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1 Introduction

String theories on the non-geometric backgrounds may induce interesting features which
are not realized in the standard geometric compactifications. One of the salient aspects
of such non-geometric vacua would be the vanishing cosmological constant without unbro-
ken SUSY. This is in contrast to our experiences in ordinary geometric string vacua that
the SUSY-violation generically gives rise to cosmological constant at the breaking mass
scale (string scale, typically). The attempts of the construction of non-SUSY vacua with
vanishing cosmological constant have been initiated by [1-3] based on some non-abelian
orbifolds, followed by closely related studies e.g. in [4-9]. More recently, several non-SUSY
vacua with this property have been constructed as asymmetric orbifolds [10] by simpler
cyclic groups in [11, 12]. Studies of non-SUSY vacua in heterotic string theory have also
been presented e.g. in [13-20].

In this paper, we would like to focus on similar interesting aspects of non-BPS D-
branes in simple models of non-geometric type Il string vacua. Let us first recall that the
BPS D-branes are described by the boundary states satisfying the BPS-equation,

Q+M3Q°| B)) =0, (1.1)

where Q¢ (C}B ) denotes the left(right)-moving space-time supercharges and M % are some
c-number coefficients. Through this paper, we express boundary states by |---)), ((---]|.



We then anticipate that the cylinder amplitude of which both ends are attached to the
common BPS D-brane, which we call the ‘self-overlap’ in this paper, should vanish,

(c)
|

Zeyi(s) = ((Ble ™ ™ |B)) = 0. (1.2)

Here we identify s € R-( as the closed string modulus and ¢ = 1/s as the open string
one. Needless to say, this means that we have a precise bose-fermi cancellation at each
mass level in the open string spectrum, naturally expected from the BPS property of the
D-brane. However, the bose-fermi cancellation (1.2) does not necessarily imply that the
boundary state |B)) satisfies the BPS equation (1.1). Indeed, it has been known that,
in some superstring vacua, there exist non-BPS configurations of D-branes that however
realize the bose-fermi cancellation of open strings [6, 21]. The main purpose of this paper
is to demonstrate that non-geometric backgrounds of superstring theory rather generally
accommodate such non-BPS D-branes with vanishing cylinder amplitudes.

Although we concentrate in this paper mainly on the theoretical aspects from the view
points of world-sheet conformal field theory, we would also like to mention a ‘physical’
motivation of this work: since the closed string sector in the bulk is supersymmetric in our
setting, the supersymmetry would be broken solely by the effect of the non-BPS D-branes.
More concretely, if we have sufficiently generic configurations of the non-BPS D-branes as
above, the SUSY-breaking would be brought about by the condensation of the non-BPS ‘D-
brane instantons’ (Euclidean D-branes wrapping around internal cycles). In such a case,
because the O(g?)-contributions to the cosmological constant, as well as the bulk ones,
still vanish due to (1.2), we would be left with a non-perturbatively small cosmological
constant induced by the instanton effect, which is exponentially suppressed as long as the
string coupling g5 is sufficiently small. Such a possibility in a type II theory has indeed
been mentioned in [4] based on the analysis of its heterotic dual. The present work may
be a step toward realizing such string vacua with small cosmological constant.

Now, let us make a brief sketch of our basic idea:

e We start with the type II superstring vacua preserving only the chiral SUSY, which
are straightforwardly constructed by the asymmetric orbifolding by the twist o that
eliminates, say, all the left-moving supercharges Q.

e In these vacua, while the cosmological constant in the bulk should vanish due to
the existence of unbroken SUSY, any D-branes cannot be BPS. In other words, any
boundary states cannot satisfy the BPS equation (1.1) due to the lack of Q.

e We search for the boundary states realizing nevertheless the vanishing self-
overlap (1.2), which are obtained from the BPS D-branes |B)), in the untwisted
theory by the orbifold projection, |B)) o< P|B)),. The conformal invariance is main-
tained, since P commutes with the Virasoro operators.

Of course, in generic chiral SUSY vacua, there are no solutions of the boundary states
with the vanishing self-overlaps. However, once the asymmetric twist to preserve the chiral
SUSY is given, the self-overlap of the projected D-brane |B)) is likely to be vanishing as



long as it inherits the structure of the bose-fermi cancellation in the bulk torus amplitude.
As shown in the following sections, it is indeed possible to find simple models of such
asymmetric orbifolds, and thus plenty of boundary states with the vanishing self-overlap. In
section 2, we study toroidal models and consider several asymmetric orbifoldings preserving
8 supercharges coming only from the right-mover.

In section 3, which is the main part of this paper, we shall discuss less supersymmetric
models constructed as the asymmetric orbifolds of the backgrounds,

R3 x T?% x M, (1.3)

where M is described by a general N' = 4 superconformal field theory (SCFT) with é(=

§) = 2, which geometrically describes compactifications on K3 with particular moduli.

The relevant asymmetric orbifolds are defined by the twisting,
o= (-1r)** @ o, (1.4)
where (—15)®? is the chiral reflection on the T2-sector (X*°-directions),

(_1R)®2 : (XivX;?) — (X}'N_XiR)’ (WLJ/)E) — (¢i7_¢}%)7 (i:475)7 (1'5)

and o denotes an involution on the M-sector, which is allowed to act asymmetrically
on the N/ = 4 superconformal algebra (SCA). As we will clarify later, one obtains in this
way the chiral SUSY vacua with the 4-dim. N = 1 SUSY (4 supercharges). We then
classify the possible gluing conditions for the boundary states, which are decomposed into
the Ishibashi states [40] for each N' = 4 unitary irreducible representations (irrep.’s), and
examine whether or not their self-overlaps vanish. The spectra of the non-BPS boundary
states with this property non-trivially depend on the choice of the twist operator o, even
in the cases when the modular invariant partition functions remain unchanged; different
oMm’s may lead to the same partition functions in the bulk.

2 Toroidal asymmetric orbifolds

In this section we shall focus on the simpler cases, namely, the asymmetric orbifolds of
tori realizing the chiral SUSY vacua of type II string, in order to show how the strategy
outlined above is implemented. The discussion is straightforwardly extended to the case
of K3 in the next section, though it is technically a little more involved.

2.1 Asymmetric orbifold T#[D4]/ [(—1)r ® ( — 15)®4]

Let us first consider the asymmetric orbifold of the 4-dim. tours 7%, which would be the
simplest model that has the desired properties. We assume the torus is along the X%-9-
directions and at the symmetry enhancement point with SO(8);. We thus denote it as

8
} . (2.1)

T*[Dy], the corresponding partition function of which reads

8 8
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The orbifold group is generated by a single element
o= (1) @ (~1)%, (2.2)

which acts as the chiral reflection on the right-mover, X}é — —X}i%, 1/)3% — —¢f,% (1 =
6,...,9), accompanied by the twisting of the space-time fermion number (—1)*Z on the
left-moving fermions, that is, the sign-flip of arbitrary states in the left-moving R(amond)-
sector. Closely related asymmetric orbifolds adopting slightly different setting have been
analyzed in the bulk [11, 12] for non-supersymmetric string vacua with vanishing cosmo-
logical constant. The analysis below follows these references.

We simply assume that o? acts on the untwisted Hilbert space as an involution for
the free bosons Xﬁz, whereas we naturally have two possibilities on the fermionic sector;
(i) 02 =1, (ii) 0? = (—1)?, depending on the definition of the Ramond vacua or the
way of bosonization to introduce the spin fields (see also section 3.1). Here, the operator
(—1)F® just acts as the sign flip on any states in the right-moving R-sector. We separately
examine theses two cases:

(i) 02 =1 (on the untwisted Hilbert space). In this case, the modular invariant is

written as
Z(T> ) Zbosomc T, T Z Z T %)h(a,b)(T)f(a,b) (7—)’
a ,bEZy
4 _
Dy ZT D 7) (a,b € 27),
Zlap) (1,7) := i A 1 (2.3)
Xy (X (1) (@€2Z+1, orbe2Z+1),

where Z84 . (7,7) denotes the partition function of the bosonic sector of uncompactified

1
space-time R>!'. The building blocks X(a:lb)’ <>~<él,b)(7)> ; Mgy and f(,p) are evaluated

for the sectors of X%'"’g, X%""g, the left-moving fermions, and the right-moving fermions,
respectively, where the subscript (a,b) labels the sectors with the spatial and temporal
twists by o given in (2.2). They are obtained first for the (0,1) sector with one temporal
twist, and then for other sectors by the modular transformation. Their explicit forms are
summarized in appendix A. (See (A.7), (A.12), (A.14), (A.17).) The phase factor el b 18

(a,
defined in [22], and explicitly written as

ey = e TN () (a€2Z+1orbe2Z+1), (24)

with
-1 a=3,5(mod8), b€ 2Z+1,
Kab) "= { ( ) (2.5)

1 otherwise.

It is quite wuseful to mnote that the combination 6[(2] )Xfi b)( )<X(a b)( ))T (or

E ]) (X @ b)( )) ' Xéjb) (7)) is organized so as to be modular covariant with respect to (a,b),

where X, denotes the suitable Lie algebra lattice of rank r presented in [22]. Namely, any
modular transformation defined by A € SL(2;Z) acts simply on the subscript (a,b) as



(a,b) — (a,b)A. We note that this is an order 4 orbifold due to the existence of the
phase factor (2.4) despite 02 = 1|untwisted, Which would be a typical feature in asymmetric
orbifolds.

The right-mover preserves 1/2 space-time SUSY, whereas the left-moving space-time
SUSY is completely broken. In fact, it is obvious that o = (—1)'% ® (—1g)®* cannot
preserve any left-moving supercharges in the even a sector, which are essentially those in
the unorbifolded theory. Furthermore, if we had a left-moving supercharges belonging to
the sector a = 1, we should obtain the equality of the partition functions

2, = -2 7). 20

However, it is easy to see that this is not the case, when observing the explicit forms of
relevant partition functions. We can similarly show the absence of supercharges in the
a = —1 sector. On the other hand, half of untwisted supercharges in the right-mover are
o-invariant, as in the familiar supersymmetric orbifold 7%/ [(—1.)%* @ (—15)®*].

Now, let us move on to the discussion on the non-BPS D-branes. As already pointed
out, no D-brane can preserve space-time SUSY. Nevertheless, rather general ‘bulk-type
branes’ lead to the vanishing self-overlap.! In fact, consider the bulk-type brane written
as an orbifold projection,

|B)) = VZP|B)),, (2.7)
where |B)), stands for the GSO-projected boundary state describing any BPS D-brane in
the unorbifolded theory on R>! x T#[Dy], and P = %(1 + o) is the projection operator
onto the invariant sector under the twist. As described in the introduction, P commutes
with the Virasoro operators and maintains the conformal invariance. The overall normal-
ization factor v/2 has been determined by the Cardy condition. By definition, we have
o((B| g=msH® |B))y = 0, since |B)), is BPS. Moreover, explicit computation gives

o((Bloe ™ BY) = o((B] [(-1)F @ (~1r)®Y] e ™ |B))y o fion)(is) =0. (2.8)
Again f(g1)(is) is defined in (A.14). We thus obtain
(Ble ™ |B)) = o((B] ™" |B))g + (Bl e ™1 [B))y =0.  (2.9)

Although the left- and right-movers are correlated in the boundary states due to the con-
formal invariance, the twist thereon still leads to the same function f(g 1) as in the bulk,
which is regarded as a remnant of the bulk computation. In this way, we have successfully
shown that the present string vacuum possesses the desired property to have the non-BPS
D-branes with vanishing self-overlaps.

Because of the overall factor in |B)), its coupling to the gravitons (tension) is v/2 times
that in the unorbifolded theory. The coupling to the RR-particles (RR charge) is also
multiplied by v/2. By the modular transformation, the standard open string excitations in
the original theory are found to remain in the self-overlap of the unorbifolded part |B)),.
These are common features for all the non-BPS branes with the vanishing self-overlaps
treated in this paper.

!"'We shall call the boundary states made up only by the untwisted sector as the ‘bulk-type’ to distinguish
them from the ‘fractional branes’ that include the contributions from the twisted sectors.



Absence of tachyonic instability. Let us briefly check that no open string tachyons
emerge in the cylinder amplitude,

Zeytinder(it) = (Bl ™1 |B)), (t=1/s).

In fact, the piece o((B|e ™H «© |B)), is just the same as the familiar cylinder amplitude
associated to the BPS brane, whereas

4

15 i5)204(is)?
o((Blo ™ |B)), ( Z”H) St = P fo i) (210)
_ 03(it)*02(it)* Foion(it) = 03(it)"0a(it)"  Ba(it)*3(it)*
n(it)? O =gy (it)® 21)(it)8

In the last line, the first and second terms are identified as the NS and R-sector amplitudes
in the open string channel, of which leading terms are obviously massless. We then obtain
16 pairs of massless bosonic and fermionic states from the orbifolded part, even though no
supercharges in the closed string sector preserve the boundary state |B)). We can similarly
show the absence of open string tachyons in the cylinder amplitudes with the bose-fermi
cancellation also for other models discussed below.

(ii) 62 = (=1)f® (on the untwisted Hilbert space). In this case, o acts as a Zj4-
action already on the untwisted sector, and the modular invariant is slightly modified as

_ 1 T4D _ T
Z(r,7) = Zomie™ ) 7 2 Ly Tty (D (7): (2.11)
a,beZ4

The fermionic chiral block h(,p) is again given in (A.17), while f(,;), given in (A.18),

Fr_ The left-mover has no

is slightly modified from f(, ) due to the relation o2 = (-1)
space-time SUSY as in the first model. At first glance, it seems that the right-moving
SUSY is also broken, because all of the supercharges in the untwisted sector are projected
out by (—1)f%. However, it is found that (NS,R)-massless states appear in the a = 2
twisted sector, suggesting the existence of new 8 supercharges. These states possess the
opposite chirality to the case (i), because the orbifolding by (—1)% acts like the T-duality
transformation (see e.g. [21, 23]). In the end, we indeed obtain a chiral SUSY vacuum.
One can check that the partition function vanishes after summing up a,b € 2Z, although
each f(,;)(7) is not necessarily vanishing.

The non-BPS D-branes with vanishing self-overlaps are given by the formula similar
to (2.7), but including the contribution from the a = 2 twisted sector;

B)) = V2P [IB)5 =" + |B) =]

= VIR, (1B 1B ] = VAR Y, 2
where . ]
7>4z4n§a, Pr=5(1+0), (2.13)



and |B))*="

hand, ’B>>ga:2) is a suitably defined boundary state lying in the a = 2 sector, which

is a BPS boundary state in the unorbifolded theory as before. On the other

contains the right-moving Ramond ground states with the opposite chirality as addressed
above. (Obviously, we have no solutions of the boundary states in the a = £1 sectors.) We
return to this point shortly, but here just note o2 acts as (—1)FR_1 on the a = 2 sector,
rather than (—1)"%® which is read off from the expression of flap)(7) in (A.18). The a =2
NSNS-sector is thus projected out by the Py-action, while the a = 0 RR-sector drops off.
We are then left with the Pa-projection of the ‘opposite BPS’ boundary state, which ac-
counts for the second line of (2.12). In other words, if we consider the type ITA (IIB) vacuum

opp. BPS
)5 PP BPS)

of this asymmetric orbifold, |B is regarded as describing a BPS brane in the type

IIB (ITA) strings on R%! x T#[D,]. One could schematically understand these aspects as
[IIA (IIB) vacuum on T*[Dy]/o] with o2 = (—1)f%
>~ [[IB (ITA) vacuum on T*[D4]/o] with ¢® = 1. (2.14)

In fact, in the second case (ii), we can resolve the orbifold group as?
Zy4 generated by {0case (i)} = Za X Zz generated by {0case (i), (—1)Fr}, (2.15)
and by the relation suggested in [21, 23],

[IIA (IIB) vacuum]/(—1)f® = [IIB (IIA) vacuum), (2.16)
we obtain the above equivalence (2.14). Given this equivalence, a way to construct |B >>éa:2)
is tracing back the relation in (2.12), as mentioned above. The observation here is used to
reduce the number of the cases to be analyzed in the following sections.

2.2 Asymmetric orbifold [T*[D; @ D3] x Sg| / [(—11)®2 @ (—1g)®*]

The point of the construction in the previous subsection is rather general as described in
the introduction, and various generalizations would be possible. As an example where the
open-string boundary condition is more relevant, we next focus on a case of the 5-dim.
torus 7° along the X®+?-directions. To be more specific, we begin with the following
compactification:
o X6789 directions.
We consider
T4[D2 D DQ] = Tz[Dg} X Sl [Al] X Sl[Al], (217)

where S'[A;] denotes the circle with the self-dual radius.

e X°_direction.

We just consider S}l_—i, that is, the circle compactification with an arbitrary radius R.

2If further incorporating a shift operator into the orbifold action, i.e. considering the orbifolding by
0 ® Tarxr as in [11], we do not have such a resolution.



Then, we consider the orbifolding by
o= (-10)%|; 5 ®@ (=1r)%[; ;50 (2.18)

where (—1 L)®2‘5 ¢ for instance, means the chiral reflection acting along the left-movers of
X5 _directions. Based on the twists of this type and related ones, non-SUSY vacua with
vanishing cosmological constant have been investigated in [12].

The total modular invariant is given in the form,

_ 1 o o
Z(T7 7-) = Zggsonic(Ta T) Z Z Z(T;SS (77 7—)g(a,b) (T)f(a,b) (T)a (219)
a,b€Z4

with

g 2T P2D:) (7. 7) 755 (7. 7) (a,b€2Z),
ZZ;;;S (T77_-> = (2] Do Ap 2 cA1 4 cA1 2
2 X2 () ’ ol ] W@ (EnM) (@e2z+1, orbe2z).
(2.20)
denotes the contribution from the bosonic part of R*!. In the second line, we

have combined ‘ Xé:,b) (7')‘2 from the X°-direction, GE;E) Xél,b)xél,b) from the XC-direction,

Here Z5¢

bosonic

and e[(i],b)x(Da ?b)Xézl,b) ()Zéfb))3 from the X789-directions. The character functions Xl(?f,b)?

X(al,b)7 X{; ?b) and the free fermion chiral blocks f(4p), g(sp) are summarized in appendix

ZT4><S1

A. As already mentioned, the modular covariance of (a.b)

[+]
factor €, ;) (2.4).

Again we have various possibilities of the action of o2 on the R-sector; (i) o2 = 1,
(ii) o2 = (=1)F&, (iii) 0? = (=1), (iv) 0% = (=1)2HFR. The modular invariant (2.19)

describes the first case (i). The modular invariants for the remaining cases are easy to

is assured due to the phase

construct. Namely, we only have to replace the chiral blocks f(,4), g(p) in (2.20) with
the ones given in (A.18), (A.19) suitably. However, as mentioned at the last part in the
previous subsection, the cases (ii), (iii) reduces to the first case (i) as in (2.14), and the
case (iv) corresponds to a non-SUSY vacuum, which is beyond the scope of this work.

Therefore, it is enough to focus on the simplest case (i). We can pick up any BPS
boundary states |B)), in the unorbifolded theory on 7% x S!, and define the non-BPS
brane |B)) by the orbifold projection in the same way as (2.7). It is not difficult to
show that |B)) has the vanishing self-overlap as long as |B)), satisfies the general gluing
condition (for the T# x S'-directions) given by

[a%,n + a%,—n] |B>>0 =0, [¢%,r + Mb%,—'r] ‘B>>0 =0,

[a%,n + a%,—n] ’B>>0 = 07 [¢%,r + iw%,—r] ‘B>>0 = 07

[0+ M50ty ) 1B =0, [uh, +idwd ] 1B), =0,
(i,j = 17,8,9), (2.21)



where aiLm, a%,n and ¢2,T, @Z)}é,r denote the bosonic and fermionic oscillators (including the
bosonic zero modes), and M°*; is an arbitrary SO(3)-matrix.? To show this fact, it is useful
to note the relation,

U|B>>O = (_IL)®2}5’6 ® (_IR)®4‘5’7’8’9 |B>>O = (_]'R)®4’6,7,8,9 |B>>O7 (222)

for any |B)), satisfying (2.21). We thus obtain
s H(© )
o{(Bloe ™[ B))g o froy(is) =0, (2.23)

similarly to (2.8), leading to the vanishing cylinder amplitude, ((B] emsH® |B)) = 0.

We add a comment: in the model of (2.1) the vanishing self-overlaps have been
achieved for arbitrary BPS boundary states |B)), in the unorbifolded theory. On the
other hand, in the current case, |B)), defined by (2.21) is restricted to (sz) € SO(3)
rather than (M*;) € SO(4). If adopting a different orbifold action instead of (2.18), say,
o= (—1,;)@2{577 ® (_1R)®4’5,6,8,9’ we still obtain the same modular invariant, yielding
the equivalent spectrum of closed string states. Moreover, it is obvious to have an essen-
tially equivalent spectrum of non-BPS branes with the vanishing self-overlaps, in which
(M*;) € SO(3) appearing in (2.21) should act on the X%g’g—directions this time. This fact
is not surprising, of course. However, in the next section, we will see the examples in which
the spectra of the non-BPS branes with vanishing self-overlaps would notably depend on the
choice of orbifolding, while the modular invariant partition functions remain unchanged.

3 Chiral SUSY vacua as asymmetric orbifolds of T? x K3

In this section, we shall study less supersymmetric cases with M = K3 in the back-
ground (1.3),
R x T?[Dy] x M. (3.1)

The strategy to construct the non-BPS D-branes with vanishing self-overlaps is the same as
in the previous section. The discussion is however a little more involved. We thus first sum-
marize the relevant asymmetric orbifolds in the bulk in subsection 3.1. We then concentrate
on the examples of the Gepner construction in subsection 3.2. For these subsections, we
follow [24] where the modular invariant partition functions of related asymmetric orbifolds
(‘mirrorfolds’) are constructed. (See also [25].) Based on these set-ups, we construct the
non-BPS D-branes in subsection 3.3, which is the main part of this section 3.

3.1 Asymmetric orbifolds of T? x K3 with chiral SUSY

To begin with, we assume that the M-sector is described by a general N = (4,4) SCFT
with ¢ (E %) = 2, not reducing /t\o the toroidal models. We denote the relevant N = 4
SCA [26] by L,, (Virasoro), J2 (SU(2)1) with o = 1,2, 3, G% with a = 0, 1,2, 3. Recall that
the total R-symmetry is given by SO(4) = SU(2). x SU(2)¢, in which the inner symmetry

3Since T*[D2 @ D2] = T*[(A1)*] holds, the SO(3)(C SO(4))-rotated gluing condition is well-defined, even
though SO(3) is not a part of symmetry on this string vacuum.



(‘color SU(2)’) is generated by the affine currents J%, whereas the global SU(2)-symmetry
(‘lavor SU(2)’) is an outer one. G is a singlet of SU(2)qiag C SU(2). x SU(2)¢, while
G',G?,G? compose a triplet of SU(2) diag-

We also assume that A/ = 2 SCA is embedded into the N' = 4 one in the standard
fashion by identifying the N/ = 2 U(1)g-current as

JN=2 =23, (3.2)

and

G* = % (G £iG?). (3.3)

The generators of integral spectral flows Uy, are identified with the remaining SU(2)-
currents

Up =JF =J +iJ2 (3.4)

and the half-spectral flows U/, define the Ramond sector.
Let us now consider the asymmetric orbifolding of (3.1) by o = o0 ® (—15)%?, where
(—15)®2 denotes the chiral reflection along the T?[Ds]-direction. We first note the action

of (—=15)®? on the world-sheet fermions, which we assign to wjl%, w;r’%. We bosonize them as?

. 2
Wi + iy = V2e'lli (3.5)

and (—15)®? should act as the shift Hy — HEL + . It fixes the action of (—15)®2 on

the R-sector and we find
2

[(—1R)%?]" = (=)™, (3.6)

We next consider the M-sector. We would like to suitably choose the orbifold twisting

oM SO as to obtain a 4-dim. vacuum with A/ = (0, 1)-chiral SUSY unbroken. Obviously
om should be an automorphism of both left and right-moving N' = 4 SCAs. Furthermore,
since working on superstring vacua in the NSR-formalism, o should satisfy the following

conditions:

(i) o preserves T (energy-momentum tensor) and G, which is necessary for the BRST-
invariance.

(ii) o keeps the Ramond sector intact so as to be compatible with Uy /2. This means
that the automorphism o has to satisfy oy J3UX/% =J3 or UMJ3O'XA1 =—J3.

The same conditions are required for the right-mover.

*If we had adopted the bosonization for the combinations, e.g. Y% +iyh and ¢ +i¢%, the L.H.S of (3.6)
would have been the identity. However, we shall not consider this possibility here in order to respect the
super-Poincare symmetry in R®!, and (3.5) is the unique choice. We also simply assume that (—lR)®2 is
involutive on the bosonic coordinates X3, X% (on the untwisted Hilbert space) in this paper, even though

we have more general possibilities if utilizing the fermionization of them as discussed in [12].
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Let us now introduce the automorphisms U%") (. = 1,2,3) of the left-moving N = 4
SCA. They are defined by

o T()of ™! = T(2), @ (2)o ! = 6(2),
o\ 1o ()07t = Jo(2), G (2)0\ T = G(2),

oI (2ol == J0), (B#a), VG20l = —GP(2), (B#a), (37)

2
and we assume that they are involutive on the whole Hilbert space; (oéa)> =17 ("a).

We also set E(La) = e F LU(La) for convenience. E(La) obviously acts on the N/ = 4 SCA in

2
the same way as (3.7), but it is no longer involutive; (8(La)) = (-1)fr.

To complete the definition of U(La) (and E(La)), we still have to specify their actions

on the Ramond ground states, in other words, on the half-spectral flow operators U 5.

Recalling the simple relation J* = J! +iJ? = Uy, = (Uil /2)2, we can naturally define

1 1)-1 2 2)—1 .
U(L)U11/20’5;) =Uz1/2: O'(L)U:tl/Q U(L) = £iUz1 /2, (3.8)
. . . (@) 2 . . 1) _(2)
which are surely consistent with (0’ I ) = 17. We next consider the composition o; "o, ”.

(3)

It obviously acts on each N = 4 chiral current in the same way as o;’. However, since o

(2)

and o, are anti-commutative on the R-sector due to (3.8), we find (cr(Ll)crg))2 = (-1)fr.
Thus, we should identify

(1)
L

G(LI)U(LQ) = (—1)FL022)0(LI) = 8(L3) = €%TFLO'(L3), (3.9)
and 8(;,) acts on the half-spectral flows U, /5 as
823) U:I:l/2 8(3)_1 = :l:in:l/Q' (310)

ag) (v =1,2,3) for the right-mover are defined in the same way.

Now, let us specify the possible orbifold actions o = o ® (—15)%2. We again have
four possibilities (i) 02 = 1, (ii) 02 = (=1)7, (iii) 0? = (=1)%, (iv) 02 = (-=1)fLTIR as
in the previous section. However, all the space-time SUSY are broken in the fourth case,
and the second and third cases reduce to the first case by the chirality flip; IIA +— IIB
as mentioned in subsection 2.1. It is thus enough to consider the first case such that

o is involutive, that is, the cases with o = O'(La) ® 3%3) ® (—1g)®2. We shall especially

focus on the following three cases; (1) op = U(L3) ® Eg), (2) opm = 0(L3) ® Eg), (3) opm =

ag) ® Zf\g). Of course, we have to examine whether they are actually compatible with the
modular invariance. In the next subsection, we explicitly confirm in the case of the Gepner
construction that the asymmetric orbifolding by o = oy ® (—15)®? constructed this way
yields superstring vacua with modular invariance. In all the three cases, the space-time

SUSY from the left mover is broken to achieve the 4-dim. A" = (0,1) chiral SUSY.
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3.2 Concrete examples: Gepner construction

Let us consider the generic Gepner construction [27, 28] for K3, that is, the superconformal
system defined by

T k’q,
My, @@ M, orbifold s -2, 3.11
[My, ® -+ & My,] |zy-orbifold ;kiJr? (3.11)
where My, denotes the N' = 2 minimal model of level k (¢ = § = kLH), and we set
N :=LCMA{k+2;i=1,...,r}. (3.12)

We start with the diagonal modular invariant for simplicity. We have to make the Z -
orbifolding that renders the total U(1)g-charge (in the NS-sector) integral,

.
mg

QU) = ki + 2

€z, (3.13)
—1

where I := {({1,m1),...,(¢,,m;)} denotes the collective label of the primary state in
Mp, @@ My, (0 <4 <k m; € Lok, +2)s Li +mi € 27,), and the twisted sectors of
orbifolding are identified with the ‘spectral flow orbits’ by the actions U™ (n € Zy) with

U:T={(t,m1), -, (brymy)} — UL ={(l,my—2),, (bryme —2)}. (3.14)

See [29] for more detail.
The relevant Hilbert space for the K3 sector (before imposing the GSO projection) is
schematically expressed as

(s) ©) :_
HGepner - @ @ [5[j HU”(I),L ® Hi,R] 5 (8, S = NS, R), (3.15)
neZN
Q([)GZ Q(I)GZ

where the Ramond Hilbert space Hgi) is uniquely determined by the half-spectral flow in
the standard manner.> Note that the left-right symmetric primary states lie in the n = 0
sector, but we also have many asymmetric primary states generated by the spectral flows.
As already mentioned, the N' = 2 superconformal symmetry with ¢ = 2 is enhanced to
the NV = 4 by adding the spectral flow operators, which are identified with the S/[\J(2)1
currents J* = J' +iJ? in the N' = 4 SCA [29]. Accordingly, the chiral parts of Hgéi)ner
are decomposed into irreducible representations of NV = 4 SCA at level 1, that are classified

as follows [30, 31]:

e Massive representations: C,(lNS), C}(LR).

These are non-degenerate representations whose vacua have conformal weights h. The

NS)

vacuum of C}(L belongs to the spin 0 representation of the S/fl(Q)l—symmetry. The

(R)

four-fold degenerate vacua of C;, ' generate the representation 2[spin 0] ® [spin 1/2].
Unitarity requires h > 0 for C,(INS) and h > % for CISR) . The 1/2-spectral flow connects

i) with ¢
4

5Notice however that the label I in Hg? indicates the quantum numbers in the NS-sector.
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e Massless representations: DéNS), DéR) (£=0,1/2).

These are degenerate representations whose vacua have conformal weights h = ¢ for

(NS)

the NS representations D, ™, and h = i for the Ramond representations DéR); they

belong to the spin ¢ representation of S/I\J(Q)l. To be more specific, D((]NS) (¢

graviton
rep.” or ‘identity rep.’) corresponds to the unique vacuum with h = 0, JS’ = 0,

while Dg /2

with h = 1/2, J3 = £1/2. The Ramond sector DE_)E is connected with DENS) by the
1/2-spectral flow.

5) (‘massless matter rep.”) is generated over doubly degenerated vacua

The relevant character formulas are summarized in appendix A.

Now, let us construct the asymmetric orbifolds by the involution o. Since a detailed
account of closely related asymmetric orbifolds has been given in [24], based on [25], we
here briefly describe the relevant construction.

Since the most non-trivial part o has the form U(L @) ® 3%8) (a, =1 or 3), we should
specify how the N/ = 4 involutions ag), 023) act on the primary states in the Gepner

construction. First, we can naturally identify a( ) with the N/ = 2 involution,

H N=20) (3.16)

N=2,(4)

where the N = 2 involution o7 acts as

T® o 76 g6 o g6 O L gFO (3.17)

in each minimal factor My, .
On the other hand, J(L3) acts on the N =4 SCA as the automorphism (3.7). We still
have to define how it acts on the N’ = 4 primary states |v),. A simple choice would be

given as
. oL, Tl =0).
op v)g, = JZO o v (2Jg,o‘U>L =[v)1), (3.18)
~Jr00 P10y (203 lv), = ~[v) )

where Ji = J] +iJ}? are the SU(2) currents in the " = 4 SCA, which turns out to be
compatible with the modular invariance.

By these definitions and the fact that 05:12 R) and 05:32 R) induce the equal twisted char-
acters of N' =4 SCA (see a(mg)pend%;c)B), we find that the torus partition function does not

depend on a, B in op =0 @0y . The total modular invariant is now written as

_ 1 _
Z(Ta 7-) = égsonic (7—7 T) 4 Z Z(a,b) (Ta T)' (319)
a,bEZ4

As before, ZAd

besonic denotes the contribution from the bosonic part of R3!, which is related

with neither the o-twisting nor the GSO-projection. Those for the various o-twisted sectors
Z(a,p) (a,b € Z4), which are crucial in our arguments, are described in the following way:
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e Even sectors with a,b € 2Z.

Zap) Z SN, F(S %.ZTQ[DQ} (r,7) - <9[5]>2<9[8}>2’ (3.20)

SS IZ‘ n 77

where F(S)( )s Fi(,g)( ) denote the chiral building blocks with the chiral spin structures

s,5 = NS, NS R, R in the Gepner model for M, which are labeled by the spectral
flow orbits Z, Z. For instance, Fr (N )( ) is explicitly written as

FI(NS)(T> = Z H ch Z“ml )

{(ts,;mi)}eZ i=1

with
Z={(l1,m —2n),...,(lr,my —20) }pezy,

and the A" = 2 minimal character Chéf?mi(T) [32-35]. The chiral blocks for other spin
structures are determined by the 1/2-spectral flows and by incorporating the suitable
sign factors to impose the GSO condition. (See [29] for more detail.) We also adopted
the concise notation 6y (1) := 83(7), 6a(r), ba(7), i61(r)(= 0) for s = NS, NS, R, R
respectively. The modular invariant coefficients NI,i are straightforwardly deter-
mined due to the Gepner construction, which are independent of a, b, and the overall
factor 1/4 originates from the chiral GSO projection.

e Odd sectors with a € 2Z + 1 or b € 27 + 1.

_ _ T2[D _ _
Zap)(1,7) = Z(/;/’[b) (1,7) - Z(a IE) 2](7, 7)- Z(fmb) (1,7)

_ . N\2
Z Xy (T X1y ()~ by (1) (R (1)
[2] Do, 1 2 . B
X €lapXap) (T )2{(X(a w (T )) B (X(al,b)(T)> ], (3.21)
where we set
) - H X];:,[a,b}(,r% 1= (617 e 7£'r)7 (322)

and XZ[a,b] (1) denotes the twisted N = 2 character (B.4). Recall that 6[(2],57) =

571" and the definitions of the functions X@Qb) (1), Xﬁf{)g_}(ﬂ and )Zéllb)(’i') are
summarized in (A.7), (A.8) and (A.12). The 4-dim. N = (0,1) chiral SUSY is
confirmed from (3.21).

The coefficients N (@9 iy the odd sectors are slightly non-trivial. We can determine

them in a way parallel to that presented in [24, 25]. We here briefly describe the
results, which depend on the spectrum of the level k; in (3.11) as follows:
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(i) At least one of k;’s is odd. In this case, the modular invariant coefficients are
very simple,

@b _T
N = 115..:- (3.23)
i=1
(ii) All k;’s are even. In this case, N in (3.12) is even, and we set
S1 = {ie {1,...,r}; [ EZZ+1},
) N
Sy 1= {26{1,...,1”}; k-+262Z}' (3.24)

Then, the relevant coefficients are given by

HiESQ 5&,@- (Hz‘esl 5&,@ + Hiesl 5&&%) (a€2Z, be2Z +1),
(3.25)

One can directly confirm that the Z, (7, 7) in the odd sectors (3.21) show the suitable
modular covariance by using the modular transformation formulas given in (B.7). Note
that J(LQ)R -insertion only provides non-vanishing contributions to the trace over the sectors
with {(¢1,0), ..., ({+,0)} in the spectral flow orbit (of NS-sector). The difference of the
two cases (3.23) and (3.25) originates from this fact.

We make a few comments:

e As already mentioned, we are considering the orbifolding by o = Uéa) ®3§§) ®(—1R)%?

for various «, [, and obtain the equivalent spectra of closed string states in all these
models. However, this fact does not necessarily imply that they are equivalent string
vacua. Indeed, it turns out that they have quite different D-branes, as we elucidate
in subsection 3.3.

e One finds that the contributions from the (R, *) or (*, R)-sectors do not appear in
the building block (3.21) with a € 2Z and b € 2Z + 1. This fact is actually expected
so as to achieve the modular invariance. It is not difficult to confirm that this is
indeed the case in almost all the Gepner models for K3 due to the basic properties
of the twisted characters. (See appendix B.) The exception is only the (4)3 type, in
which there would exist a non-vanishing (R, NS) contribution® that could spoil the
modular invariance. However, by suitably fixing the sign ambiguity of U(La) on the
Ramond vacua with @ = 0, one can avoid this possibility still in the (4)3-model.

3.3 General construction of boundary states with vanishing self-overlaps

Let us present our main studies. Namely, we investigate how we achieve the vanishing
self-overlaps in the current models of asymmetric orbifolds,

R*! x [T?[Do] x M]] (3.26)

o—orbifold *

®The (R,R) and (NS, R)-contributions trivially vanish due to the fermionic zero-modes in the R*! x
T?[Ds]-directions.
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We begin with specifying the boundary conditions in the (unorbifolded) M-sector
that characterize general BPS D-branes.” Naively, any boundary conditions preserving
the N' = 4 superconformal symmetry with an arbitrary twisting by automorphism may be
allowed, which are schematically expressed as in [39] by

Altg. ,II_T} IB)) = 0. (3.27)

Here, A, .,Zi are the chiral currents and g denotes any (inner or outer) automorphism of
the N/ = 4 SCA. However, since we are working on the physical boundary states in the
RNS superstrings, we still have to impose the following conditions:

(i) |B)) preserves GY-symmetry without any twisting, which is necessary for the BRST-

invariance.

(ii) |B)) contains the correct components of the RR-sector compatible with the above
definition of Uy/p. This means that the automorphism g in (3.27) has to satisfy
g-J2=J3 org-J=—-J3.

Thus, at least generically, the allowed twisting g by the N' = 4 automorphism is restricted
and we eventually obtain the following two types of gluing conditions:

A-type:
[Ln . i,n] 10)) , = 0, [Jf; - jin] 10)) , = 0, (3.28)
(69 —iG2, ] o))a =0, (G2 +iG, ] 10))a =0,
(Ge —iRO)%5C7, | 10 =0, | T2+ BO)T%, ] 10)4 =0, (@.5=1,2).
B-type:
[Ln - i_n} 10)) 5 = 0, [Jf; + Jin} 16)) 5 = 0, (3.29)
G iG] 10)) = 0. (0=0.3),

(G2 —iROG, ] 105 =0, [ Js+RO%5,] 1005 =0, (a,8=1,2)

In the above, R(f) denotes the SO(2)-rotation with the angle parameter 6, and R(6) =
R(#)os € O(2). The relevant Ishibashi states [40] are characterized by the N' = 4 irrep.
classified in the subsection 3.2 as well as the gluing conditions given above, and should
satisfy e.g.

A<<DENS); 9’ o msHE

A<<C’SNS); 0‘ o sH©

D)), =,

L5 ) 2
C]SNS); 9>>A _ Ch(NS)(h; is) = e~ 2m(h—5%) 97;((55))3 , (3.30)

“In this paper, we shall not work with explicit forms of the boundary states in Gepner model for M,

which should be constructed as tensor products of those for the N’ = 2 minimal models. See [36] and also
e.g. [37, 38] for detail.
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where ch(()NS) (¢;is), ch®™9)(h;is) denote the N = 4 massless and massive characters sum-

marized in (A.20), (A.21) and (A.22). To be more precise, since the Gepner points are
rational, it turns out that only the discrete values of the angle parameter 6 = 2% (reZn)
are allowed. In fact, let us recall the schematic decomposition of an N' = 4 irrep. by the

integral spectral flows as

[irrep.}(NS)’N:4 = @ Un [irrep.](NS)’sz,
neZyn

where N is defined by (3.12), and we also express the N = 2 Ishibashi state of the A-type
as Hirrep.}(NS)»JX:Q (defined by the gluing conditions given in the first and second lines
in (3.28)). Then, the N = 4 Ishibashi states of A-type with the twist angle 6 = 2% are
written as

[irrep.](N9) > >2/_2. (3.31)

[irrep.]NS); 9 = 2]7\T:>> = Z (1) w"" U, @ U,
A neELN

This shows why 6 is restricted to discrete values 6 = 2% The B-type Ishibashi states are
similarly constructed.

The Ishibashi states in the RR~sector are obtained by the half-spectral flow from the
NSNS ones,

. 2mr ~
[1rrep.](R); N>> =U12®@ Uy
A

27r
: (NS).
lirrep.] ,>>A,

. 2rr ~ . 2rr
[irrep.]®); N>>B =Uip@U_y)s [irrep.] (N9, N>>B. (3.32)
We note the correspondence of the representations,
Upipp : DY — D), (£=10,1/2),
Usrjy : CY — c}(i)%. (3.33)

The R-massive rep. C,SR) is generated by doubly degenerated vacua with conformal weight

h belonging to an SU(2)-doublet, as opposed to the NS-one CISNS).

As in the previous analyses on the toroidal models, generic D-branes in our asymmetric
orbifold (3.26) are expressed by the boundary states in the form of the orbifold projection
with 02 = 1,

NS R
[B)) = V2P|B))y = V2P [IB))g + B))")] (3.34)
where |B)), is a (GSO-projected) boundary state describing a D-brane in the unorbifolded
theory and P = 142, We assume that |B)), describes a half-BPS brane with the Dirichlet

conditions for all the transverse coordinates along R*! x T?[Ds], just for convenience.
Namely, |B)), is expanded by the Ishibashi states given above for the M-sector and the
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self-overlap is schematically written as

2 2 N
o{(Ble™ Y 1), = Y ai [(93) s (%) a5

- U 1
ZANRLPRUINN
-5 chy ' (r; yis)| =0, (3.35)
where TENS) and TZ(R) are unitary irrep.’s of N' =4 SCA related with each other by U, /2

The R.H.S

of (3.35) indeed vanishes due to the BPS-property of |B)),. One can easily confirm that
(%)

7

and «; are some non-trivial coefficients that we are not interested in here.
the each term associated to the irrep. 7,/ actually vanishes.

Therefore, to achieve the vanishing cylinder amplitudes in the asymmetric orb-
ifolds (3.26), it is enough to examine whether or not the amplitude 0<<B]ae*”H(c) |B))o
vanishes. From now on, we examine this problem in each case of (1) op = J(Lg) ® 81(,%1), (2)
oM = U(Lg) ® Eg’), (3)om = O'(Ll) ® &\g), as addressed before. We set 6, = %TT, (r € Zy) in
the following.

(1) om = 01(33) ® Gg): we first pick up the M-sector. Because of the gluing condi-
tions (3.28), (3.29), we obtain the equality
3) o ~(1 ~(1) (3 2
oMl 0r)) 4y = o @ 5 %:00)) 4By = ol [:00)) 4By = ot [%:0r)) a(p)- (3.36)
It is worthwhile to emphasize that this relation does not depend on the angle parameter 0,
at all. Thus, the amplitude from each component of Ishibashi state is eventually evaluated
by the og)—twist irrespective of 0,., yielding the N' = 4 twisted character,

26—27T8(h—é)

e (3.37)

X[o,1)(h;is) =

or trivially vanishing one. We summarize necessary formulas for the N' = 4 twisted char-
acters in appendix B. In this way, we obtain for the NSNS-sector,

N —rsH) N N s H(® N
A<B)<<Dé S);Qr ope ™ Dé S>;9r>> :A(B)<<Dé S);Gr (—1)fLaMe msH ID(() S);9T>>
A(B) A(B)
:X[Oyl](hZO,ZS),
(NS), —wsH) | 5(NS), _ (NS), f —wsH) | 5(NS),
A(B)<<D1/2 0l opme” ™ D1/2 79T>>A(B)_A(B)<<,Dl/2 ;0. (—1) Lome ™° DI/Q 70T>>A(B)
=0,
(NS). —nsH) | ,(NS) . o (NS). f —nsH() | ,(NS).
A (N30, oane ¢! ’9”>>A(B>_A<B><<Ch 0,] (=)o pge cf ,9T>>A(B)
:X[O,l](h;is)u (3.38)

where (—1)/ denotes the twisting for the GSO projection. The fact that (—1)/Lo -
insertion leads to the equal amplitude is obvious from the boundary conditions for the
fermionic currents G*(z), (a =0,1,2,3).

We also recall that o includes (—1x)®2, which just makes the free fermion contribution
from the (transverse part of) R3! x T?[Ds]-sector proportional to %3%4 for the NSNS-sector,
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while (—1)72(—1g)®? gives the term o %4%3 On the other hand, the contributions from
the RR-sector trivially vanish due to free fermion zero-modes along either of the R*! or
T?[Ds)-directions.

Combining all the contributions and taking account of the GSO-projection, we finally

obtain

—rsH(© 1 [630 040 )
o{(Bloe ™1 |BY), = Z o p [;’; — ;773] X[o,1)(his is) = 0. (3.39)

i

In this expression® the summation is taken over all the spin 0 irrep.’s, that is, C}(LNS) or
D(()NS), and we assign h; = 0 for the case of D(()NS). In this way, we have shown that any
boundary states (3.34) associated to |B)), satisfying the gluing conditions (3.28) or (3.29)

with an arbitrary value of parameter 0, = 2% (r € Zn) provide the vanishing self-overlaps,

(Ble=™H |BY) = 0. (3.40)

As in the toroidal case in section 2, the couplings of |B)) and the closed string states
are multiplied by the overall factor in |B)). The D-brane tension and the RR charge
are hence v/2 times those in the unorbifolded theory. The open string excitations in the
unorbifolded theory remain in the self-overlap of |B)),, which are tachyon-free.

(2) om = 023) ® E'g;): in the second case, (3.36) should be replaced with

3) (3 ~(3) (3 i
o550, am) = 08 @5 [%:00)) am) = Gig Tty 1%0n)) acy = €3 TR [5:00)) gy (3.41)

Thus, the net effect of the twist is just a phase factor for the RR-component of boundary
state. Incorporating also the R*! x T2-sector, the RR-component of the overlap again drops
off due to the fermionic zero-modes, and we obtain the following amplitude instead of (3.39),

o((Bloe ™1 1B)) = o 1714 [%%chﬁm (rN): i) — %eg’chim (r™is)| . (3.42)

At least for generic Gepner models, the R.H.S of (3.42) does not vanish for any value of
the moduli parameter 6,.. In fact, R.H.S of (3.42) does not depend on 6,., and

ch(™ (T(NS) T) # ch&ﬁé) (T(NS) T,

for a generic rep. r;. Rephrasing more physically, the D-brane tension has been modified
by the o-insertion, while the RR-charge remains the same as in case (1). This causes
the mismatch of amplitudes for the graviton and RR-particle exchanges. In this way, we
conclude that all of the D-branes in the second case have non-vanishing self-overlaps, as
one expects from the general features of non-BPS D-branes.

8We note that the coefficients o are not necessarily equal to those appearing in (3.35), since they would
depend on the phases arising from the o a-actions on the AV = 4 primary states.
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3) om = a'g) X Gg): the third case is the most subtle one. When translating the U(Ll)—

insertion into that of the right-mover similarly to (3.36), (3.41), we have to take account of
the R(0) (R(#)) rotation appearing in the gluing conditions (3.29) ((3.28)). For instance,
for the B-type gluing condition, we obtain

om0 g = 0 @ [0,)) 5 = 5 o1 50,0 . (3.43)

instead of (3.36), (3.41), where Jg)’[w denotes the automorphism acting on the N' = 4
SCA rotated by R(6,) in the same way as O'g).g Obviously the relation (3.43) yields the
self-overlap that depends on the parameter 6,., as opposed to the first and second cases. The
resultant amplitude does not vanish generically. However, for the special value 6, = £7,
we find

ag)ag),[i%] _ 65%1)05%2) _ (_DFRUS)’ (3.44)

yielding the cancellation as given in (3.39). The A-type gluing condition is likewise treated.
In this way, we conclude that the D-branes in the third case have the vanishing self-
overlaps only for the gluing conditions with 6, = 2% = %7, which is possible when

N € 4Z-.

Absence or presence of tachyonic instabilities. Here we would like to further discuss
whether the non-BPS branes considered above could include the tachyonic instabilities.
Since it is obvious that no closed string tachyons appear in the relevant boundary states,
we should examine the open string excitations in the orbifolded sector. Indeed, it is easy
to estimate the lightest excitation in the open string channel. By detailed case studies, it
would be possible to write down the formulas of the general spectra, which are however
beyond the scope of this paper.

Let us first note common features in the orbifolded sector for the above three cases; (i)
the RR contribution to the self-overlap vanishes due to the fermionic zero-modes, implying
the lack of GSO-projection for the open string Hilbert space, (ii) the twist by (—1x)%?
along the T2[Ds]-direction adds the conformal weight i to the open string vacua.

Now, the estimations for the above three cases are summarized as follows;

Case (1): in this case we have the bose-fermi cancellation in the open string spectrum as
noted above. Thus, it is enough to consider the NS-sector.

Recall that opq acts on the N' = 4 primary states as the product of the N' = 2
involutions for each minimal sector My, , which gives rise to the energy shifts bounded

from below by ¢ = )] k in the open string spectrum. (See the formula of conformal

+2)
weight (B.6).) Eventually we find that the minimum value of conformal weight for

the open string excitations should satisfy the inequality;

L, Z (3.45)

(1),[6

mln >

=~ =

?Since the R(6.)-rotation is an outer-automorphism, it seems difficult to write o ! down explicitly.
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and the inequality can be saturated only when all the k;’s are even. Therefore, the
lightest open string excitation could be massless when all k;’s are even, and always
massive if at least some k;’s are odd. In this way, we conclude that no tachyonic
instability emerges in the open string spectrum.

Case (2): o again acts on the N' = 4 primary states in the same way, whereas it
effectively makes the N/ = 4 SCA invariant, after taking account of the identity (3.41).
Thus, the twisted N = 4 character x(o,1)(*;4s) o 9‘;”%(2’3) for the case (1) has to be
replaced with the untwisted one o 2—%(@'5) for the NS-sector. Making the modular
transformation, the net effect just amounts to the shift by —% to the R.H.S of (3.45).
We thus obtain the inequality

plmin) > = {Z % — ;} = g (3.46)

i=1

| =

and open string tachyons would appear. This result is expected since the open string
spectrum is non-supersymmetric in this case.

Case (3): again, o acts on the N' = 4 primary states as the above two cases. On the
other hand, by utilizing (3.43), we find that the net effect on the (right-moving)
N = 4 SCA by the oq-insertion amounts to the SO(2)-rotation with the angle
parameter 26, on the J}%, le% (and G}Q, G%) plane, while leaving the other generators

intact. Then, the twisted N' = 4 character o %(is) for the case (1) is replaced with

x Mﬁ’(is’%r), which induces the additional energy shift of the amount: —% +

8%(2&)2 to the R.H.S of (3.45). The relevant inequality now becomes
. 1 11 3 02
h(mm) > o2 (99.)2 = 2 r_. 3.47
_4+{i_1 8 8+8772( ) 8+27F2 ( )

This implies that open string tachyons would generically emerge except for the special
angle ¢, = 5 for N € 4Z~, which realizes the bose-fermi cancellation in the open
string spectrum as mentioned above.

3.4 Points of toroidal orbifolds

Our discussion so far is based mostly only on general properties of the N’ = 4 SCFT for M.
Thus, we would expect that the spectrum of the non-BPS branes with the vanishing over-
laps is unchanged over generic points of the moduli space of K3, as long as the asymmetric
orbifolding by ¢ = (—15)®? ® o is well-defined. The points in our argument were:

e The global symmetry SU(2)giae preserving G° is only identified with an outer-
automorphisms of the N' = 4 SCA.

e We need to pick up a particular U(1)-subalgebra of the N' = 4 SCA to define the
Ramond sector by the half-spectral flows, which has been generated by J3 in the
above arguments.
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Then, only the restricted SO(2)(C SU(2)qiag) twisting is allowed in the gluing condi-
tions (3.28), (3.29), so as to preserve the Ramond sector Hilbert space.

On the other hand, there are special points with the ‘symmetry enhancement’ in the
moduli space, at which more general gluing conditions could be solved. For instance, it
has been known [29] that the Gepner model (2)* (Kummer surface) is equivalent with
the Zs-orbifold of T4[Dy, B;; = 0], which is defined as the 4-dim. torus associated to
the root lattice of Dy with the vanishing Kalb-Ramond field.' We can reinterpret this
system in terms of free bosons and fermions, and thus, the SU(2)giag is explicitly realized
by these free fields. In this special case all the choices of orbifold twisting o = U(La) ® 3%’)
(o, 5 = 1,2,3) lead to equivalent superstring vacua, as in the toroidal models studied
in section 2. Especially we find the equivalent spectra of the non-BPS D-branes with
the vanishing self-overlaps. Indeed, with the help of free field interpretation, one can
straightforwardly solve the following equations for the boundary states,

[Ln ~ i_n} 10,0)) =0, [GQ —iGY ] 10, 0)) =0, (3.48)
(G —iR(6,0)%G, ] 10.0)) =0, T2+ R(6,0)%J%,] 16,0)) =0, (a,b=1,2,9)

where R(0, @) denotes an arbitrary SO(3)-rotations.

There also exist the Zs, Z4, Zg-orbifold points within the Gepner models for K3 as
discussed in [29]. However, such an enhancement of symmetry does not happen for these
points, and SU(Z)diag is still identified as outer-automorphisms.

4 Discussion

We have studied the type II string vacua with chiral space-time SUSY constructed as
asymmetric orbifolds, focusing on the D-branes on these backgrounds. The simple but
crucial idea in this paper is that all the D-branes are non-BPS in any chiral SUSY vacua.
As clarified in sections 2 and 3, one can straightforwardly construct the chiral SUSY vacua
based on asymmetric orbifolds which accommodate rather generally the non-BPS D-branes
with vanishing cylinder amplitudes. This would be hardly realized in the geometrical
compactifications of superstring theory.

We have especially investigated the asymmetric orbifolds of T2 x M, as well as simpler
toroidal models, where M = K3 is described by a general N' = 4 SCFT with ¢ = 6 defined
by the Gepner construction. We have demonstrated in subsection 3.3 that the spectra
of such non-BPS D-branes with the bose-fermi cancellation depend notably on the choice
of orbifolding, even when the closed string spectra remain unchanged. This feature is in
contrast to those of the toroidal asymmetric orbifolds presented in section 2.

In this respect we note that the most of the analyses on the boundary states given in
subsection 3.3 are based only on general properties of the N' = 4 SCFT for M, as mentioned
in the previous section. Thus, the spectrum of the non-BPS D-branes with vanishing
cylinder amplitudes would be unchanged over generic points of the moduli space of K3, as

0T avoid a possible confusion, we here emphasize that T4[D4,Bi]~ = 0] differs from the symmetry
enhancement point of SO(8)1, which is denoted as ‘T*[Da]’, say, in (2.1) in the present paper (and also [22]).
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long as the asymmetric twist is well-defined. The point in our discussion is summarized in
subsection 3.4. The exception would be the orbifold point with symmetry enhancement.

Based on the results in this paper, one may now discuss a possible application to the
problem of cosmological constant. As mentioned in the introduction, the cosmological con-
stant induced solely by the non-BPS D-branes would be exponentially suppressed for small
string coupling. Furthermore, in a given non-BPS D-brane background, the contributions
to the closed-string vacuum amplitude would come only from the diagrams with the exter-
nal legs sourced by that non-BPS D-brane. The analysis of the loops thus would be much
simpler than the case of the bulk SUSY-breaking [1, 3, 9, 20], to control the almost van-
ishing cosmological constant. It would also be challenging to substantiate the scenario [4],
which is based on the analysis on the heterotic dual side and mentioned in the introduc-
tion, that the non-BPS D-branes condensate to produce the non-perturbative mismatch of
the spectrum. This would also be an interesting problem involving a non-supersymmetric
duality. We hope to return to these issues elsewhere.
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A Summary of conventions

Theta functions.

01(r,2) =i i (—1)”61("’1/2)2/21/”*1/2EQsin(m)q”gﬁ(l—qm)(l—qu)(l—y’lqm), (A.1)
n=-—00 m=1
O (7,2):= i q(n_l/2)2/2yn_l/2EQCOS(T(Z)ql/S ﬁ (1—¢™)(14+yg™)(1+y g™, (A.2)
—— m=1
z)i= i ¢y = ﬁ(l—qm)(lwqm’”z)(lw’l mol), (A.3)
n=—oo m=1
0a(7,2):= i (—1)"g" /2y = ﬁ )(L—yg" ) (1—y "), (A.4)
n=—oo m=1
)= 3 ), (A-5)
T):=q1/24ﬁ(1—Q")- (A.6)
Here, we have set q := > y := €2™* (Y1 ¢ H*, Y2 € C), and used abbreviations,

0;(1) = 0;(7,0) (61(17) =0), O (7) = Oy 1,(7,0).

Bosonic building blocks. Here we summarize the notation of the building blocks
used in the main text according to [22]. Associated to the basic representation of (D)),
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(r € 2Z~9), we set

W Os(1)" + eiTTTaG;l(T)T} , (a €2Z, be2Z+1),
O (7) =4 sty {0s()7 + € T 00a(r) | (a€2Z+1, be27), (A7)
W 04(T)" + e“fTT(Wb—l)OQ(T)’”} . (a€2Z+1, be2Z+1).

We also define the following functions,

sy {03(T) = €T (r) |, (a €2Z, be2Z+1),
Dy,[— - imr ,
x(a,bg W) = gty 103(7)" — € “05(7)" ¢, (a€2Z+1, be 27), (A.8)
sy {0a(7)" e%a%*l)eg(f)f} . (@€2Z+1, be2Z +1),

o —

which are associated to the vector representation of (D, );.
For (A1)1, we introduce

3 {Xfl(T) + 6%“Xé1(7)} , (a €2Z, be2Z+1),
Xé{b) (1) := % X1 (7) 4 e T byl (T)} , (a €2Z+1, b€ 27), (A.9)
L () +eF@ (), (a2 1, be2z ),

where we set
XEH(T) == xgt (1) £ X (1), (A.10)

and the (;1\1 )1-characters are given as

Avoy .= 03(27) = 20.1(7) basic rep
Ay 7) = 2( ) = 1’1( ) S[)in rep

On the other hand, we define

0s)0(7) (4 €27, be2Z+1),

n(r)?
K1) = /2080 (ae2z+1, be2m), (A12)
04(177()79)22(7)’ (a€2Z+1, be2Z+1),
which are interpretable as the (Z)l—characters twisted by the involution pffl) = efméemjg,

—

(aw =1,2,3) for the spin ¢/2-integrable representation of (Aj);.

Fermionic building blocks. To describe the supersymmetric chiral blocks for the free
fermions, we introduce the notation

J(7) = 27](17)4 {05(T)* — 04(7)* — 02(7)*} (= 0), (A.13)



and associated to the reflection of four components (—17)®4,

) at+b 2
flap) (1) = qi? e ab <91 (77(7) )> <017((TT’;))> (A.14)
€7 s {05(r)204(7)2 —04(7)03(7)? 40}, (a€2Z, bE2Z+1),
_ e%ébﬁ{eg(ﬂ%(r)uo 02(7)%03(7)*},  (a€2Z+1, be2Z),
—e7 53 {0402(7)%604(7)° —04(7)62(7)°} . (a€2Z+1, be2Z+1),
J(7) (a€2Z, be2Z).

In the second line, each term corresponds to the NS, Né, R sectors with keeping this order.
These trivially vanish, as is consistent with the space-time SUSY. They satisfy the modular
covariance of the form,

fap)(T)ls = fap) (-i) = fio,—a)(7),

fap (DT = fap(t+1) = _eizméf(a,a+b) (7). (A.15)

We next define the non-supersymmetric chiral block twisted by the two component
reflection (—17)%2,

a 2 D b
9 (7)i= (1) [ X (7)] x(;,,g ]< ) (A.16)
e~ b 14{03 364 1)%04(7)365( )+0} (a€2Z, be2Z+1)
e 1 4{9 ( 1)3 0o (7)303(7 )} (a€2Z41, be27)
ﬂab 1L {o+e4 Fi(—1) 5 0y(r )304(7)}, (a€2Z+1, be2Z+1)
J(7) (a€2Z, be27),
and also for the twisting by (—1
2 aT—I—b
hiap(T) i=q 2 ™ | 22—~ (A.17)
4
277(7)4 {05(7)% = 04()* + 05(r)*) = (%T)) , (a €22, be2Z+1),
4
_ 277(7)4 B3 +0u()! — ()} = (4F) . (a€2Z+1, be2m),
o 4
s {05(7)* + 04(7)* + Oa(7)? }z_(%)) . (abe2Z+1),
‘-7(7_)7 (a, be ZZ)

Again they satisfy the modular covariance in the same sense as (A.15).
We also introduce slightly modified chiral blocks,

flap(m), (a€2Z+41orbe2Z+1),
f(ab)( ) {hab), (Q,b€2Z), (A18)
272
) Gap(), (@€2Z+1orbe2Z+1)
g(a,b) (T) - {h(a Q), (a,b E QZ) (Alg)
272
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They correspond to the cases of [(—IL)®4]2 = (=1)r, and [(—IL)®Q]2 = (—1)**, respec-
tively, and behave modular covariantly as above.

Characters for the N/ = 4 SCA with ¢ = 6. The character formulas of the unitary
irrep.’s of the N' = 4 SCA with ¢ = 6 (level 1) are given in [30, 31], and we exhibit them
here. We focus on the NS-sector:

Massive representation C ,(LNS) .

V=) (B 7 2) = qh—%in o (for N9, (A.20)
Massless representations DéNS).
N=4,Ns) (, 1 _—1/8 1 n? ,03(7,2) (NS)
chy, (62,7,2) =q %1—}—%"—1/2 qzy ()3 (for Dy )y ),
(A.21)

+n n+1
N=4,(NS) 1/8 (1—-q)q El 23/ 03(7,2) (NS)
h L=0; for D .
chy ( T, Z Z 1+yqn+1/2 1+yqn 1/2) (7—)3 (OI‘ 0 )

(A.22)
The R-sector characters are obtained by the 1/2-spectral flow. Namely,
ChN:4’(R)(h; T,Z) = qiychN:ZL’(Ns) (h - i; T,z + ;) , (for C}(LR)) ,
chg\[:4’(R)(€ T,2) = q4ychN 4(NS) (2 —bTz+ 72—> , (for DER)) : (A.23)

B Twisted characters of N =2 and N = 4 SCFTs

In this appendix we summarize the definitions of the twisted characters of N' = 2 and
N = 4 superconformal algebras, according to [24, 25].

N = 2 twisted characters for the minimal model M. We consider the characters
of the N'= 2 SCA, twisted by the Zs-autormorphism

N T T, J— —J GF— G, (B.1)

(a)
[S,T]

spatial and temporal boundary conditions associated with the oV =2-twist (S,T = 1 means

and express them as ch;o’, where a are the spin structures, and S,T € Zs signify the

twisted, and S, T" = 0 means untwisted). We then have the following identities,

(NS) (NS) (NS) (R) (NS)y _ p(®)

Ch[o 1]( T) = Ch[o 1] (1), Ch[1 0]( T) = h[1 0}( 7), h[1 1]( T) = h[ }( 7), (B.2)
(R) (R) (NS) y _ (B (NS)(y _ 1 (R)

chyo,y(7) = chy(7), - ehyy g (m) = chy g (7). by (r) =y (), (B3)
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and denote the twisted characters in the first line (B.2) as ‘x(o.1](7)’, “X[1,0)(7)" and ‘x(1,17(7)’
for brevity. Especially, for the minimal models My, they are presented in [24, 25] (based
on [32-34, 41-43]) as

k(7)) = 5t (21 a2 (7) + (1) Oa(rs 1y a2y a(ra2) (7)) . (£ : even),
Xeat) = g, (¢ : odd).

Xip(T) = e <@é+1—%,k+2(7) - 9-(@+1)-%,h+2(7)>
1

= 0 (O 1)— (k2 a(k+2) (T) + O 1) 43(k+2),4(k+2) (T)

—O_9(011)— (h+2) 4(k+2) (T) — O a0 1)+3(k+2).4k+2) (7)) 5

>

1
Xf[l,l] (7') = 93(7) ( 2(041)— (k+2),4(k+2)(7) + (—1)k92(e+1)+3(k+2),4(k+2)(7')
+(=1) O _g(41)- (k+2),4(k+2)(7)+(—1)kM@—z(e+1)+3(k+2),4(k+2)(T))- (B.4)

The conformal weights of the ground states corresponding to the first characters are

00 +2)
h=h=———= B.
TN (B:5)
while those for the second and third ones are given by
-2 —20)2 1
o= k2 (k=20 (B.6)

16(k + 2) 16°
Note that only the states with the vanishing U(1)-charges can contributes to the relevant
characters. Note also that X];z,g 0] = X]g[l,o]’ X]]zie 1] = Xlg[l,l]' Due to these relations the
corresponding fields are identified, leaving only ¢ = 0,1,..., [g] as independent primary
fields.

The modular transformations of the twisted N' = 2 characters are

k
27 hyp— =B es 1
Ko (r+ 1) = sl ) ko) ko (—)=Z<—1>f/2sz,e/x;f,pvo]<7>,

T v
k _ (b sit) 5
Xepo(T+1) =e Xe[1,1] (1), Xe Z e Xe’ [0, 1]( ),

i ht— 1 5
Xe[1,1] (t+1)= e ( ¢ 8(k~+2)) Xf[Lo] (1), XIZ[LH (—7_> = E St x’g, [1,1] (7). (B.7)
e/_

Here Spp = ,/%H sin (%) is the modular S-matrix of the SU(2) WZW model at

level k, and S\g’g/ = 5 (t+0-3) Sep.

Let us briefly comment on the remaining minimal model characters appearing in the
second line (B.3). For example, for the [0, 1]-type boundary condition in the R-sector,
almost all the characters vanish, except for the special representation generated by the
non-degenerate Ramond ground state with h = g, @ = 0, that is, £ = , m = :i:(% +1)
with k& € 2Z~¢. The corresponding character equal +1, where the sign ambiguity is just

=2

due to the action of o7 =% on primary states.
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N = 4 twisted characters. We next summarize the twisted A/ = 4 characters defined
by the O'(Ll) and U(L3)—twists in the unitary irrep.’s of the N' = 4 SCA with ¢ = 6. We first

focus on the O'( )

-twist for the boundary conditions given in (B.2). The key formula is the
spectral flow decomposition of the A/ = 4 characters by the N' = 2 ones [30, 31], written

schematically as

chV=4(N8) (x;7,2) Zq n?y2n hN:2’(NS)(*;T,Z+nT), (B.8)

nez
for the NS-sector, where n € Z is identified with the n-th spectral flow sector. It is again
the simplest to evaluate the case of [S,T] = [0, 1] (i.e. with the insertion of 0'(L3) into the
trace). This just yields an extra phase factor (—1)" in each n-th spectral flow sector in the

decomposition (B.8), and we obtain the desired character formulas (by setting z = 0):

. . NS
Massive representation C,(l ),

() Lo=i] = gh—3% S (~1)gs O3(1) _ théw

Tr NS) [0’ q G
L = n(r)? n(r)3
2qh7§
= =: h; 7). B.9
0,(7) X[o,l]( ) ( )
Massless representations ’DéNS).
(3) L . -1/8 ntl 1 O3(1) _
Tr o g~ 4 = -1 =0, B.10
,Dil/\TZS)[ L 4 q 7%( ) 1+qn_1/2 ( )3 ( )
L_;,_n_l
(3) gLo—41 = ¢~1/8 (1-q)g> 03(7)
Trppslor a™ ) % 1+q"+1/2)(1+Q" 12)(r)3
_1/803(7)04(7)
828 T o h = 0; B.11
77(7_)3 —X[O,l]( 077—7 Z)' ( : )
The second line of (B.11) follows from the identity
1 1
1—q)g" 1 nty
(1= g)q" —1- S S (B.12)
(1+¢qn+1/2) (1 +¢n=1/2) 14q"2 14¢"s

We next consider the J(Ll)—twist. Since the O'(Ll)—tWiSt acts as J(= 2J3) — —J on the

U(1)g-current of the underlying N' = 2 SCA, the spectral flow sectors of n # 0 cannot
(1)

contribute when o’ is inserted into the trace. Thus, the wanted characters should be
equal to the ones for the N' = 2 non-degenerate representations, that is,

g O3(7)0a(7)
(1) o—1 T 3\T)04 _ .
TI'C(NS> [O'L q 4 \/ 7_ . \/ 77(7_)2 = X[O,l](h’ T), (B13)
TTD(NS)[U(L)Q 01 = (B.14)
1/2
7)  |03(7)0a(T) _
Tr (NS)[U(L)QLO 1| = \/ 7_ \/ n(T)Q :X[O,l](hZOJT)- (B-15)
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They indeed coincide with those of O'(L) twisting (B.9), (B.10) and (B.11).!' The U(L2)-
twisting leads to the same formulas, too.

The character formulas for other boundary conditions are just determined by the mod-
ular transformations. We denote the spin structures as well as the boundary conditions
of U(La) such as {NS, [S,T]}. Starting from the character formula of {NS, [0,1]} given
above, we find that there are three types of non-trivial characters x(o1(h;7), x[1,0/(h; 7)s

X[1,1] (h;7);

p2

{NS, [0,1]}, {NS, [0, 1]} 1 xpu(hiT) = jj(j) , (h = % é) ’
(NS, [1,0]}, {R, [1L,O}: xquoy(hi7) = jf(;) , (h _ % ) |
(NS L (R LI ) = 0 <h o )  (B.16)

There still remain the boundary conditions presented in (B.3). We briefly describe
them although only the ones listed in (B.16) are necessary in the main text,

TTC<R> [0'( gl 4} Tr ®) [O’(L)q o 4} =0, TngR) [U(L)qLO_ﬂ = +1, (B.17)

1/2

(Yo = 1,2,3). The sign ambiguity in the formula for D((]R)

as above. We also obtain the same results for the {R, (0,1)}-characters. It is trivial
to modular transform these results to obtain the remaining ones {NS, [1,0]}, {NS, [1,1]}

({R, [1,00}, {R, [1,1]}).
Open Access. This article is distributed under the terms of the Creative Commons
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is due to the same reason

References
[1] S. Kachru, J. Kumar and E. Silverstein, Vacuum energy cancellation in a nonsupersymmetric
string, Phys. Rev. D 59 (1999) 106004 [hep-th/9807076] [INSPIRE].

[2] S. Kachru and E. Silverstein, Selfdual nonsupersymmetric type-1I string compactifications,
JHEP 11 (1998) 001 [hep-th/9808056] [INSPIRE].

[3] S. Kachru and E. Silverstein, On vanishing two loop cosmological constants in
nonsupersymmetric strings, JHEP 01 (1999) 004 [hep-th/9810129] INSPIRE].

[4] J.A. Harvey, String duality and nonsupersymmetric strings, Phys. Rev. D 59 (1999) 026002
[hep-th/9807213] [INSPIRE].

[5] G. Shiu and S.H.H. Tye, Bose-Fermi degeneracy and duality in nonsupersymmetric strings,
Nucl. Phys. B 542 (1999) 45 [hep-th/9808095] INSPIRE].

1This coincidence would be anticipated. However, it is not necessarily self-evident because the automor-
phisms J(Ll) and 0(L3) are interpolated only by an outer-automorphism of the N' = 4 SCA, as opposed to

the case of e.g. S/[\J(2)k

— 29 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.59.106004
https://arxiv.org/abs/hep-th/9807076
https://inspirehep.net/search?p=find+EPRINT+hep-th/9807076
https://doi.org/10.1088/1126-6708/1998/11/001
https://arxiv.org/abs/hep-th/9808056
https://inspirehep.net/search?p=find+EPRINT+hep-th/9808056
https://doi.org/10.1088/1126-6708/1999/01/004
https://arxiv.org/abs/hep-th/9810129
https://inspirehep.net/search?p=find+EPRINT+hep-th/9810129
https://doi.org/10.1103/PhysRevD.59.026002
https://arxiv.org/abs/hep-th/9807213
https://inspirehep.net/search?p=find+EPRINT+hep-th/9807213
https://doi.org/10.1016/S0550-3213(98)00775-5
https://arxiv.org/abs/hep-th/9808095
https://inspirehep.net/search?p=find+EPRINT+hep-th/9808095

[6] R. Blumenhagen and L. Gorlich, Orientifolds of nonsupersymmetric asymmetric orbifolds,
Nucl. Phys. B 551 (1999) 601 [hep-th/9812158] [INSPIRE].

[7] C. Angelantonj, I. Antoniadis and K. Forger, Nonsupersymmetric type-I strings with zero
vacuum energy, Nucl. Phys. B 555 (1999) 116 [hep-th/9904092] InSPIRE].

[8] I. Antoniadis, E. Dudas and A. Sagnotti, Brane supersymmetry breaking,
Phys. Lett. B 464 (1999) 38 [hep-th/9908023] [INSPIRE].

[9] K. Aoki, E. D’Hoker and D.H. Phong, Two loop superstrings on orbifold compactifications,
Nucl. Phys. B 688 (2004) 3 [hep-th/0312181] [INSPIRE].

[10] K.S. Narain, M.H. Sarmadi and C. Vafa, Asymmetric orbifolds,
Nucl. Phys. B 288 (1987) 551 [INSPIRE].

[11] Y. Satoh, Y. Sugawara and T. Wada, Non-supersymmetric asymmetric orbifolds with
vanishing cosmological constant, JHEP 02 (2016) 184 [arXiv:1512.05155] [INSPIRE].

[12] Y. Sugawara and T. Wada, More on non-supersymmetric asymmetric orbifolds with
vanishing cosmological constant, JHEP 08 (2016) 028 [arXiv:1605.07021] InSPIRE].

[13] M. Blaszczyk, S. Groot Nibbelink, O. Loukas and S. Ramos-Sanchez, Non-supersymmetric
heterotic model building, JHEP 10 (2014) 119 [arXiv:1407.6362] [INSPIRE].

[14] C. Angelantonj, I. Florakis and M. Tsulaia, Universality of gauge thresholds in
non-supersymmetric heterotic vacua, Phys. Lett. B 736 (2014) 365 [arXiv:1407.8023]
[INSPIRE].

[15] C. Angelantonj, I. Florakis and M. Tsulaia, Generalised universality of gauge thresholds in
heterotic vacua with and without supersymmetry, Nucl. Phys. B 900 (2015) 170
[arXiv:1509.00027] [INSPIRE].

[16] A.E. Faraggi, C. Kounnas and H. Partouche, Large volume SUSY breaking with a solution to
the decompactification problem, Nucl. Phys. B 899 (2015) 328 [arXiv:1410.6147] [INSPIRE].

[17] S. Abel, K.R. Dienes and E. Mavroudi, Towards a nonsupersymmetric string phenomenology,
Phys. Rev. D 91 (2015) 126014 [arXiv:1502.03087] [NSPIRE].

[18] C. Kounnas and H. Partouche, Stringy N = 1 super no-scale models, PoS(PLANCK 2015)070
[arXiv:1511.02709] [INSPIRE].

[19] C. Kounnas and H. Partouche, Super no-scale models in string theory,
Nucl. Phys. B 913 (2016) 593 [arXiv:1607.01767] InSPIRE].

[20] S. Abel and R.J. Stewart, On exponential suppression of the cosmological constant in
non-SUSY strings at two loops and beyond, arXiv:1701.06629 [INSPIRE].

[21] M.R. Gaberdiel and A. Sen, Nonsupersymmetric D-brane configurations with Bose-Fermi
degenerate open string spectrum, JHEP 11 (1999) 008 [hep-th/9908060] [INSPIRE].

[22] Y. Satoh and Y. Sugawara, Lie algebra lattices and strings on T-folds, JHEP 02 (2017) 024
[arXiv:1611.08076] [NSPIRE].

[23] A. Sen, BPS D-branes on nonsupersymmetric cycles, JHEP 12 (1998) 021 [hep-th/9812031]
[INSPIRE].

[24] S. Kawai and Y. Sugawara, Mirrorfolds with K3 fibrations, JHEP 02 (2008) 065
[arXiv:0711.1045] [INSPIRE].

— 30 —


https://doi.org/10.1016/S0550-3213(99)00241-2
https://arxiv.org/abs/hep-th/9812158
https://inspirehep.net/search?p=find+EPRINT+hep-th/9812158
https://doi.org/10.1016/S0550-3213(99)00344-2
https://arxiv.org/abs/hep-th/9904092
https://inspirehep.net/search?p=find+EPRINT+hep-th/9904092
https://doi.org/10.1016/S0370-2693(99)01023-0
https://arxiv.org/abs/hep-th/9908023
https://inspirehep.net/search?p=find+EPRINT+hep-th/9908023
https://doi.org/10.1016/j.nuclphysb.2004.04.001
https://arxiv.org/abs/hep-th/0312181
https://inspirehep.net/search?p=find+EPRINT+hep-th/0312181
https://doi.org/10.1016/0550-3213(87)90228-8
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B288,551%22
https://doi.org/10.1007/JHEP02(2016)184
https://arxiv.org/abs/1512.05155
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05155
https://doi.org/10.1007/JHEP08(2016)028
https://arxiv.org/abs/1605.07021
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.07021
https://doi.org/10.1007/JHEP10(2014)119
https://arxiv.org/abs/1407.6362
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6362
https://doi.org/10.1016/j.physletb.2014.08.001
https://arxiv.org/abs/1407.8023
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.8023
https://doi.org/10.1016/j.nuclphysb.2015.09.007
https://arxiv.org/abs/1509.00027
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00027
https://doi.org/10.1016/j.nuclphysb.2015.08.001
https://arxiv.org/abs/1410.6147
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.6147
https://doi.org/10.1103/PhysRevD.91.126014
https://arxiv.org/abs/1502.03087
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.03087
https://pos.sissa.it/contribution?id=PoS(PLANCK 2015)070
https://arxiv.org/abs/1511.02709
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.02709
https://doi.org/10.1016/j.nuclphysb.2016.10.001
https://arxiv.org/abs/1607.01767
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.01767
https://arxiv.org/abs/1701.06629
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.06629
https://doi.org/10.1088/1126-6708/1999/11/008
https://arxiv.org/abs/hep-th/9908060
https://inspirehep.net/search?p=find+EPRINT+hep-th/9908060
https://doi.org/10.1007/JHEP02(2017)024
https://arxiv.org/abs/1611.08076
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.08076
https://doi.org/10.1088/1126-6708/1998/12/021
https://arxiv.org/abs/hep-th/9812031
https://inspirehep.net/search?p=find+EPRINT+hep-th/9812031
https://doi.org/10.1088/1126-6708/2008/02/065
https://arxiv.org/abs/0711.1045
https://inspirehep.net/search?p=find+EPRINT+arXiv:0711.1045

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

T. Eguchi and Y. Sugawara, String theory on Gs manifolds based on Gepner construction,
Nucl. Phys. B 630 (2002) 132 [hep-th/0111012] INSPIRE].

M. Ademollo et al., Dual string models with nonabelian color and flavor symmetries,
Nucl. Phys. B 114 (1976) 297 [nSPIRE].

D. Gepner, Fzactly solvable string compactifications on manifolds of SU(N) holonomy,
Phys. Lett. B 199 (1987) 380 [iInSPIRE].

D. Gepner, Space-time supersymmetry in compactified string theory and superconformal

models, Nucl. Phys. B 296 (1988) 757 [INSPIRE].

T. Eguchi, H. Ooguri, A. Taormina and S.-K. Yang, Superconformal algebras and string
compactification on manifolds with SU(N) holonomy, Nucl. Phys. B 315 (1989) 193
[INSPIRE].

T. Eguchi and A. Taormina, Character formulas for the N = 4 superconformal algebra,
Phys. Lett. B 200 (1988) 315 [INSPIRE].

T. Eguchi and A. Taormina, On the unitary representations of N =2 and N =4
superconformal algebras, Phys. Lett. B 210 (1988) 125 [INSPIRE].

V.K. Dobrev, Characters of the unitarizable highest weight modules over the N = 2
superconformal algebras, Phys. Lett. B 186 (1987) 43 [INSPIRE].

Y. Matsuo, Character formula of C < 1 unitary representation of N = 2 superconformal
algebra, Prog. Theor. Phys. 77 (1987) 793 [INSPIRE].

E. Kiritsis, Character formulae and the structure of the representations of the N =1, N = 2
superconformal algebras, Int. J. Mod. Phys. A 3 (1988) 1871 [INSPIRE].

F. Ravanini and S.-K. Yang, Modular invariance in N = 2 superconformal field theories,
Phys. Lett. B 195 (1987) 202 [INnSPIRE].

A. Recknagel and V. Schomerus, D-branes in Gepner models, Nucl. Phys. B 531 (1998) 185
[hep-th/9712186] [INSPIRE].

I. Brunner, M.R. Douglas, A.E. Lawrence and C. Romelsberger, D-branes on the quintic,
JHEP 08 (2000) 015 [hep-th/9906200] [INSPIRE].

M. Gutperle and Y. Satoh, D-branes in Gepner models and supersymmetry,
Nucl. Phys. B 543 (1999) 73 [hep-th/9808080] [INSPIRE].

H. Ooguri, Y. Oz and Z. Yin, D-branes on Calabi- Yau spaces and their mirrors,
Nucl. Phys. B 477 (1996) 407 [hep-th/9606112] [INSPIRE].

N. Ishibashi, The boundary and crosscap states in conformal field theories,
Mod. Phys. Lett. A 4 (1989) 251 [INSPIRE].

A.B. Zamolodchikov and V.A. Fateev, Disorder fields in two-dimensional conformal quantum
field theory and N = 2 extended supersymmetry, Sov. Phys. JETP 63 (1986) 913 [Zh. Eksp.
Teor. Fiz. 90 (1986) 1553] [INSPIRE].

Z.-A. Qiu, Conformal field theories and modular invariant partition functions for
parafermion field theories, Nucl. Phys. B 295 (1988) 171 [INSPIRE].

F. Ravanini and S.-K. Yang, C disorder fields and twist partition functions in parafermionic
conformal field theories, Nucl. Phys. B 295 (1988) 262 [INSPIRE].

— 31 —


https://doi.org/10.1016/S0550-3213(02)00187-6
https://arxiv.org/abs/hep-th/0111012
https://inspirehep.net/search?p=find+EPRINT+hep-th/0111012
https://doi.org/10.1016/0550-3213(76)90590-3
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B114,297%22
https://doi.org/10.1016/0370-2693(87)90938-5
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B199,380%22
https://doi.org/10.1016/0550-3213(88)90397-5
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B296,757%22
https://doi.org/10.1016/0550-3213(89)90454-9
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B315,193%22
https://doi.org/10.1016/0370-2693(88)90778-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B200,315%22
https://doi.org/10.1016/0370-2693(88)90360-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B210,125%22
https://doi.org/10.1016/0370-2693(87)90510-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B186,43%22
https://doi.org/10.1143/PTP.77.793
https://inspirehep.net/search?p=find+J+%22Prog.Theor.Phys.,77,793%22
https://doi.org/10.1142/S0217751X88000795
https://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A3,1871%22
https://doi.org/10.1016/0370-2693(87)91194-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B195,202%22
https://doi.org/10.1016/S0550-3213(98)00468-4
https://arxiv.org/abs/hep-th/9712186
https://inspirehep.net/search?p=find+EPRINT+hep-th/9712186
https://doi.org/10.1088/1126-6708/2000/08/015
https://arxiv.org/abs/hep-th/9906200
https://inspirehep.net/search?p=find+EPRINT+hep-th/9906200
https://doi.org/10.1016/S0550-3213(98)00864-5
https://arxiv.org/abs/hep-th/9808080
https://inspirehep.net/search?p=find+EPRINT+hep-th/9808080
https://doi.org/10.1016/0550-3213(96)00379-3
https://arxiv.org/abs/hep-th/9606112
https://inspirehep.net/search?p=find+EPRINT+hep-th/9606112
https://doi.org/10.1142/S0217732389000320
https://inspirehep.net/search?p=find+J+%22Mod.Phys.Lett.,A4,251%22
https://inspirehep.net/search?p=find+J+%22Sov.Phys.JETP,63,913%22
https://doi.org/10.1016/0550-3213(88)90250-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B295,171%22
https://doi.org/10.1016/0550-3213(88)90256-8
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B295,262%22

	Introduction
	Toroidal asymmetric orbifolds
	Asymmetric orbifold T**4[D(4)]/[(-1)**(F(L)) otimes (-(R))**(otimes 4)]
	Asymmetric orbifold [T**4[D(2)oplus D(2)] x S**1(R)]/[(-(L))**(otimes 2) otimes (-(R))**(otimes 4)]

	Chiral SUSY vacua as asymmetric orbifolds of T**2 x K3
	Asymmetric orbifolds of T**2 x K3 with chiral SUSY
	Concrete examples: Gepner construction
	General construction of boundary states with vanishing self-overlaps
	Points of toroidal orbifolds

	Discussion
	Summary of conventions
	Twisted characters of N=2 and N=4 SCFTs

