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D-term uplifts in nonsupersymmetric heterotic string models
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Recently, we proposed that the one-loop tadpole diagram in perturbative nonsupersymmetric heterotic
string vacua that contain an anomalous U(1) symmetry, leads to an analog of the Fayet-Iliopoulos D-term
in A = 1 supersymmetric models, and may uplift the vacuum energy from negative to positive value. In
this paper, we extend this analysis to new types of vacua, including those with stringy Scherk-Schwarz
(SSS) spontaneous supersymmetry breaking versus those with explicit breaking. We develop a criteria that
facilitates the extraction of vacua with Scherk-Schwarz breaking. We develop systematic tools to analyze
the T-duality property of some of the vacua and demonstrate them in several examples. The extraction of
the anomalous U(1) D-terms is obtained in two ways. The first utilizes the calculation of the U(1)-charges
from the partition function, whereas the second utilizes the free fermionic classification methodology
to classify large spaces of vacua and analyze the properties of the massless spectrum. The systematic
classification method also ensures that the models are free from physical tachyons. We provide a systematic
tool to relate the free fermionic basis vectors and one-loop generalized GSO phases that define the string
models, to the one-loop partition function in the orbifold representation. We argue that a D-term uplift,
while rare, is possible for both the SSS class of models, as well as in those with explicit breaking. We

discuss the steps needed to further develop the arguments presented here.
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I. INTRODUCTION

The Standard Model (SM) of particle physics provides
an effective parametrization for all observational subatomic
data to date. It is even possible that it remains viable up to
the grand unified theory (GUT) scale, or Planck scale,
where gravitational effects become prominent. In this case,
gaining insight into the fundamental origin of the SM
parameters can only be gleaned by fusing it with gravity.
String theory provides the most advanced contemporary
framework to pursue the synthesis of gravity with the
subatomic gauge interactions. For that purpose, Standard-
like Models were constructed in the free fermionic formu-
lation of the heterotic string and provide a laboratory to
study how the Standard Model parameters may arise in a
theory of quantum gravity [1-7]. The free fermionic
heterotic string models are Z, x Z, orbifolds of six
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dimensional tori at enhanced symmetry points in the
moduli space [8—12].

While the majority of phenomenological string models
constructed to date possess A/ = 1 spacetime supersym-
metry (SUSY), absence of SUSY at observable energy
scales mandates that it has to be broken. Spacetime SUSY
in string models can be broken by nonperturbative effects
in the effective field theory limit of the string vacua, or it
may be broken directly at the string scale. In the string
constructions, we may distinguish between explicit and
spontaneous breaking, where, in the former, the remaining
gravitino is projected from the spectrum, whereas sponta-
neous breaking can arise through the Scherk-Schwarz
mechanism [13—17], in which case the gravitino mass is
proportional to the inverse of an internal radius of the six
dimensional compactified torus.

It is clear that addressing many of the questions in string
phenomenology mandates the breaking of SUSY. In
particular when it comes to the cosmological evolution
and string dynamics near the Planck scale. The non-SUSY
string vacua typically contain physical tachyons in their
spectra that indicate that they are unstable. However, also
those configurations that are free of physical tachyons, in
general have nonvanishing tadpoles and vacuum energy
that in general lead to instability.

One of the recurring features in supersymmetric string
derived models is the existence of an anomalous U(1)
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(U(1),) symmetry. The U(1), is canceled by an analogue
of the Green-Schwarz mechanism, which generates a
Fayet-Iliopoulos (FI) D-term that breaks SUSY near the
Planck scale [18,19]. The nonvanishing D-term gives rise
to a nonvanishing vacuum energy at two-loop [20]. SUSY
can be restored by assigning nonvanishing Vacuum
Expectation Values (VEV) to some Standard Model singlet
fields along F- and D-flat directions. The anomalous U(1)
symmetry in string construction plays a pivotal role in
many of the phenomenological studies of string compacti-
fications [21-24].

An anomalous U(1) symmetry is a recurring feature also
in non-SUSY string vacua. The same diagram in string
perturbation theory that generates the FI term in the SUSY
configurations is also present in the non-SUSY configu-
rations, i.e., both in those with explicit SUSY breaking, as
well as those in which it is broken by the SSS mechanism.
Similarly, the two-loop diagram contributing to the vacuum
energy is also present in the case of non-SUSY vacua,
either with explicit or SSS SUSY breaking. Thus, it
imperative to take into account this contribution to the
vacuum energy also in these cases.

This contribution to the vacuum energy is particularly
pertinent to the question of the existence of a de-Sitter
vacuum in string theory. Astrophysical and cosmological
data indicate that the universe is accelerating. The existence
of a positive vacuum energy is one of the possible
explanations. However, the existence of string vacua with
positive vacuum energy and stable moduli is currently
under intense scrutiny and doubt. For instance, for the non-
SUSY heterotic constructions examined through effective
field theory methods in Ref. [25] only AdS vacua are
found to be possible. However, through exact world sheet
evaluation of the one-loop potentials of non-SUSY heter-
otic string orbifolds, Florakis and Rizos demonstrated the
existence of string vacua with positive vacuum energy [26].
However, many open issues remain in the study of string
vacua without SUSY and with respect to (related) issues
around moduli stabilization. Additionally, it remains
important for this analysis to be extended to models in
which more phenomenological criteria are satisfied.

One direction in which progress can be made to the
evaluation of vacuum energy for non-SUSY heterotic string
vacua is through exploring the contribution of the would-be
FI D-term. Since this contribution is positive definite it may
uplift an a priori negative vacuum energy to a positive one,
an idea discussed in [27]. Recently, we demonstrated this
possibility in a particular string vacuum [28]. The analysis
utilizes the free fermionic classification methodology to
extract tachyon free non-SUSY string vacua. It then calcu-
lates the traces of the U(1) gauge symmetries and extracts
the tachyon free vacua with a U(1),. The one-loop vacuum
amplitude was analyzed in comparison to the U(1), would-
be D-term contribution. Following Refs. [26,29,30], a
numerical analysis of the potential and its dependence on

the moduli in specific string models was performed in the
neighborhood of the a local minimum. It was then found that
a D-term uplift to a positive value may indeed be possible in
a model with explicit supersymmetry breaking.

In this paper we extend the analysis of [28]. We develop a
criteria to distinguish the models with SSS supersymmetry
breaking that allow for the vacuum energy to be exponen-
tially suppressed provided that the number of massless
bosons and fermions is equal. We then proceed to analyze
the vacuum energy and potential of a range of models with
both explicit and SSS SUSY breaking. We demonstrate that
a D-term uplift may indeed be possible in models with SSS
breaking as well as in models with explicit breaking. We
further provide some statistical measure for the frequency of
tachyon free models with SSS breaking, and provide further
examples of cases where a minimum of potential is not
obtained for finite value of the moduli.

Our paper is organized as follows: in Sec. Il we review
some general aspects of the free fermion construction that are
particularly relevant for the analysis in this paper, and refer
to the literature for more details. In Sec. III we review the
calculation of the Fayet-Iliopoulos term in N = 1 supersym-
metric string vacua and discuss its adaptation to the ' = 0
case. In Sec. IV we discuss the analysis of the one-loop
partition function and potential, as well as the derivation of
the anomalous U( 1) from the partition function that serves as
a countercheck on its derivation from the massless spectrum.
In Sec. V we elaborate on explicit SUSY breaking versus
spontaneous SUSY breaking by the SSS-mechanism. We
derive conditions that facilitate the extraction of the string
vacua that utilize the SSS-mechanism and provide examples
that demonstrate their utilization in Appendix B. Similarly, in
Sec. V we identify the conditions on the world sheet phases
that exhibit the T-duality property of the string vacua and
supplement these with examples in Appendix B. In Sec. VI
we discuss the conditions for the extraction of tachyon free
configurations in the space of vacua, and Sec. VII elaborates
on the analysis of the chiral sectors and extraction of the
anomalous U(1), symmetry from the massless spectrum.
Section VIII presents our results that include examples of
uplift models with SSS supersymmetry breaking as well as
explicit breaking. Section IX contains our conclusions and
discussion on further steps that can be taken to improve the
rigour of the analysis presented in this paper as well as its
predictability. In Appendix A we discuss in detail how to
relate a free fermion model which is specified in term of
the set of boundary condition basis vectors and one-loop
GGSO phases, to the one-loop partition function in a bosonic
representation. The art in this regard is in the translation of
the GGSO projection coefficients to the modular invariant
phase that appears in the one-loop partition function. This
tool therefore facilitates the writing of the partition function,
which provides access to the entire string spectrum, for any
string model, which is specified in terms of the boundary
condition basis vectors and one-loop phases.
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II. MODEL BUILDING IN THE FREE FERMIONIC
FORMULATION

In the free fermionic formulation of [31-33], all degrees
of freedom are realized as free fermions propagating on
the string world sheet. For the heterotic string in four

Holomorphic: y/ﬂzl»z, e
Antiholomorphic: y!+¢, — pl--

where:
(1) w* is the superpartner of the bosonic spacetime field
X*(z) in the lightcone gauge.

(i) y'+% are the superpartners of the six compact
directions of the bosonic coordinate fields.
{y',w!|y',w'} realize the conformal field theory
associated to the six dimensional compact geometry.
Currents associated to {!+3,7!?3} can realize a
gauge c¢ =8 conformal algebra containing an
SO(10) GUT from the '+ that may contain
Standard Model like gauge fields.

(v) Currents associated to {¢'+~3} can be associated to

a gauge ¢ = 8 conformal algebra relating to the

hidden sector of the theory.
Consistent model building requires that a N = 1 super-
conformal algebra on the string world sheet is realized
|

IBG). ..

(iif)
(iv)

B={Bw). B2 BOA). BO). BO). - B0

such that #(f) € (-1, 1] and Ramond (R) boundary con-
ditions correspond to f(f) =1, while Neveu-Schwarz

(NS) is given by p(f) =
The partition function in the fermionic formulation can

705

where Zz = 1/5#%i? is the bosonic partition function and
C [;] are generalized GSO (GGSO) phases which respect

modular invariance. The Z [;] represent the world sheet

Z=2p» C

affeE

(2.4)

fermions and are thus products of Jacobi theta functions.
The partition function for the models we explore in this
work is discussed in Sec. IV.

Aside from the partition function we can also view the
spectrum through the modular invariant Hilbert space, H,
of states, |Sg). This is constructed through implementing the
one-loop GGSO projections on each sector according to:

dimensions, we consider holomorphic fields that realize a
supersymmetric ¢ = 10 conformal algebra and antiholo-
morphic fields that realize a nonsupersymmetric conformal
algebra. Along with the spacetime bosons X¥(z,Z) we
denote the fermionic fields as

(2.1)

among the holomorphic degrees of freedom. This can be
achieved via the world sheet supercurrent

+IZ)(I I 1

which has conformal weight (3/2,0). This results in a local
enhanced symmetry group SU(2)®, the adjoint representa-
tion of which is given by the six SU(2)-triplets from
(v v}

Models in the free fermionic formalism are then defined
by considering a one-loop torus and defining a set of N
boundary condition basis vectors, v; € B, specifying how
each free fermion, f, propagates around the two non-
contractible loops of the torus. An element # of the space
E = span{B} can then be written as

Tr(z) = iy#oX*(z (2.2)

lf[{ mlh|Sp) = 64C [q ISﬂ>}Hﬂ» (2:5)

BeE;

where Fy is the fermion number operator and Jg is the spin-
statistics index.

The sectors, f, in the model can be characterized
according to their holomorphic (H) and antiholomorphic
(A) moving vacuum separately

1 Bubu

2+ 8
L Baba
8

+ Ny

+ Ny, (2.6)

where Ny and N, are sums over left and right moving
oscillator frequencies, respectively

NH = ZU}L + ZU,{*
A A

(2.7)

086007-3



AVALOS DIAZ, FARAGGI, MATYAS, and PERCIVAL

PHYS. REV. D 108, 086007 (2023)

(2.8)

Ny = ZD; + ZU;*,
y »

where 4 is a holomophic oscillator and 4 is an antiholo-
morphic oscillator and the frequency is defined through the
boundary condition in the sector f

v, = I%M, Uy = ! _fu). (2.9)
J
T = (g, g6, ylonsb g6 | 51
S = {yt o
e ={y,w |y w} i=1,..

Such a basis can be associated with symmetric Z, x Z,
orbifolds [8—12] extensively classified in previous works
[7,34—41]. The NS sector of the models associated to this
basis produce spacetime vector bosons generating the

gauge group

SO(10) x U(1); x U(1), x U(1); x SO(8)?,  (2.11)
where we note that U(1),,; are generated by the anti-

holomorphic currents i7*7**. With respect to the basis (2.10)
it is useful to identify the important linear combination

and by =b; +by +x = {32 3 y12 y#[512, 534 g5 P ),
which spans the third twisted plane of the Z, x Z, orbifold
and facilitates the analysis of the observable spinorial and
vectorial representations as first developed in [34,35].
Models may then be defined through the choice of GGSO
phases C [:,] There are 66 free phases for this basis, with all

others specified by modular invariance. The full space of
models is thus of size 2° ~ 109, The N =1 super-
symmetric subset of which is defined by those satisfying

o] =ela)=elal=

in order to preserve one gravitino. Furthermore, we note that
the phases C[g] and C [bi ], k = 1, 2, 3, determine the chirality

(2.13)

767

Physical states must satisfy the Virasoro matching con-
dition, M% = M3, such that massless states are those with
M?% = M3 =0 and on-shell tachyons arise for sectors
with M%, = M3 < 0.

A. Symmetric Z, x Z, SO(10) models

For this work we explore the one-loop cosmological
constant and U(1) , tadpole calculations for models defined
through the basis set

(2.10)

of the degenerate Ramond vacuum |S) and the gravitino is
retained so long as

1 S S S
S by b, b;
which can, without loss of generality, be fixed to
1 S S
C =C =C =—1, (2.15)
S b, b,

for a scan of A’ =1 vacua.

Since we are interested in non-SUSY vacua in this work
we will be considering the complement to this space of
N =1 vacua. In previous work on non-SUSY heterotic
string vacua from Z, x Z, orbifolds [42-44] tachyon free
configurations satisfying various phenomenological require-
ments and their one-loop cosmological constants are
explored. In Sec. VI we will detail how we ensure that
only those models free from physical tachyons are explored.

In the next section we show how the U(1), gauge
transformation manifests in a 4 dimensional theory and
how the Green-Schwarz mechanism deals with it. We then
compute the FI term through a string theory computation at
1-loop and we conjecture how this term can lift the vacua
from an anti—de Sitter to a de Sitter.

III. FAYET-ILIOPOULOS D-TERM
CALCULATION

Anomalies arise whenever one, or some, of the classical
symmetries are broken by quantum effects. Some global
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symmetries need to be broken by anomalies in order to
reproduce observable phenomenology, however a break-
down of a local symmetry indicates a symmetry current
is no longer conserved and longitudinal, nonphysical
modes of the gauge fields no longer may decouple from
the S-matrix. This can result in the loss of unitarity and
appearance of unphysical divergences.

In a four dimensional heterotic string theory the anoma-
lies come from the one-loop triangle diagram, where the
external lines can be gauge fields, gravitons or a mixture of
each. In the following, for simplicity, we will consider
purely U(1) gauge anomalies. We start from the four
dimensional effective action in the Einstein frame

2 20 —4®

e e
S = d*xV=G - _H,
' { 27 12

32 H/ﬂ/ﬂ:|

(3.1)

with H the field strength of the B field such that

K2 K2 20
=dB-= =dB—-=Tr|[AANdA—"AANAANA]|.
H =dB Qg{M dB 2T AN dA ANANA
7 g 3
(3.2)

Under a Gauge transformation, the gauge fields transform
asA, - A, + d,A and the effective action varies as follows

11

8Soncloon = 756 / d*XTr[Q|e" P AF , F . (3.3)

When the sum of these U(1) charges is not zero this
anomalous triangle diagram contribution will be present,
with massless particles circulating in the loop. The Green-
Schwarz mechanism [45] provides a way to cancel these
one loop anomalies through the introduction of an anti-
symmetric 2-form coupled at one loop to the U(1) 2-form
field strength in the effective Lagrangian

g B F . (3.4)

imposing the B field to vary under the U(1) Gauge
transformation as 6B = K2 AF, with
4Tr[Q?] = Tr[Q], such that it compensates the anomalous
triangle diagram. The action can also be written in terms of
the axion field, a, dual to the antisymmetric B field. The

axion field is introduced as a Lagrange multiplier term into
the Lagrangian

the condition

20 —4®
Fw - S H,, H"Y - ¢

241

2
+ 6€Maa H,p, + 4" ¢ F, F .

e
=g e

VG

vpo
2B, F,,

(3.5)

such that its equations of motion give the definition of the
H tensor

2

1
6" Ity + 35" FuFy = 0

vpo

2

Using this result and integrating out the H tensor in the
Lagrangian (3.5) gives

1 —40
ﬁﬁ = 492 F FH —K2€4®(aﬂa+2é’Aﬂ)2
2

ak
+ 37 FuFpo: (3.7)

while the gauge transformation of the axion field can be
found through the gauge invariance of H to give

a = —2(A, (3.8)

such that when ¢ # 0 the anomalous gauge field acquires a
mass and the gauge symmetry is spontaneously broken.

In order to compute the FI coefficient { we have to
evaluate the 2-point function of the antisymmetric B field
and the U(1), gauge boson at one loop, where only chiral
fermions with odd spin structure give a nonvanishing
contribution.

For the ghosts b, ¢ their zero modes are saturated by
inserting (bbcc) into the path integral. For the ghost
superpartners f, y in order to project out of integration
their zero modes one of the vertex operators has to be put in
the O picture, the other in the —1 and an insertion of the
picture changing operator e T is needed, where the scalar
¢ arises by the bosonization of the f — y fields

f=e?0¢, y = efn. (3.9)
The amplitude then reads
drd -
/ e / dzzd2w<b(O)b(O)c(O)E(O)e‘/’TF(O)
21'2
X Vi @)Vl () (3.10)

with the denominator needed to fix the translation Killing
symmetries of the torus and the residual discrete symmetry
z = —z. The vertex operators for the gauge boson and
the antisymmetric field in the —1 and O pictures are the
following
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VZ,,i_ | = g kT 2y e

2 . ! -
Vio= \/:,gck_'/2 (iaX” + %k . l//l;/")Je”"X
’ [04
| 2 BX;I =,V pip-X
B—1—1! ;gc e ye

2 - ! .
Vi = ;fgCaX” (i@X” + %p . 1//1//") etk X, (3.11)

with g, = k/2z and k = 1/2. These normalizations are
chosen such that the string amplitudes match with the
field theory calculation and with the vertex operators in the
two pictures related via V. (z) = lim,,_, e?Tr(w)V,(z),
where the matter supercurrent takes the form

. /2
Tr= L\/;y/”OXﬂ.

We note that we included the @ dependence and that the
supercurrent is composed of only the uncompactified fields
since vertex operators do not involve internal lattice
excitations. When A > 2 the amplitude vanishes due to
the fermion zero modes. However, for N' = 1 they can be

(3.12)

(bbce) = i’
(X7 (w, )X*(0)) = (-%m&l(
1
ebe—b) — —
( ) 7

and for the current

au —H 2xiv]’ >
(I = oy Tr[(=1)"¢"g" ™| ,_g = 7*

X Tr[(_1>FquH 12‘11’]7 (317)

where the derivative acts on the states charged under U(1),,
i=1, 2, 3. In the massless limit only chiral fermions
contribute with (H, H) = (0,5) so we get

(J'y = i Tr[(=1)Fq;] = 7 TrQ;, (3.18)

with TrQ; = > ng;h summed over all states in the spec-
trum such that n, ¢; and h are the number of massless
fermions, their U(1); charges and their chirality, respec-
tively. Note that the anomalous U(1), charge is given as
combination of the three U(1), , ; produced by the world-
sheet currents :77"ij': , i = 1, 2, 3, according to

soaked up by the fermion correlator. To see this, we can
take the O(p) linear approximation of the amplitude

drdr
/1/2 c/ : 2/d2 d*w(bbce) (woy yty?)

X<J’><0Xy0X”><6¢€ Wy

(3.13)

where the fermion correlator can be written in terms of the
fermion current correlator

ij

<Jij> — e_.aDTr[(_] )Fez’”.yjij}y
2ri

(wiy') = —.  (3.14)
such that the (yy*y*y”) term acts as follows on the four
noncompact fermions

Hy P\ — goaup V.
(wowyry?) =€ Yy

9, a,,,( 131(y)81(w)>
(3.15)

= %ewﬂpn{

making use of 9,9,(v) = 2zn>. The other one-loop corre-
lators are the following

(3.16)

iaUl + bU, + cUs

3.19
—~ Va*+ b+ ( )

where (a.b,c) =1 (TrU,;, TrU,, TrU;) and k = ged(TrU;,
TrU,, TrU3). Adding the contribution of the four non-
compact bosons from the partition function and their zero
modes allows us to write the amplitude as

: 2
ig: dr,dz, )
——k €”‘W’TrQA/ /dzzd w
256732 7

ige

= 1237 ka0,

(3.20)

using that [ @’z = 2(27)?r, and x/3 is the volume of the
fundamental domain. Reducing the constants and doing
further contractions of this N/ = 1 amplitude allows us to
finally write the FI term as
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) TrQy,
*1927%°

(= (3.21)
such that, when TrQ, # 0, there is an additional positive
contribution in the effective D-term potential

1
=50 (322

that corresponds to a two-loop dilaton tadpole. This addi-
tional term was originally computed both from the low
energy effective action in Ref. [18], as well as through
explicit two-loop string calculations [20].

As stated above, only for A/ = 1 unbroken supersym-
metry is the FI term nonvanishing. In the free fermionic
models, the breaking N' =4 — N = 1 is achieved by the
introduction of the by and b, vectors (2.10) associated to
Z, x Z, orbifold twists. The breaking of the last super-
symmetry N = 1 - N = 0 is achieved by setting properly
the GGSO phases as delineated in Sec. II. We will discuss
the contribution of the FI D-term associated with TrU(1),
in these NV = 0 models in the following sections.

Our statement is that once the last supersymmetry is
broken, either spontaneously or explicitly, the D-term
contribution (3.22) will still be present. The same tadpole
diagram leading to the FI term in the N' = 1 supersym-
metric case is also present in the A/ = 0 case. The analysis
outlined above follows through irrespective of whether the
model has N =1 or N/ = 0 supersymmetry. The super-
symmetric case does guarantee a measure of stability
whereas the nonsupersymmetric case is fraught with further
uncertainties. For example, nonsupersymmetric string
vacua contain additional tadpole diagrams for the dilaton,
which indicate that the string equations of motion are
not satisfied in Minkowski four dimensional spacetime
with constant dilaton, and the computational stability from
higher loops is not preserved. Furthermore, in the follow-
ing, analysis of the potential is performed with respect to a

|

707 2222226224 Z

hy.ho.P;
91:92:Qi

a a+h1 a—+ hy
x 9 39 39 39
b yt b + [ 12 b —|— (953 2/34
22%[113 Hy
LGy Gyl

G;
_[k15 _Tk+h k+h
I e
g L1+g [+ 9

—

X

a+h+P1Q|+P2Q2+<D |:

a—hl—h2:|
b—gy—g2 ]

o G5

k- hl—hz] 9[k+P1]4 9[k+P2]4
l—g P LI+ 0 g L1+ 0 )gs

single internal moduli and all other internal moduli are set
at the free fermionic point but are not fixed. One direction
of improvement on the analysis that we present here is to
use the Kiritsis-Kounnas modular invariant regularization
scheme [46] that can regulate the infrared divergences.
We note that these caveats are relevant in general in
nonsupersymmetric string vacua that have been of some
old and recent interest in the literature [47-55]. For our
purposes here we note that the contribution of Eq. (3.22),
when nonzero, which has the same mass dimension, M i‘ as
the cosmological constant, will destabilize the vacua adding
a positive contribution and lift the minima of the one-loop
potential.

For the purpose of getting numerical results we fix the
string coupling O(g,) ~ 1, which corresponds to o =
gs/4m ~0.1. This order of magnitude can be justified by
reference to work on gauge coupling unification from string
model building, for example in Ref. [56]. We observe that
the D-term contribution goes with g2 so smaller values will
quickly make an uplift less likely. In Sec. VIII, we will see
that we obtain an uplift from AdS to dS only very rarely in
our setup and so choosing this order of magnitude for the
string coupling, rather than a smaller one, helps provide a
proof of concept.

In the next sections we study some heterotic string
models through the analysis of the partition function and its
potential behavior and we explicitly show how the FI term
is used in order to uplift the minima.

IV. PARTITION FUNCTION AND ONE-LOOP
POTENTIAL

The generic form of the partition function is given in
Eq. (2.4) applied to the models defined through the basis
(2.10). Using the techniques developed in Appendix A, the
partition function written in the free fermionic construction
can then be written in the following form

a k Hi h] h2 Pl:|
b I G g 9 0O

|:H1 H,
G, G,

hl}
T,y
ol )

hy + hy
g1+ 9

} (T(3), U<3>)

(4.1)
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For symmetric Z, x Z, orbifolds the moduli space is generally parametrized by three complex structure and three Kihler
moduli, one for each torus associated to the I';, lattices. The moduli space is then SO(2,2)/SO(2) x SO(2). At the
maximally symmetric (free fermionic) point (7', U,), at which bosonic degrees of freedom can be fermionized, the lattices
admit a factorized form which can be written entirely in terms of theta functions

H, H|h] [H

F(;%[ 1 2| M (T@,USF”) — 9 1
G Gylg] LGy

H;y Hyl|h) [H

ng%[ 3 4|2 (Tg)’ U&z)) — gl ™3
Gs; Galg | L G3 |

Ff%[HS Hg | hy + hy ] (Tf) Uf)) _ 19_H5
“LGs Gelgr+ 92 L Gs |

We furthermore note that the modular invariant phase
® |: a k H i hl ,’lz P i

b1 G g 9 0O
various GGSO projections. A choice of phase is equivalent
to a choice of GGSO matrix and hence there is a unique
one-to-one map between them. The factor of a + b ensures
correct spin statistics, while the explicit inclusion of the
extra phase P,Q; + P,Q, means that ® =0 is a valid
modular invariant choice.

The summation indices used to write the fermionic
partition function (4.1) correspond to various features
of the model. The indices a, b correspond to the spin
structures of the spacetime fermions y*, while k, [ are
associated to the 16 right-moving complex fermions giving
the gauge degrees of freedom of the heterotic string. The
nonfreely acting Z, x Z, orbifold twists are associated to
the parameters %, g; and h,, g,. One of the key features
of models defined by the basis (2.10) is the inclusion of
the basis vectors e; which generate freely acting orbifold
shifts in the internal dimensions of the compact torus. In
the partition function, these are realized by the indices H,
G; parametrizing each of the six independent shifts. The
additional twists P;, Q; correspond to the basis vectors z;
and z, acting on the hidden sector of our model.

The moduli-dependent form of the twisted/shifted lattice
requires closer attention. We know that all dependence on
the geometric moduli is contained in the untwisted sector of
the model and hence

} in (4.1) implements the

H, H,|h
Fzz{ : ? }(T U)‘
’ G] Gz g h.g#0
H, H,|h
=TIy, [ ] (T,,U.). (4.3)
G Gylyg

This means that for nonzero twists the lattice is precisely
given by its factorized form in (4.2). In the case of the
untwisted sector, the shifted lattice can be written in a
Poisson resummed Hamiltonian form as

_H1+h1}9{H2_19[H2+h1H
LGy + g G| LG+ g
[(Hy+h H,1 [Hy+nh
Ay
LG3+ Gyl LGs+o
(Hs —h, —h [H Hi—hi—h

5 —hy 2]19 6]19|: 6 — M 2”

(4.2)
LGs —hi—hy] |G Ge—hi —hy

|
H, H,|0

1ﬂ2.2[ ](T U)
G, G,|0

= Y FPTOPGHPHTOP Y (et 16,

mjn;€Z

(4.4)

where the left and right-moving momenta are

1 U 1
P = e [ 4 n0) =5 ms o)

V21,0, |2

—l—T(m] — ny +H1)+TU(m2—n2+H2):|

1 U 1
Pu= e [ -4 m0) =5 ms )

V2,0, |2
+T(m1—n1+H1)—TU(m2—n2+H2):|. (45)

Written in this form, it is easy to extract the g-expansion of
the partition function at any given point in the moduli space
which is crucial for calculating the one-loop potential. It
can be shown that the twisted/shifted lattice sums (4.3)
and (4.4) evaluated at the special point (7, U,) = (i/2,1)
indeed reproduce the free fermionic form of the partition
function (4.2).

Given the fermionic partition function (4.1), the one-loop
potential is evaluated by summing over all inequivalent
world sheet tori via the modular invariant integral

j ; 1 M d*z o .
Vot (T.U0) = 3725 [ F2{r5.70,0%),

73

(4.6)

where in Z(7,7,T%,U") we include the spacetime
bosonic degrees of freedom arising from the world sheet.
In models with a U(1),, an additional contribution to the
potential V, is generated as discussed in Sec. III. Since this
term is independent of the geometric moduli it provides a
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constant shift of the potential throughout moduli space.
Hence we use this to write the vacuum energy as

Viotal = Vone—loop(T(i>’ U(i)) + Vb, (47)
where Vp is given in term of the trace of the anomalous
U(1), via (3.22).

In order to calculate the one-loop potential of our models
we must be able to move away from this special point in
the moduli space. The details of the translation of a free
fermionic model into a Z’Z\’ orbifold was developed in [57]
and used in [26,29] to calculate one-loop potentials. Some
details of this translation are given in Appendix A.

The motivation for this procedure is that it enables us to
move away from the free fermionic point in the moduli
space. Although being fixed at this point allows for a
generic analysis of many important features of a string
model, for issues such as SUSY breaking and one-loop
stability, analysis across the moduli space is required.

In general, we can perturb away from the free fermionic
point using marginal operators given by the Thirring
interactions [58] which take the form Ji(z)J/(Z)=:
yiwi: :$/9/:. Writing these currents in bosonized form
we identify the geometric moduli Ji(z)J/(z) = dX'0X.
For symmetric Z, x Z, orbifolds we parametrize the
moduli space by a complex structure and Kéhler modulus
for each torus associated to the T, lattices: (7D, UW),
(T, UP) and (T®), U®)). These moduli span the familiar
S0(2,2)/50(2) x SO(2) moduli space of Z, x Z, sym-
metric orbifolds.

Once we have installed this moduli dependence and
followed the translation procedure we can calculate the
one-loop potential numerically at specific moduli values
using

where we integrate over the fundamental domain

F={reC|lt| > 1,]z| < 1/2}. (4.9)

Calculating the one-loop potential is then an exercise in
solving modular integrals.

One important observation is that we have 6 complex
moduli inside this integral rendering an analysis of the
potential in all directions impractical. A logical approach
used in [26,29], is to take the volume of the first torus
associated to Im(7() =T, and analyze the potential
solely in this direction, with the other moduli all fixed at
their values at the free fermionic point. This choice is
somewhat arbitrary except in the case of an SSS breaking
(discussed further in the Sec. V) where an internal shift in
the first torus means that 7, parametrizes the SUSY-
breaking and SUSY will be restored in the large volume
limit 75 — oo.

A. Calculating TrU(1), from the partition
function

In Sec. III we discussed how the FI D-term contributed
at 2-loop to the potential of our model. Its magnitude
depended on the trace of the fields charged under the U(1) 4
in our model, that propagate in the anomalous triangle
diagram in four dimensions. There are two equivalent ways
to calculate this trace. One way is to extract those states of
the massless spectrum charged under U(1), and add up
their charges. This approach utilizes free fermionic clas-
sification tools that are easily computerized. The details of
this approach are given in Sec. VII. The second way to

@ 116) 1 M d’t _ ) calculate TrU(1), is directly from the partition function,
Vonertoop(T, UY) = _5(271)4 /F TTZ (T’ nLTv.U ) which will be explained in this subsection. In order to
: perform this calculation it helps to rewrite the partition
(48)  function (4.1 as follows
|
a k Hi hl h2 Pi
B 1 1 1 1 a+b+P Q1 +P,0,+® b 1 G .
2= S 5 2 D) P o e O
A
a a 1 a+h a-+h a—h;—nh
o G R P F RO I P
b b n btgilye Lb+glyp Lb=g1—9 1
x rg[Hl H2 hl] (T, U(l))[‘§2%|:H3H4 hﬂ (T(Z)’U(Z))]"S%[HSHG g ”’2} (T, U®)
LG Gy “LG3Gy 1 9 “LGsGe g1 + 92
_[k15 _Tk+h _[k+nh _[k—h —h _[k+P 14 _[k+Py14
x&{ ] 19{ 1](%);,119[ * 2}(142),_7219[ ! 2](143),-7319{ 1] 8[ 2} . (4.10)
Llg= Ll+g I+ 9, l—g1— 9 I+ 01+ LI+ 0s g
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where we have reinserted the orthogonal component of y#
and its ghost contribution and the theta functions corre-
sponding to the 7' fields acquire a nonzero argument u;.
The total U(1),_,, 5 traces will then be given as

_ au aa) au, Z

Tru(1); = 2n2n 2w

(4.11)

v,0,u;=0

where the derivatives 9,0, correspond to the correlator
(yyyy), while 9, corresponds to the U(1); contribution of
(J') in (3.13) acting on the partition function. The total
anomalous U(1), will be the combination of the three
U(1); according to (3.19).

V. EXPLICIT VS SPONTANEOUS SUSY
BREAKING

The SUSY breaking N'=1 — 0 can happen in two
ways: explicit or spontaneous (SSS) breaking. In the latter
case, the GGSO phases can be set such that the gravitino
acquires a mass and supersymmetry is broken spontane-
ously. The requirement is that the partition function,
which will be nonzero in any point in the 7, moduli
space, vanishes when 7, — oo such that the potential in
that limit vanishes and supersymmetry is restored.
Spontaneous breaking certainly has attractive features
compared with the explicit case. As discussed in various
works [13-15,54,59-61], when accompanied by massless
Bose-Fermi degeneracy at some point in the moduli space,
Ng = N(}, we have the so-called “super no-scale” models in

which the cosmological constant is exponentially sup-
pressed according to [62]

1
A (N?,—N?)T—%—f—(’)(e_c ), (5.1)

We note that without the N9 = N? condition, SSS models

have polynomial, rather than exponential, suppression of
their one-loop cosmological constant. However, as noted
in [26,29,30] such super no-scale conditions are merely
necessary, not sufficient, conditions on the global structure
of the effective potential, which will be crucially dependent
on the full mass tower of states, including the non level-
matched ones around special self-dual points in moduli
space.

Despite the attractive features of such super no-scale
models, we note that the cosmological constant problem
remains an issue, also in these models. Even in the case
of spontaneous SUSY-breaking, there are sectors in the
additive group E generated by the basis vectors that
produce equal numbers of bosons and fermions [53]. The
states from these sectors do not reside in supermultiplets as
supersymmetry is broken. As usual the respective bosonic
and fermionic states arise from the generic sectors, e.g.,
a€E and S + a € E, and the bosonic and fermionic states

from these sectors differ in some of their U(1) charges,
reflecting the fact that supersymmetry is broken. However,
the phenomenological requirement still demands that the
bosonic states from these sectors, that may, for example,
correspond to the would be superpartners of the chiral
generations, receive mass of the order of 1 TeV. Generating
this mass splitting between will produce a cosmological
constant. Similarly, the other mass scales in the Standard
Model, e.g., the QCD scale, will contribute to the cosmo-
logical constant. The cosmological constant problem is
therefore much more profound, indicating a fundamental
dichotomy between quantum field theories expectations
and gravitational observations, and it is naive to expect
that the suppression observed in Eq. (5.1) can address the
problem. We would ideally also consider higher loop
contributions, e.g., the two-loop cosmological constant
that should ideally be incorporated into this analysis.
The fact is that the cosmological constant problem remains
regardless of the SUSY-breaking mechanism. For this
reason, we also explore some models with explicitly broken
supersymmetry in our analysis. However, we also detail in
the following how to identify the SSS models, which have
their distinct phenomenological characteristics.

In the SSS SUSY-breaking the gravitino acquires a mass
proportional to T%, such that SUSY is restored at the border

of the moduli space when T, — co and the partition
function vanishes. For this to happen, we require that in
that limit the modular block in the partition function
relating to the {y*,y'%, y**, y°%} fermions gives rise to
the Jacobi identity. To explore when this can happen, we set
(h;, g;) indices to zero since for all cases when SUSY is
restored from A = 0 to N — 1, 2, 4, the partition function
Z will vanish.

The momenta in (4.5), through a redefinition of the
summation variables n; — n; + m; + H; and fixing 7, U,
and U, at the free fermionic point, can be written as follows

P=—1 PN
L AT, 15+ 11

. n H
+l<m2+72+72—n2T2)]

! LRI
m - —_ n
V2L [\ 2 Ty T

n, H
+i<m2+—2+—2+n2T2>].

PR:

2+ (5.2)

We can now observe that when 7, — oo the only nonzero
term in the moduli-dependent lattice sum (4.4) is for n; = 0
and in this limit it contributes according to

hy

1){1‘11 H,
9

(
r
“le 6

] (1) s 0. 1. U) = 3710 (53)

m;eZ
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where the sum, up to a normalization that will not affect our dis
factorize as

cussion, can be set to 1. Then the partition function (4.1) will

1 1 k18- [k+ P14 [k+ Py 74 Hy H,|0
2(r8) = 0.1 0) = e S e a0 BT B e o)
nn 2 kH;P; [ Z+Ql Z+Q2 , G3 G4 0
1.Gj.Q;
[0 k H 0 0 P,}
Hs Hg|0 ®
3) | s 6 3 .06 . :
<ty [y lo 1ar o0 oy
Gs Gg|0
[1 k H 0 0 P,»] {O k H 0 0 P,»]
1+® 140
+(-1) L0 G 00 Qifgsy(—yy L1 I G 00 Qg (5.4)
The SSS condition requires
Z(1!") = o0, TV, UMy =0 (5.5)
In order to vanish the phase has to satisfy
{OkH,-OOP,} {1kH,»OOP,»] [OkHiOOP,-
® ® D
Z(_1> 0! G; 00 0 :Z(_l) 0! G; 00 0 :Z<_1) 1 1 G; 00 Q; (5.6)
Hy.Hy Hy Hy Hy.Hy
G|.Gy G|.Gy G1.Gy

which translates into a set of intricate conditions and
relations between the GGSO phases. In Appendix B we
will show explicitly two examples, one satisfying the SSS
conditions and the other with explicit SUSY breaking.

A. T-duality

For our choice of models specified by the basis set (2.10)
T-duality is not always preserved. In particular, the sym-
metric shifts represented by the e; basis vectors may spoil
the original SL(2;Z); symmetry associated to the moduli
T. We will now show how, for an SSS model, T-duality can
be broken. As already specified in Sec. IV, we will vary T,
only associated to the first 2-torus.

The left and right momenta of the shifted lattice in (4.5)
are left invariant under the following transformation

1

However, the phase in the lattice (4.4) gets an additional
term according to

einZ[((m[+n;+H,-)G[ N eiﬂzi((mi+ni+Hi)Gi % eiﬂ(HlGl+H2G2)

s

(5.8)

I

which will generally break T-duality. The same result can
also be obtained following the discussion of Sec. V. In the
T, — 0 limit, with the other moduli fixed, the only nonzero
contributions from the lattice (4.4) are 1, setting m; = n; =
H; =0 in the lattice sum, »_, 1, setting n; = —2m;,
H; =0, and ¢™HiGi+H:G) with m; = 0,n; = —H;. The
first two terms correspond, up to a normalization constant,
to (5.3) which for an SSS model give a vanishing
contribution. Meanwhile, the third contribution generates
an additional phase

|

In order to impose T-duality (5.7), in addition to (5.5) for
the SSS condition, we must then require

H,
G,

H,
G,

hy
9

1

(
1

Fg i)’ U£1)) = ¢in(H\Gi+HGy)

} (1) - 0,7

(5.9)

ONI0

[ E A

) =z(13) = 0,1, U) =0,
(5.10)

Z(1) - o0, T

with
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2(r) 0.1 u) = LS e Qggm [er [km]“
: ’710 222121<H P; l Z+Ql I+Q2
IGQ,
0 k H, 0 0 P
H;y H,|0 Hs H
a1 Bl TN ] i oo o
G; G4|0 Gs (;6
[lkH,-OOP,l {OkHIOOP,-]
1+® 1+®
+(-1) 01 G 00 QiJgsy—yy L1 1 G 00 Qifg (5.11)

As in (5.6), T-duality now requires

{0 k H 0 0 P,}

0] +H,G+H,G,
Hy.Hy

G|.Gy

which again will correspond to specific constraints on the
GGSO phases.

Models which satisfy (5.10) will then exhibit a SSS
SUSY breaking with unbroken T-duality and the one-loop
potential will then have the following behavior

1
Vone—loop (TZ) = Vone—loop (4—T2) (5 1 3)

In particular the extrema of the potential, either a maximum
or a minimum, will lie at the self-dual point 7, = 5

We note that if instead of having e; in our basis, we
had T; = ey 1 + ey, j=1, 2, 3, as used in [26,29],
the additional phase in (5.8) is modified according to
e HiGIHH:Ga) _y pin(H\Gi+HiGi) — | Thus for these mod-
els, with the indices H;, G; € Z, T-duality (5.7) will always
be satisfied. In Appendix B we will show how for an SSS
model the T-duality conditions can be implemented.

[1 k H, 0 0 P,-]
[0} +H,G+H,G,

0 k H 0 0 Pi]
+H,G,+H,G,

|
Z(_l) 1 I G; 0 0 O .

(5.12)

VI. TACHYON PROJECTION

The tachyonic sectors in the models defined by the basis
(2.10) and their projection conditions are much the same as
detailed in Refs. [42,43]. The sectors and their mass levels
are summarized in Table L.

In order to determine whether a sector survives the
GGSO projections and remains in the spectrum we can
construct a projector. For example, taking a sector with no
oscillators, |f), the survival/projection condition is encap-
sulated in the generalized projector

B
Ps= ][] §<1+5ﬂc[§ , (6.1)
§eT(p)
where
+1 if p(y*) = 0 < sector is bosonic
o = : . . (62)
-1 if p(y*) = 1 & sector is fermionic.

TABLE I. Level-matched tachyonic sectors and their mass level, where i # j #k =1, ...,6 and Am s any right-
moving complex fermion with NS boundary condition for the relevant tachyonic sector.

Mass level Vectorials Spinorials
(—1/2,-1/2) {Z_’"HO) 21,22

(—3/8,—3/8) {Am}e,- e +21,6 +2,
(=1/4,-1/4) {/_Im}ei+ej e +e +z21,6+¢ +2,
(=1/8.-1/8) {Am}e; +¢; + e, etet+et+z.ei+e+e+22
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The Y(B) is defined as a minimal linearly independent set
of vectors & such that € N f = @. To check whether the
sector f is projected simply amounts to checking Py = 0.

In the presence of a single right-moving oscillator A with
vp= % the generalized projector is modified to

Ps= [] %<1+5,,5gcm>, (6.3)
= §
such that
512{“ if%eg. (6.4)
£ l-1 ifige

In order to build tachyon-free models we simply require
that P, =0 for all tachyonic sectors, ¢. This requires
defining the projection sets Y'(¢) for each tachyonic sector
of Table 1. For example, the tachyonic states from z; have
the projection set

T(Zl) = {Svel’e2733’e4’eS’e6’x’z2}' (65)
Checking for the absence of tachyonic sectors then

amounts to checking the GGSO phases associated to such
projection sets for all tachyonic sectors.

VII. CHIRAL SECTOR ANALYSIS

Having explained how to get TrU(1), directly from the
partition function in subsection (IV A) we now explain how
this can be calculated more efficiently by analysis of the
sectors that produce massless states that can be charged
under U(1),. This is equivalent to inspecting chiral sectors
giving rise to states that are charged under the complex
i3 world sheet fermion fields, where we recall that the
charge of a free fermion is given by

0(f) = 5a(f) + (1), (1.1

X(Flgr) = ch(i') = —ch(y*)C

)((Féqrs) = Ch(flz) = —Ch(ll’”)c

)((F?qus) = Ch(ﬁ3) = —Ch(W”)C

Fglzqrs _*
LS +by+x+ (1 —r)es+ (1 —5)eg |
_ ) -,
qurs

_S+b1 +x+(1—r)e5+(1—s)e6_

LS+by+x+(1-r)es+ (1 —s5)eq ]

and the action of the fermion number operator is

FlO)ys = +1
Fe f*|0>NS =-1 ,

[+) =0

=) =-1

where we write the two helicities of the degenerate Ramond
vacuum as |+).

The first sectors we can identify with nontrivial chirality
come from

Flyrs =S +by + pes + geq + res + seq

= {y* 2" (1= p)y*5, pw*n?, (1 = )y*3*, gwh?
(1 _ r)ys)—)S’ rw5w57 (1 _ s)y6)—/6’sw6w67’7,17l/—/1 ..... 5}
F3.s =S + by + pey + qey + res + seg

F;qrs :S+b3+pel+qez—|—re3—|—se4, (73)
which we note are the sectors that generate the spinorial
16/16’s of our SO(10) GUT, although we will not be
interested in this aspect of our models in this work.
Associated to these sectors are the projection sets

T<F[17qrs) = {Zl,Zz,el,ez}
T<F§qrs) = {Z],Zz,e3,e4}

T<F37qrs) - {ZI,Z2,85,6’6}, (74)
which are used to determine whether a sector remains in
the Hilbert space of the model, just as explained for the
tachyonic sectors in the previous section.

Once we have checked the survival of a particular sector,
we can then determine the chirality of the #'>3 for the
resultant states through the chirality projections defined for
the three orbifold planes as follows

F 1+
pars . (7.5)

Without loss of generality we can choose ch(y#) = |+) since the CPT-conjugates are necessarily present with the opposite
chirality choice. This then fully determines the charges under the U(1), , 3 for these sectors.

4,5,6 F7,8,9

Along with these 3 groups of 16 sectors we have a further 12 such groups F 5, F ;45 and V},‘,f;% but we relegate the
details of how to extract their charge contributions to Appendix C. As with the analysis of the tachyonic sectors, the
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projection conditions that determine the overall TrU(1),
can then be computerized to allow for efficient scans of
large spaces of different GGSO phase configurations. The
results from such a scan is presented in the next section
along with the results of our analysis of the D-term uplifted
potentials.

As mentioned above, in this work we will not consider
extra phenomenological issues in our models such as the
number of spinorial 16’s or vectorial 10’s classified
in previous works for these symmetric Z, x Z, models
[7,34—41]. One may wonder about the relationship between
such characteristics and the value of TrU(1),. Since viable
SO(10) phenomenology requires a condition such as Nyg —
Nig = 6 we could expect some relationship between the
trace values and the presence of an appropriate number of

these representations. However, since F 2’3}?’7'8’9 are hidden

sectors and the vectorials V},‘,?;% would only be constrained
by the presence of at least vectorial 10 we do not expect
there to be any significant change to whether we can find
D-term uplifted models once we incorporate such phe-
nomenological considerations into the analysis.

VIII. RESULTS

The methodology we use for the extraction of D-term
uplifted models defined through the basis (2.10) follows the
5 step procedure:

(1) Extract AN =0 models, by checking whether
Eq. (2.13) and/or Eq. (2.14) are violated. Sub-
sequently, we check that the models are free from
physical tachyons by checking the projection con-
ditions outlined in Sec. VI.

3x10°

2x10°

Frequency

1x10°

(2) Compute the values of TrU(1), using the efficient
analysis of chiral sectors explained in Sec. VII
and Appendix C for these N =0 tachyon-free
models.

(3) Extract out those models with larger TrU(1), values
and satisfying the SSS SUSY breaking conditions
discussed in Sec. V.

(4) Perform the numerical analysis of the one-loop
potentials and check for an uplift from AdS to dS
for these SSS models with large TrU(1),.

(5) The models with explicit SUSY breaking but large
TrU(1), can then be analyzed and checked for an
uplift.

We note that the key bottleneck in this methodology is
performing the numerical analysis of the one-loop potential
integral(s). Depending on how many points with respect to
T, are evaluated, the number of models we can analyze the
potentials for in reasonable computing time is approxi-
mately only O(10°). This helps to motivate the 5 step
procedure above that seeks to maximize the probability we
find an uplifted model, with or without SSS breaking.

A. Distribution of TrU(1), for A =0 models

For our purpose of finding an uplifted model it was
sufficient in step 1. to take a random scan of 10° A/ =0
GGSO configurations and checking them for the absence
of physical tachyons using the conditions explained in
Sec. VL. This scan resulted in ~1.6 x 107 tachyon-free
models. Following step 2. of the methodology, we then
calculated the values of TrU(1), for these models. The
results for the distribution of these values are shown
in Fig. 1.

0 I‘ih— Bl s = — e ——————— - - - -
50 100

150 200

Trace of anomalous U(1)

FIG. 1.

The distribution of Tr U(1),.
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B. Example Scherk-Schwarz models

Once the TrU(1),’s for tachyon-free models were
founds, we moved to step 3. to begin the analysis of the
one-loop potential starting with those models that had a
larger value for TrU(1), and also satisfied the SSS
condition derived in Sec. V. Then we perform step 4. to
|

1 S e e e3

1 /-1 -1 -1 1 -1

S| -1 -1 1 1 -1

e1 -1 1 1 -1 -1

e 1 1 -1 -1 1

es | -1 -1 -1 1 1
C[V'} — e 1 -1 -1 1 1
R R
e6 1 -1 1 1 -1

br | -1 -1 1 1 1

b2 | -1 1 -1 -1 1

a |l -1 1 -1 -1 1

22 1 -1 -1 1 1

and has a one-loop cosmological constant value of A =
—0.000212496 at the free fermionic point and TrU(1), =
72+/2, with a FI contribution of 0.00144365. Performing
the numerical analysis allowed us to graph the potential and
demonstrate its uplift, as shown in Fig. 2.

Through an analysis of O(10%) GGSO configurations, we
also evaluated the one-loop potential shapes for SSS broken
models. We summarize these possibilities in Figs. 3—-8. We
find two examples of SSS models with unbroken T-duality,

V [M*/ (2 )]
0.003 -

0.002 -

0.001 -

search for the D-term uplift for these larger TrU(1), SSS
models.

In a scan of approximately 10° such models we did
indeed find a single model that exhibited the desired uplift.
This model is defined through the following set of GGSO
phases

ey es e by by, 71 2
1 -1 1 -1 -1 -1 1
-1 -1 -1 1 -1 1 -1
-1 1 1 1 -1 -1 -1
1 1 1 1 -1 -1 1
1 1 -1 1 1 1 1
-1 1 -1 1 1 1 1 (8.1)
1 1 1 1 1 1 1
-1 1 -1 -1 -1 1 1
1 1 -1 -1 -1 -1 1
1 1 -1 -1 -1 -1 1
1 1 1 -1 -1 -1 1
1 1 1 1 1 1 1

|
see Figs. 3 and 4, and two with broken T-duality, see Figs. 5
and 6, where the difference can be clearly seen from the
behavior of the potential when the modulus approaches zero.
Figures 7 and 8 instead show two SSS models with broken
T-duality and with no minima or maxima.

The models we are especially interested in for our
purpose are the ones with a negative minima. In these
cases the additional D-term contribution (3.22) typically is
not sufficient to uplift the minima. It is only in very rare,

S VOne—Loop

— VTotaI

FIG. 2. One-loop potential of SSS example model with uplift.
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V M (2 my4

0.000

-0.005

-0.010

-0.015

-0.020

-0.025

-0.030

-0.035

FIG. 3. One-loop Scherk-Schwarz potential with local mini-
mum and unbroken T-duality.

VM2 )]

0.004
0003}
0.002f
0.001

0_000"‘“l‘“‘l‘“‘1““1““1““1‘7'2
- 0.5 1.0 15 2.0 25 3.0

FIG. 4. One-loop Scherk-Schwarz potential with local maxi-
mum and unbroken T-duality.

V M (2 )]
0.02fF

001}

0.00 ——
-0.01}

-0.02}

-0.03F

FIG. 5. One-loop Scherk-Schwarz potential with local mini-
mum and broken T-duality.

finely tuned, examples that this uplift is observed. Finally,
we note that although we projected out physical tachyons at
the free fermionic point, in general there may be tachyons
at other points in the moduli space. However, through
analysis across the range of the modulus 7, we find that
none of our potentials suffer tachyonic instabilities.

VM (2 )]
0.020

0.015fF

0.010F

—

0.005

0.000 ——F—

~0.005

FIG. 6. One-loop Scherk-Schwarz potential with local maxi-
mum and broken T-duality.

V [Ms* (2 )Y

0.00 p———s

-0.01r-
-0.02 -

-0.03 -

-0.04 -

FIG. 7. One-loop Scherk-Schwarz potential without any ex-
treme point and broken T-duality.

VIMs* (2 )]

0.06
0.05
0.04
0.03
0.02

0.01

0_00"“1"“1““1““1““1““'1T2
b 05 1.0 15 2.0 25 3.0

FIG. 8. One-loop Scherk-Schwarz potential without any ex-
treme point and broken T-duality.

C. Explicitly broken model examples

Performing a similar scan of large TrU(1), models but
with explicit breaking in step 5, we also find models in
which the FI D-term uplifts the one-loop potential. An
example of such a model with explicit SUSY-breaking is
given by the GGSO phases
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1 -1 -1 1 1 -1

S -1 -1 -1 -1 -1

el 1 -1 -1 -1 -1

e2 1 -1 -1 -1 -1

e3 -1 -1 -1 -1 1
Vi

C{ ] = e4 1 -1 1 -1 -1
Y

es -1 -1 1 -1 -1

€6 1 -1 1 -1 -1

b1 1 -1 1 1 -1

b2 1 1 1 -1 -1

21 -1 -1 -1 1 -1

22 1 1 -1 1 -1

corresponding to a model with one-loop cosmological
constant A = —0.000785598 and TrU(1), = 72+/2 that
generates a FI contribution of 0.00144365 to the one-loop
potential, ensuring a positive minimum as depicted in Fig. 9.

Also in this case, through analysis of O(10%) models
with explicitly broken SUSY, we find only certain pos-
sibilities for the shapes of the potential. We summarize
these possibilities in Figs. 10-15. In all these graphs, when
the moduli 7, — oo, the potential diverges so SUSY is
broken explicitly.

In particular in Figs. 10 and 12 the minima is positive
while in Fig. 11 only a negative maxima is present. In
Figs. 13 and 15 instead there are no extremal points at all.
These are not the cases we are interested in. Only the shapes
of the potential as in Fig. 13 present a negative minima
required for the uplift.

V IM*1(2 )t
0015

0.010

0.005

1 -1 1 1 1 -1 1
-1 -1 -1 1 -1 -1 1
11 1 1 1 -1 -1
-1 -1 -1 1 -1 1 1
-1 -1 -1 -1 -1 -1 -1
-1 1 1 -1 -1 -1 -1 (8.2)
11 -1 1 -1 -1 1
1 -1 -1 1 -1 -1 -1
-1 1 1 1 1 1 -1
-1 -1 -1 1 1 1 -1
-1 -1 -1 1 1 -1 -1
-1 1 -1 -1 -1 -1 1
IX. DISCUSSION AND CONCLUSIONS

One important, and generic, issue with non-SUSY
theories is the issue of a nonvanishing dilaton tadpole
within such models with a nonzero cosmological constant.
This means that the string equations of motion are not
satisfied for our theory on a Minkowskian 4D spacetime
with a constant dilaton. If we want to find the true
perturbative quantum vacuum, we would need to solve
the string equations of motion to all loop levels. However,
for non-SUSY strings we generically lose computational
control at higher orders in the string loop expansion.

We note that in that respect the analysis performed in
this paper is rather heuristic. The dilaton VEV was fixed
by hand and most of the moduli are set at the free ferm-
ionic point but are not fixed, i.e., they can be varied away
from the free fermionic point. Similarly, the two-loop

— VOne—Loop

VTotaI

0.5 S0 15 2.0

T
2.5 3.0 35

FIG. 9. One-loop potential of example model with explicitly broken SUSY with uplift.
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V M4 (2 )Y

0.18
0.16}
0.14}
0.12}

0.10 -

L ““1““1““1““1““1T2
0.08 0.5 1.0 15 2.0 25 3.0

FIG. 10. One-loop potential with explicitly broken SUSY and
local minimum.

VM (2 my*

-0.020 |-

-0.025

-0.030

-0.035

-0.040 -

-0.045 -

-0.050

FIG. 11. One-loop potential with explicitly broken SUSY and
local maximum.

V M4 (2 )Y

0.20:»

0.18}

0.16}

0.14:»

0.12 T
05 1.0 1.5 2.0 25 3.0

FIG. 12. One-loop potential with explicitly broken SUSY and
local minima and maximum.

contribution to the vacuum energy was adopted from the
SUSY cases and not carried our explicitly. We remark that
while our arguments here are, in these respects, not
conclusive, the analysis can be made more rigorous by
adopting the Kiritsis-Kounnas modular invariant regulari-
zation method of one-loop string amplitudes [46]. In that
scheme, the four dimensional spacetime curvature is used

V(M (2 )]
[ P S B ST S S S Jy P
1.5 2.0 25 3.0

-0.020
-0.022}
-0.024 |
-0.026 |
-0.028

_0.030f

FIG. 13. One-loop potential with explicitly broken SUSY and
local minimum and maxima.

V M4 (2 )Y

0.015
0.010
0.005

0.000 [t

-0.005
-0.010

-0.015

FIG. 14. One-loop potential with explicitly broken SUSY
without any extreme point.

VM (2 )]
0.03+

002

0.00 ——

-0.01r

FIG. 15. One-loop potential with explicitly broken SUSY
without any extreme point.

as a infrared regulator, and is achieved by compactifying
the four dimensional spacetime on a Wess-Zumino-Witten
current algebra sigma model. The simplest solution is
obtained with the conformal theory W,(f) =SU(2), x
U(1), which has the asymptotic (large k) geometry
§3 x RT. The heterotic string constructions with a mass
gap for the massless spectrum is then constructed by
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substituting the world sheet coordinate and the spin-fields
of the uncompactified Minkowski spacetime conformal and
superconformal blocks of appropriate world sheet super-
symmetry and central charge. It should be noted that while
this regularization methodology was developed for vacua
with A" =1 spacetime supersymmetry, its adaptation to
non-SUSY string vacua should be possible. This scheme
therefore provide the tools to construct non-SUSY string
solutions with regulated infrared divergences. Similarly,
while perhaps presenting a substantial technical challenge,
the two-loop costribution to the vacuum energy can in
principle be calculated directly in string theory [20,61].
Thus, the somewhat heuristic arguments made here can, in
principle, be put on firmer grounds.

We also remark that the question of moduli stabilization
can also be partially addressed directly in the heterotic
string world sheet constructions. String theory allows for
asymmetric boundary conditions of the left- and right-
moving world sheet internal fermions, which the corre-
sponding bosonic representation entail an asymmetric
action on the internal coordinates of the compactified six
dimensional space. As a consequence, some or even all of
the moduli fields that parametrize the properties of the
internal manifold can be projected out [63] and be frozen
at a specific value, typically at the self-dual point in the
moduli space. In that case, the space of unfixed moduli is
substantially reduced. One can envision that stabilization of
the remaining unfixed moduli and extraction of the global
minimum is possible. The question whether it is possible to
obtain a model with positive vacuum energy and fixed
moduli with or without a D-term uplift may be further
investigated.

In this paper we explored the contribution of the would
be FI D-term to the vacuum energy in non-SUSY heterotic
string vacua. This contribution can uplift the vacuum
energy from a negative to positive value and give rise to
a positive constant cosmological background. We distin-
guished in our analysis between string vacua with explicit
SUSY breaking versus vacua in which SUSY is broken
spontaneously by the Scherk-Schwarz mechanism. We
found that while rare, a D-term uplift to a positive
cosmological constant might indeed be possible.
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APPENDIX A: TRANSLATION OF FERMIONIC
PARTITION FUNCTION

The goal of this appendix is to find a one-to-one
correspondence between the partition functions written

in the free fermionic construction, (2.4), and in the orbifold
language. An outline of this procedure can be found in [57]
and is also presented in [64].

The aim of this procedure is to find an equality of the
form

ol
[Z l; }Z{a k

=3¢

where the product over the fermions is now implicit and
contained within Z[g]. The right-hand side requires further
a k
b 1
functions in terms of the summation indices a, b, k, [, ....

a k

o
The phase (—1) b1 15 the analog of the GGSO
phase in this new formulation.

comments. The term Z [ } represents the theta

1. The modular invariant phase

To see all possible choices of indices, which in turn fix
the form of Z[a k
b 1
partition function of a model with N basis vectors requires
the use of N summation indices. This can be seen by
matching the number of terms on each side of (A1). Thus,
the translation of the form of the partition function is
uniquely determined by the choice of a change of basis
matrix, S, which encodes the correspondence between the
basis vectors and the summation indices. For our choice of
models specified by the basis vectors (2.10) and the
summation indices in the partition function as in (4.1),
the S matrix is given by

}, we note that to represent a

SO O O O O O O O O O = =
S O = = O O O O O O O =
SO O O O O O O O O = O =
SO O O O O O O O = O O =
SO O O O O O o = O O O =
SO O O O O O = O O O O =
SO O O O O = O O O O O =
S O O O = O O O O o o =
o O = O O O O O o o o <o
S O O = O O O O O o o ©
S = = =0 O O O O O O O
—_ O = = O O O O O O O O
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All invertible N x N matrices whose entries take values in
Z, are valid choices. However, the above choice is the one
which best illuminates the geometry of the underlying
compactification. Choosing S = Iy, the N-dimensional
identity matrix, would render the translation trivial and
v [ a k --- ]
theformon[Z llc } and (—1) b1

match that of Z [z] and C(Z) respectively, modulo some

would

subtleties we discuss in the following section.

Once S is specified, the partition function is written in its
index form and we can start making the connection
between the GGSO phases C [ﬁ] and the modular invariant

phase W. We assume that ¥ can be expressed as a poly-

nomial in the summation variables. Then, two-loop modu-
lar invariance imposed on the GGSO phases via the rule

Vi Vi Vi
C =9,C C .
Vj + Vi ! Vj Vi
a k H i hi P i
b 1 G g Qi
order in its variables. Moreover, the presence of 6,, restricts
the first-order terms. That is ¥ must include a term a and

cannot contain other terms like it. More precisely, (A3)
implies

(A3)

implies that ‘P[ } is at most second

¥Y>a,
{ (A4)
T%k, hi’Hi’Pi’

where we take “€” to mean a term in the sum. These
conditions can be implemented in a compact form by
requiring the phase to be of the form

a k Hi hi Pi
(A5)

=a-+ iAj"’F,‘Q['A',
b 1 G gy Qi:| / o

where we defined

(a’k7H1,H27H3’H47H5,H6’h17h27P1,Pz),

r =
A= (b, l, G17G2’ G37G47 G57G67g17927 le QZ)? (A6)

to be the vectors containing top and bottom indices
respectively.

We now impose one-loop modular invariance by requir-
ing that the partition function (A1) remains invariant under
S and T-transformations, under which the theta functions
transform as

) b
S: 19|: :|_)eumb/219|: :|’
—da

. a
:| — eum(a—Z)/étlg |:

a+b-—1

S & Q

T: &[ } (A7)

By using a compact notation for the theta and eta function
terms as in (Al), i.e.

a k Hi hi Pl:|

1 1 q{b I G
Zr =2 50 ) (-1 P e
2 a.k 2 HjhiP;
bi Gi.9i-0;
a k Hi hi Pi
X Z ) (A8)
b I G g 0

we can express the modular transformations more readily.
In particular, under modular transformations

{a k H, h P,} s {b I G Qzl

7 — 7 )

b [ Gi g; Qi —-a —k _Hi _Pi

7 {a ke Hi hi P } SN (_1)l+a+P1+P2Z|: k Hi hi Pi ,
b 1 Gi gi Qi a+b—1 k+l—1 H,"‘Gl_l hi+gi Pi+Qi

where the extra factor of —1 in the T-transformation comes from the n-functions. By noting that the phase W transforms
trivially, as it is just a constant factor, we can conclude that to be modular invariant the phase must satisfy

a k Hi hi Pi S b ) Gi gi
g =Y ,
b I G; g 0 —-a -k —-H;, -h, -P;
a k Hi hi Pi T k Hi hi Pi
b l Gi g; Qi a+b—l k—’-l-l HZ+G1—1 hi+gi Pi+Qi
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The first equation, i.e., S-invariance, shows that ¥ must be
symmetric under the exchange of lower and upper indices,
which together with (AS), implies that

a—+ +Il VAN
L l Gi gi

0 JA. (A10)

with €;; = Q;. Implementing the condition for 7-invariance
in (A9) further restricts the form of Q imposing the conditions
on its elements

8
> Q=0 fori=2..38,
j=1

J#E

8
ZQU = Qii fOr l - 9, 10,
=1

> Q=149 fori=11,12,

ij (All)

J=1

where all equalities are understood modulo 2. These fix a
further 11 components of Q;;. Together with the condition
from S-invariance Q,; = Q;;, we are left with (12%/2+
12/2) — 11 = 67 independent choices for the ;. This
precisely matches the number of independent GGSO phases
for a 12 basis vector model."

What we achieved here is precisely the derivation of the
modular invariance conditions, for the phase V. These are
analogous to the well-known conditions on the GGSO
coefficients in the fermionic formulation. All remaining
independent components of € can be freely chosen as
Q;;€{0,1} with each choice giving a new consistent
model.

2. The translation

We have found a consistent modular invariant way of
representing a model in terms of a phase ¥, what remains is
to find a translation between the GGSO phases and ¥ as set
out in (Al). With the above setup, this means finding a
correspondence between the independent GGSO phases

C [;] and the matrix elements ;. We have already

established that the number of these elements is in agree-
ment on both sides and both quantities perform the same
role so such a translation should be possible in principle.

To make the connection, one has to notice that the forms
of the theta functions on the left and right-hand sides
of (A1) do not match. In particular the expression

'We can either count 66 or 67 independent GGSO phases
depending on whether we specify that the unimportant phase
C H], generating an overall chirality, is fixed or not.

.
v
k
bl"'Z{a
b 1

> (=D

ak.-
bl

] (A12)
involves theta functions which may take arguments such
as 9[!].9[]. ... not permitted on the free fermionic side
where the arguments are either O or 1. We can, however, use

the periodicity properties of the theta functions

o)=L
'9{1912] :‘f"’”m’

to rewrite (A12) in terms of the standard theta functions.
This will allow for consistent term-by-term matching. By
denoting the “fundamental” form of the theta functions as

a a mod?2
19f =3 s
“Lb b mod?2
we can find equations using (A13) that help bring all theta
functions to this reduced form, e.g.,

(A13)

(Al14)

+h
&[a !
b+91

] = (=1)lathbag, {a * hl]

b+91

1()|:a —h- h2:| = (_1)(“"’1—hz)(£/1+!/2+b91+b92+9192)

b—g91—9
Cl—hl—h2
X J¢ . (A15)
lb-g1— 9

These relations

a ...7 Fla,b,- a
'9[19 ] = (=" mf[b
suitably general polynomial, and restricting the form of F
by requiring (A13) to hold.

Utilizing these expressions, we can rewrite the right-
hand side of (Al), fully in terms of the reduced theta
functions as

can always be found by writing

} with F(a,b,---) a

SR
S

where we defined the compensating phase factor y. For our
specific model it is given by

(A16)
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@ k Hi b P (a+k)(g1+ 9+ 0192)
= (d
X b1 G g O g1 T92T9192

+ (b +1D)(hyga + hagy), (A17)

which enforces the rules (A15). Here, by Z, we denote that
all theta functions have been brought to their mod 2 form as
written in (A14). This compensating phase is crucial for the
matching of the partition functions.

|:a k Hi hi Pi
b 1 G; g 0,

:| =a+b+F,Q,jAj==a+b+(I)|:

We are now ready to make the connection between the
two formalisms. To compare the two sides of (A1) we must
reexpress the GGSO matrix C in the form

Cij = (—-1)%, (A13)
this allows for a direct comparison of ¥ and G.
Furthermore, it will be convenient to separate ¥ into its

first and second order terms, that is we define

a k Hi hi Pl:|

(A19)
b 1 G; g 0,

We can now express the factor of a + b + y in the basis formed by the basis vectors (2.10) as a matrix P whose elements are

P { Ty [a « ]
i.: a
J Ib [ .-

Fk = Sik and Ak = jk} (A20)

All that remains is to express @, i.e., €, in the same basis so we can equate the two. We can do this by noticing that

G

and so Q = SQS” is the phase expressed in the basis
formed by the basis vectors of the free fermionic model.
Since all quantities are now expressed in the same basis we
can write down the equality which implements the trans-
lation, namely

G+ P =SQST, (A22)
where the equality is understood modulo 2. Solving the
above equation means finding values for all Q;; and so
fixing Q. Once the solution is found to the linear system,
the final phase can be expressed using (A19), that is

a k Hi hi Pi

=a+ b+TQA.
b 1 G; g Q;

(A23)

This gives a precise one-to-one correspondence between
the modular invariant phase and the GGSO matrix.

It is important to note that the above methods only cover
the case for real boundary conditions, i.e., Z,-models such
that the fermions are either R or NS. This, in turn, implies
that all GGSO phases are real. It is, however, possible to
|

a k Hi h1 ,’lz Pi
bl G g 9 0O

Fk = Sik and Ak = jk} = SikalSjl = SQST,

(A21)

|
generalize this construction to allow for more general
choices of boundary condition vectors and GGSO matrices.

APPENDIX B: SCHERK-SCHWARZ
AND T-DUALITY CONDITIONS

In this section we will explicitly show how the tech-
niques developed in Secs. Vand V A can be applied in order
to check for SSS and T-duality. In particular, we will use the
two models of section VIII, specified by the GGSO phase
configurations (8.1) and (8.2).

The condition for SSS is that for 7, — oo the partition
function vanishes so SUSY is restored, which can happen
only if a Jacobi identity is realized. This identity in (5.4)
must hold for all indices fixed, except for H, H,, G, G,
which do not appear as arguments in the theta functions,
since the moduli-dependent lattice FS% [gl gz IZI} is

’ 1 21
set to 1. Given the GGSO phases, the phase ® in the
partition function (4.1) can be calculated using (A23)
following the discussion of Appendix A. For the model
(8.1) this phase is given by

=bla+H +hy+H,+P)+1(hy+k+P)+G(a+h +H,+Hy;+Hy+ P, + P,)

+G2(61+H1 +h2+H2+P1)+G3(H] +H6)+G4(H1 +H4+H6)
+Gg(hy +hy+Hy+Hy + Hg) + g\ (H, + Hg + P,) + gx(a + Hy + Hg + k+ P,)

+Qi(a+hy +H +hy+Hy +k)+ Q,(Hy + Py).

(B1)
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Then, as stated in Sec. V, the Jacobi identity holds only if the following condition is satisfied

{OkH,-OOP,-] [1kHi00Pi} {OkH,-OOPi
[0} [0 (o]
S 01 G 00 o) Sy L0 1 G 00 o]yt 1 G o0 ol

Hy.Hy Hy.Hy Hy.Hy
G|.Gy G|.Gy G1.Gy

Actually it is sufficient to prove just the first equality, since due to modular invariance the phase
|:Cl k H i I’ll ,’l2 P [:|
o
b I G g 9 0O
sum, it is easy to check that the equality holds.

is the same by exchanging lower and upper indices. Then, by performing the lattice

a k Hl H2 H,' 0 0 Pi
b I G G, G; 0 0 @
we have distinguished H;, H, from the other H,’s to render the discussion clearer. For
q)[O k HA H, H;, 0 0 P
0! G G, G 0 0 0
. 1 k Hf H) H, 0 0 P,
H2f°rq)[0 ! GI Gi G. 0 0 Q,

Alternatively, it can also be check directly by inspecting the phase d>[ } where

} set the indices H| and H, to zero. If there are some combinations of H] and

} such that the following equality holds
0Ok 0 0 H 0 0 P 1 k HA H, H 0 0 P;

—® , (B3)
01l G G, G; 0 0 0 0! G G, G; 0 0 0

then the condition (B2) will be satisfied and the Jacobi identity will hold. In particular, for the phase (B1) it is easy to check
that the equality is satisfied setting H7 = 0, H3 = 1. Once this holds, for all other combinations of H, H, the equality will
hold according to

{0 k 0+i O+ H, 0 0 P,}

{lkH*f—H Hi+j H,-OOP,}
01 G G G 00 0 '

(B4)
0 I G1 Gz G,’ 0 0 Qi

This second way of checking for SSS is particularly convenient in terms of time efficiency, being easy to implement in a
computational program.

We now check whether T-duality is preserved for this model, i.e., if condition (5.12) holds. To do this, we check that

{0 k H 0 0 P
O]

Hy Hy HyHy
G1.Gy G1.Gy

} [1 k H 0 0 P
+H,G,+H,G,
(-1)

@ +H,G,+H,G,
0! G 00 Q,»]

[0 k H 0 0 P
O]

Hy.Hy
G1.Gy

] +H,G,+H,G,
(B5)

is satisfied. As discussed in Sec. V A, due to modular invariance, just the first equality is sufficient. Performing the sum, we
can see that the T-duality condition does not hold. Also using (B3) modified with the additional T-dual contribution

0k 0 0 H 00 P | kK H H, H 0 0 P
) =@

- + HiG, + H5G B6
0 I G] Gz Gi 0 0 Qi 0 I Gl G2 Gi 0 0 Ql:| 11 292 ( )
it is easy to check that there is no possible combination of H7, H; such that the equality is preserved.

We thus conclude that for this particular model defined by the GGSO phases (8.1) the potential will exhibit an SSS
breaking with broken T-duality, such that V(7, - o0) - 0 and V(T, — 0)/0. This behavior of the potential is
demonstrated in Fig. 2.
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For the second model specified by the GGSO phases (8.2), the phase @ is given by

a k

b

l

H, hl h2 P,
G, gl g2 0

=bla+hy+Py)+I(Hy+Hs+Hs+Hq+ P,)+ G (H, +Hy + Hy + P, + P,)

+ Go(Hy +hy+ Hy+ Hy + Hy + Hs + Hg + k) + G3(H, + Hy + Hy + Hs + Hg
+k+ P+ Py) + Gy(hy + hy + Hy + Hy + Hy+ Py + P) + Gs(hy + Hy + H

+ Hg+k+Py) + Gg(hy + Hy+ Hy + Hs + Hs + k+ Py + Py) + g1 (hy + Hy
+Hs + Py) +ga(a+hy +Hy+ Hy+ He + Py) + Qi (hy + Hy + hy + Hy + Hy
+Hs+Hg+k+Py))+Qy(a+H +Hy+Hy+Hg+ P+ P,). (B7)

For this model it can be checked that the SSS condition =~ which have the following projecting sets
(B2), or equivalently condition (B3), is not satisfied
which implies that the potential diverges at infinity,
V(T, = o) — to0. The shape of the potential in Fig. 9

shows what we expect. Y(F}ns) = {z2.€1.€2}
APPENDIX C: CHIRAL SECTOR ANALYSIS T(Fpgrs) = {22 €504}
YT(FS,.) = {z2.es5,€
In addition to the sectors F },‘3}% discussed in Sec. VII, the ( - ) {z2.€5. €6}
following sectors also give rise to massless states trans- T(Fpgrs) = {z1.€1. €2}
forming under spinorial representations with chirality T(F 557 ors) = {21, €3, €4}
under the U(1),,; gauge factors
T( pqrs) :{ 1335,86}» (C2)
F}.s =S +by +x 421 + pes + geq + res + seg
Flyrs =S +by +x +21 + pey + qey + res + seg
FS =8 +b3+x+21+ pey + qey + res + sey and chirality operators
Flos =8 +by +x+2;+ pes + qeq + res + seq
F .y =8 +by+x+25+ pey + qey + res + seq
F, =S+by+x+2,+ pey + qey + res + seq,  (Cl)
|
i F4 rs 1+ [ F4 rs 1*
Z(F4 rs) = Ch(ﬁz) + Ch(ﬁz) =-C e -C e
e LS+ b2+ (1 —r)es + (1 — s)e | S+b3+(1— ples+ (1 —q)ey ]
[ F5 rs 1* FS rs 1*
)((FS rs) = Ch(ﬁl) + Ch(f]3) =-C P -C ra
. LS by + (1= res + (1 = s)es LS +b3+ (1= pler + (1= gz
F6 rs 1* F6 rs 1*
¥ (Ffys) = ch(@') + ch(i7’) = —C " -C "
P LS +by+ (1—r)es+ (1 —s)ey S+b2+(1— pler + (1 —q)e,
- F7 L T F7 . 7%
X(F)yps) = ch(ip?) + ch(i’) = =C e -C "
(Fpars) = ch(r) LS +by+ (1 —r)es+ (1 —s)eg S+b3+(1— ples+ (1 —q)ey
[ F8 rs 1+ F8 rs 1
Z(ngrs) = Ch(ﬁl) + Ch(fﬁ) =-C P -C ra
S+b1+(1—r)es+(1_5)96_ S+b3+(1— pler + (1 —q)e; ]
Fy, 1 F3, 1
x(Fpyrs) = ch(i') + ch(7?) = —C : -C " . (C3)
" LS +bi+(1=res+(1=s)eg] LS +by+ (1= pleg+ (1= qle, ]
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Further to these sectors, the following can give rise to
massless states when accompanied by one right-moving
Neveu-Schwarz oscillator given by

Vigs =S+ by +x + pe3 + gey + res + seg

which have the following projecting sets

T<V]17qrs) = {zl’zla €1, eZ}

T(Vf,q,s) = {21,272, €3, €4}

3y —
Vs =S+ by +x + pey + ge, + res + seg T(Vpgrs) = {2122, €5, €6} (C5)
Vigrs =S +by+x+ pey+qey +res+seq.  (C4) 4 chirality operators
|
(Vhy) = ch(?) + ch(iP) = —C| Vbars I"—¢] Vhars I
X(Vigrs) = ch(ii?) + ch(i7®) = — -
ra LS +by+ (1 —r)es + (1 = s)eg ] LS +b3+ (1 —ples+ (1 —q)ey ]
( 2 ) ( ]) ( ’3) [ V%qr' 1* [ V%’Irv I
#(V3) = ch(@") + ch(7’) = =C 3 -C v
Pq LS +by+ (1 —r)es+ (1 —s)eg LS +b3+ (1= pleg + (1 —g)e, |
( 3 ) (1) (2) [ V?’qrs 1 [ V:;’qu 1 ( )
x(VSos) =ch(i') +ch(i7) = -C -C . C6
ra S +by+(1—r)es+ (1 —5)ey ] LS +by,+ (1= pleg + (1 —g)e, |
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