher dimensional description to be
associated with regions of strong coupling in the ITA and heterotic settings. Unfortunately
finding a useful description of such strongly coupled regions is far from straightforward:
as discussed in [31] the fact that we are dealing with an asymmetric orbifold implies that
the momentum modes in the eleventh-dimension are accompanied by wrapped M5 branes,
and the higher dimensional formulation cannot simply be a weakly coupled supergravity.
A related fact is that the supersymmetry enhancements that we find are often non-chiral,
which precludes any construction from an ordinary circle compactification of a higher
dimensional theory.

Another question along similar lines is whether some, or all, of the constructions we
have obtained here can be understood in terms of F-theory [32]. While the formalism we
use superficially looks very different than the tools one uses in F-theory, there are known
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examples of F-theory embeddings of free fermion models [33, 34], so it is certainly not
impossible a priori that some dual exists. This is particularly interesting in view of the
recent activity in constructing F-theory compactifications down to two dimensions [35-38].
An alternative approach for constructing a rich set of two-dimensional theories are the
“brane-brick” models recently studied in [39-45], it would be equally interesting to see if
any of the contructions here have a geometric interpretation in this context.”
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A Orbifold characters

A.1 Untwisted characters, bosons h =0,a =0

We list below the untwisted bosonic characters defined in equation (3.17), including their
g-expansion and the identification of their vertex operators.

A.1.1 GSO odd

For GSO odd characters £ = 1 and therefore, only odd values of A will be non-vanishing,
i.e. A =1,3. We therefore, have for A = 1

¢ X0 = 4G+ 3277 + 144677 + (A1)
The 4 states with conformal weight 1/2 satisfying the conditions (3.19) are identified as
Ul =¢Hi 4,0 U®4), (A.2)

where we denote the U(1) charge of U(4) in the subscript, and we define it as J =1}, 0H;.
The 32 states of weight 3/2 can be identified as

o _
\1111/2\11]71/2\1171/2 : 4_3
Wy W0 0 s 4 4204 (A.3)
Lypt 4n
For A = 3, we have
P 2] = 4/ + 32¢% + 14467 + .. (A4)

However, now the 4 states with weight 1/2 are identified as

U= i 4 0fUM4). (A.5)

?Other interesting recent constructions of two dimensional theories can be found in [46-49].
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Similarly, for the 32 states of weight 3/2, we find

ULy 07 0Tt Ay

\Ili—l/Q\ilj_l @111/2 : 1+20_4 (AG)

B i
@23/2 : 21_1

We thus see that the states in X[(LO?)] carry opposite charges with respect to those in

X[g’(l)] and, therefore, correspond to the complex conjugate representations.

A.1.2 GSO even

Now we deal with the case GSO even £ = 0, which means that only even values of \ can
arise. For the Z, invariant states A = 0, we have

¢ X9 =1+ 16q + 70¢% + . .. (A7)
The 16 states with weight 1 are identified as the currents generating the adjoint of U(4)

Ul 00 0 150+ 1. (A.8)

For A\ = 2 one obtains the states transforming with a minus sign under Z,4
0,0
¢ x4 = 12¢ + 64¢° + ... (A.9)
These 12 states of weight 1 can be recognized as

11/2\1’]_1/2 © 642,

T (A.10)

/2
A.2 Untwisted characters, fermions h =0,a =1

We move on to the untwisted fermionic characters. Again, we consider the GSO odd and
even cases separately.

A.2.1 GSO odd

Since we are in the GSO odd case, £ = 1, the fermionic states transform necessarily with

A=1or A\ =3. We have
¢ XM = 4y + 32632 + .. (A.11)

The 4 states with weight 1/2 are identified as the states e’ with the weights given by

—+++

1|+ - ++ .

- . 4 A12

o +1 (A.12)
+ 4+ -
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Similarly, we have
¢ XM = 4ya+32¢°7 + (A.13)

The 4 states with weight 1/2 are now identified as the complex conjugate representation

- . 4,1 (A14)

A.2.2 GSO even

In the GSO even case, £ = 0, and the fermionic states transform necessarily with A = 0 or
A= 2. We have

g X[V = 63/ + 3267 + .. (A.15)
The 6 states with weight 1/2 are identified as the states e’@H | with the weights given by

[+ + - —
ot
[ EE——
- A.16
2| - — ++ (4.16)
— 4+
| — + + —
Similarly, we have
¢ X35 = 2v/a+ 3267 + .. (A.17)
The 2 states with weight 1/2 are now identified with the two SU(4) singlets
1
5 et 1o+ 1.5 (A.18)

A.3 First twisted sector characters, h =1

Working in a similar way, one may derive the character g-expansions and vertex operators
also for the twisted sectors. For simplicity, we shall explicitly display here only the relevant
g-expansions.

M2 X[g’,ll] — g8 1 asg e 4

q4/24x[(i’,13] = 8q7/8 + 56¢'5/8 + ..

¢ X[(i,lo] = ¢ /3417478 + ...

g x) = 6075 +38¢M8 4 A19)
g/ X[l_’,lﬂ = 4¢%/% +28¢" /5 4 . ‘
q4/24x[1_,’13] = 8q7/8 + 56¢'5/8 + ..

q4/24 X[i,lo] = 6q5/8 + 38q13/8 +...

gt x[f;}Q = ¢ /B 417¢°8 + ..
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A.4 Second twisted sector characters, h = 2

The character g-expansions for the h = 2 twisted sector reads

PNA) = 4/ + 3247
¢ X235 = 4y +324*° +
¢ x[0) = 2v/a + 324%
¢ x[5%] = 61 +32¢%° + (A.20)
¢ x[MA] = 4y + 3247 + '
¢ x[U%] = 4v/q + 32¢%7
" x[Y0) = 12¢ + 64¢° +
¢ x[5) =14 16¢ +
A.5 Third twisted sector characters, h = 3
The character g-expansions for the h = 3 twisted sector reads
ez [(131] — 8¢7/8 4 56¢15/8 +
el [(133] — 4438 4 28411/8 4
7y [(J)r,:%o] — ¢34 178 +
7 [332] — 6¢°/8 +38¢3/8 + )
q4/24 [1_31] _ 8q7/8 +56q15/8 + )
el [1_33] — 4438 4 28411/8 4
7y [}&-30] — 647/% +38¢13/8 +
¢ [1+32] — ¢/8 £ 1778 +
B Lattice characters: symmetric Z, twist
B.1 Untwisted sector h =0
We list the contributions arising from the untwisted sector
(q@)*** ™[] = 1+ 32qq + .
(q@)*** T[] = 4g + 47 + ..., B
(q@)** T [9] = 3293 + ..., '
(q@)** TV [3] = dg + 4q +

It is straightforward to identify these lattice states at the generic point in moduli space.
Strictly speaking, the lowest ones depicted here are not lattice states, but come from the
Cartan directions. If we complexify the 8 coordinates into Z% and Z?, with i = 1,2, 3,4 then
there are 42 = 16 oscillators 92?027 and similarly another 16 oscillators given by 92027
which are invariant. Similarly, the 4 non-level matched oscillators 0Z and similarly the 4
right-moving ones 0Z7 correspond to the contributions of f[(l)] The remaining contributions
are analyzed in a similar fashion.
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B.2 Twisted sector h =1

In the h = 1 sector, the contributions are

(q@)¥/# 1™ 8] = 16¢%/38%/® + 256¢°/3¢°/® + 1600¢"/3¢7/® + ... |
(qq)8/24 f\symH] — 64q3/8q5/8 + 640q5/8§77/8 + 3840q7/8q—9/8 + R (B 2)
(qq)8/24 f\sym[%] — 160(]3/8@7/8 + 1536(]5/8679/8 + 160(]7/8(73/8 4. 7 .
(qq)8/24 Fsym[%] — 384(]3/8(?9/8 + 64(]5/8(73/8 + 640q7/8(j5/8 + .
B.3 Twisted sector h =2
In the h = 2 sector, the contributions are
(q)¥/ A T™ 2] = 136./g/q + 8192¢G + . . .,
(q7)¥/** T™ 3] = 1024/qq + 1024q:/G + . . ., ©3)
(q@)¥/2 7™ 2] = 120,/gv/G + 8192¢7 + .. . ,
(q)®* ™[] = 1024,/ + 1024¢:/G + . . . .
B.4 Twisted sector h =3
In the h = 3 sector, the contributions are
(qq)8/24 f‘sym[g] — 16q3/8§3/8 + 256q5/8q—5/8 + 16006]7/8(?7/8 + el
(qq)8/24 f\sym[iﬂ _ 64q5/8q—3/8 + 640q7/sq5/8 4 3840q9/8q—7/8 o B
(qq)8/24 f\sym[g] — 160q3/8(j7/8 _|_ 1536q5/8qg/8 + 160q7/8(jg/8 + 1536q9/8q5/8 + e :
(qq)8/24 f\sym[g] _ 384(]3/8(75/8 + 64q5/8(j7/8 + 640q7/8q9/8 +..
C Lattice characters: asymmetric 7Z, twist
C.1 Untwisted sector h =0
We list the contributions arising from the untwisted sector
(qq)¥*A T2¥™ 0] = 1 4 284 + 1204 + 64,/q/7 + 1155247,
(qq)*/ ™™ ] = 64/qv/q + 32¢ + 120324, )
(q@)¥/# T2 [9] = 64,/9\/T + 28¢ + 1155247, '
(qq)¥/* T3] = 64,/q+/7 + 32q + 120327 .
C.2 Twisted sector h =1
In the first twisted sector h = 1, we have
(qq)8/24 fwasym[(l)] — 32q3/8q1/2 + 20q7/8 + 7520(]7/86?
(g2)*/*! T*¥™[1] = 8¢° + 3008¢°/°7 + 768¢”/* V7 ©2)
(qq)*/* TV ) = 27° + 7520°°7 + 320¢7°V/q . '
(q@)*/* D™ [§] = 128¢°/%/q + 48¢"/® + 18048¢°/*7 .

— 492 —



C.3 Twisted sector h =2

In the second twisted sector h = 2,

(q@)¥/2 F™3) = 2,/ + 1264,/g7 + 5124V/7
(qq)®/** T*™ 3] = 64./g/7 + 32q + 12032, ©3)
(qq)¥*A T2Y™ 3] = 6,/q + 1744,/qq + 512¢\/7 '
(qq)¥* T*¥™ 2] = 64,/41/7 + 32q + 1203247 .
C.4 Twisted sector h =3
Finally, the contributions of the third twisted sector h = 3 read
(q@)¥/A o™ [3] = 3243/3 /7 + 2047/3 + 752047/%q,
(q)*/* T2 [}] = 128¢°/°/q + 48¢°/® + 18048¢”/°q, ©)
(qq)*/* T () = 2¢7° + 7520°°7 + 320¢7/°V/q . '
(qq)*/** T*7™ 3] = 8¢°/ + 3008¢™°q + 768¢”°\/7 .

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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