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Abstract

The Z, x Z3 heterotic string orbifold gives rise to a large space of phenomeno-
logical three generation models that serves as a testing ground to explore how the
Standard Model of particle physics may be incorporated in a theory of quantum
gravity. Recently, we demonstrated the existence of type 0 Zs x Zs heterotic string
orbifolds in which there are no massless fermionic states. In this paper we demon-
strate the existence of non—supersymmetric tachyon—free Zy x Z5 heterotic string
orbifolds that do not contain any massless bosonic states from the twisted sectors.
We dub these configurations type 0 models. They necessarily contain untwisted
bosonic states, producing the gravitational, gauge and scalar moduli degrees of
freedom, but possess an excess of massless fermionic states over bosonic ones, hence
producing a positive cosmological constant. Such configurations may be instrumen-
tal when trying to understand the string dynamics in the early universe.
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1 Introduction

The Standard Model of particle physics provides viable parameterisation of all sub—atomic
observable phenomena. Yet, many enigmas remain, in particular those pertaining to
gravitational observations, e.g. the dark matter and dark energy sectors. Furthermore, the
general framework that underlies the Standard Model, that of quantum field theories, is
fundamentally incompatible with general relativity, the general framework that underlies
gravitational observations. String theory is a contemporary framework that provides a
perturbatively consistent approach for the synthesis of quantum mechanics and general
relativity. In that context, it is sensible to construct string models that aim to reproduce
the general structure of the Standard Model. In turn these string constructions may shed
light on some of the parameters of the Standard Model [I]. For example, it has recently
been proposed that modular symmetries that are ubiquitous in string theory play a role
in the flavour structure of the Standard Model [2].

The Z5 x Z5 heterotic string orbifold gave rise to a large number of phenomenological
string models [3, 4, [5, ©, [7, 8, @, 10, 11, 12, 13]. It has been studied primarily by using
the free fermionic formulation of the heterotic string in four dimensions [14], but bosonic
constructions exist as well [15]. Detailed dictionaries between the two formalisms have
been developed [16], as well as tools to extract the smooth effective field theory limit of the
orbifold constructions [I7]. The Zy x Z, orbifold also exhibits rich mathematical structures
[18], and it is of further interest to explore how these are reflected in the phenomenological
data e.g. in the Standard Model flavour data. The Z; x Z, orbifold compactifications have
been investigated in other string limits as well [I9]. The majority of phenomenological
studies pertain to the Standard Model particle data, but some cosmological scenarios
have been explored as well [20]. In this respect it should be noted that contemporary
understanding of string theory is confined primarily to its static vacuum solutions and
dynamical questions are mostly explored in effective field theory limits. This raises the
prevailing enigma as to when, if at all, an effective field theory model can be incorporated
into an ultraviolet complete theory of quantum gravity. Or, more concretely, when does
an effective field theory model have an embedding in string theory?

Developing a more complete understanding of the string dynamics in the early universe
requires elucidation of the non—supersymmetric as well as the tachyonic and unstable
string configurations. Non—supersymmetric tachyon—free string vacua in ten dimensions
were studied since the mid—eighties [21) 22 23 24]. Some phenomenological studies in
four dimensions of such vacua are explored in [25], 26, 27, 28] 29]. Recently, we embarked
on the construction of tachyon—free Z, x Zy heterotic string models that are related
to compactifications of the ten dimensional non-supersymmetric and tachyonic string
vacua in ten dimensions [30] B1, B2 33]. A tachyon—free three generation Standard-like
model in this class was presented in [31], whereas in refs [32] and [33] we performed a
broad classification of models with unbroken SO(10) and SO(6) x SO(4) unbroken GUT
groups, respectively, as well as the analysis of their vacuum energy, and models with
equal numbers of massless bosonic and fermionic degrees of freedom, i.e. NJ = N](?. In
ref. [34] the analysis of fermionic Zy x Z, orbifolds was extended to type 0 models, i.e.
models that do not contain any massless fermionic degrees of freedom. While clearly not
of phenomenological relevance, these cases are of particular interest in trying to develop
a picture of the string dynamics around unstable configurations, due to their relative
simplicity and high degree of symmetry. Indeed, type 0 string constructions have been



studied in other string theory limits and their properties were explored [35].

In this paper we extend the analysis of such extreme cases to tachyon—free heterotic
string models that do not contain any twisted bosonic degrees of freedom. In analogy
with type 0 models, we refer to such configurations as type 0 models. It is apparent
that such models contain untwisted bosonic degrees of freedom that correspond to the
gravitational, gauge and untwisted scalar fields. However, in the type 0 configurations
that we present all the bosonic degrees of freedom from the twisted sectors of the Zs x Z,
orbifold are projected out. As a consequence, in such vacua there exist an excess of
fermionic over bosonic degrees of freedom and the models possess a positive cosmological
constant. Furthermore, in contrast to the type 0 models of ref. [34] that necessarily
contains some tachyonic degrees of freedom, we find that most cases of type 0 models
are free of tachyonic states. We present type 0 models that belong to the class of S—
models of ref. [30, B1, 32, B3], as well as the class of S—models, where the first class
are those models that descend from a tachyonic ten dimensional vacuum, whereas the
second are those that can be regarded as compactifications of the non—supersymmetric
SO(16) x SO(16) ten dimensional tachyon—free vacuum. We also note the existence of a
supersymmetric vacuum that does not contain massless twisted bosons that has indeed
appeared in previous classifications [36], 37, 8, [10]. In these cases the partition function is
vanishing, whereas the type 0 of interest are those that are not supersymmetric, and with
an excess of fermionic over bosonic states. In such configurations the vacuum energy is
positive. Though they are unstable they may serve as laboratories to explore the possible
string dynamics in the early universe. We also remark that in all the type 0 models that
we find there are no spinorial or anti—spinorial representations of the SO(10) GUT group,
which is necessarily the case in the supersymmetric 0 configurations.

2 Type 0 Zy x Zy Heterotic String Orbifold

We will utilize the free fermionic contruction [14] in which we require a set of boundary
condition basis vectors and one-loop Generalised GSO (GGSO) phases in order to define
our models [14]. The details of the formalism are not repeated here but we will be adopting
the conventional notation used in the free fermionic constructions [3] [4, 5] [6, [7, 8, O] 10,
11, 12, [13).

The first type 0 model we found is built off the NAHE-set that was employed in [30, 31].
In this set, the basis vector S that generates spacetime supersymmetry in NAHE-based
models [38] is augmented with four periodic right—moving fermions, which amounts to
making the gravitinos massive. This introduces a general S — S map in the space of
models that was discussed in detail in ref. [31], 32] B3].




The set of basis vectors is given by

1={" y 1,...,6 1, ..,6’w1,...,6 | yl,...,6’w1,...,6’@17 “ ,ﬁ1’2’3 517---78}’
8 = {1 | ¢34’5’6}
Cag a1 —1,..5
=:{w“¢x 2y | 7T Y } (2.1)

= (WM Y ™ | 2, }
= [, 50, ! w34\w2w34_3,1/1’ }
ZW”L
G = {yl=5, b6 | gl ggh6),
and we further define the important linear combination
2y =1+4by 4+ by + b3+ 2 = {¢"47} (2.2)

A model may then be specified through the assignment of modular invariant GGSO phases
C [ } between the basis vectors. An example type 0 configuration arises for the GGSO
a551gnment

1 S' bl bz bg 21 G

1 /1 1 -1 -1 1 1 1

S 1 -1 1 -1 1 -1 -1

", bhl-1 -1 -1 1 1 1 -1

C[ f] = bp|-1 1 1 -1 1 1 -1 (2.3)

Yl 1 -1 01 11 11
Al 1 1 1 1 1 1 -1

G\1 -1 -1 -1 1 -1 -1

The model is free of (on—shell) tachyons and the gauge group is given by the model-
independent contribution from the NS (untwisted) sector giving the vector bosons of
SO(10) x U(1)? x SO(4)% x SU(2)8, as well as the additional gauge bosons arising from
the presence of 1" |z; + 2z9) in the massless spectrum, as well as additional scalars from
the {A*H{\} |2), k = 1,2 and A is some left-moving oscillator not equal to ¥* and \° is
any right-moving oscillator with NS boundary conditions in z;. These additional scalars
arise in the untwisted sector necessarily to give the scalar moduli degrees of freedom.
With the gauge enhancement the full gauge group of the model becomes

SO(10) x U(1)? x SO(4)® x SO(8)*. (2.4)

Apart from these untwisted sector gauge bosons and scalars though, the massless spectrum
contains exclusively fermionic states, as advertised for a type 0 configuration. These
fermionic sectors are

S, §+21, S+21+22, §+22,
by + by + by + G,
S+bi+b+G,
S+bi+bj+2+G,
1+S+0b+G,
1+S+b+2+G,

(2.5)



where i # j # k € {1,2,3}. This is notably all the possible fermionic massless sectors
except by 23 which generate the 16/16 of SO(10).

Within the class of models with the minimal basis (2.I]), possible twisted bosons may
arise from the vectorial sectors

Vi=b,+b3+G
Vi=b+bs+G (2.6)
Vi=b +by+ G

which come with a right—-moving oscillator, and the fermionic spinorial sectors

B'=by+bs+2+G
B*=b +by+2+G
B =b+by+2+G
B'=1+b+2+G
Bi=1+4+by+2+G
B =1+4b3+ 2 +G.

(2.7)

Type 0 models will be those in which the Hilbert space of GGSO-projected states |S¢)

e @I sclf] 1) »

ez i=1

only has contributions from sectors ¢ in the additive space = with fermionic spin statistic
index 0 = —1 at the massless level, except for the aforementioned untwisted sectors.
Thus, using GGSO projections, we can derive the conditions on the GGSO phases in
order to realise type 0 configurations.

One easy way to derive these conditions is to first inspect the projection of the sector
B* which can only be projected by z; such that

1+b4+2+G <1 <1
C[ 21 } = ¢ [bl] ¢ [G} (29)
Similarly, projecting B® and B° requires
21 21 21 <1
= 1= ) 2.1
¢ L)J ¢ {G} ¢ LXJ ¢ {G} (2.10)

The projection of B! then requires that

) [ ) R

expanding zo in terms of basis vectors and using the ABK rules for these two phases



results in

Bl N _bg_ _b2_ _bg_ _bg_ 21 21 G G
ol =ellelelebilelelellele] ela)elel

N L P I D SR R T
==C 1,1 |%elC G_O[ ]C{ ]

olZ) =l Z]eld]
-—c[lefilelaleleleelele]

i.e. they are equal. Considering also projecting B2 and B? we can therefore deduce

(2.12)

by by by
= = 2.1
¢ [bj ¢ [53} ¢ [bs} (213)
and 1 b b b
1 2 30
ellel]eleft] -1 -
Finally, we can note that the GGSO phases that can project on the V! sector are:
Vl Vl Vl
1= 2.1
Ov {C{ZJ’C{%}ijr+G}} (2.15)

and since B! = V! + z; these can be simplified using (2.12)) and (Z.9) to

Oy1 = {0{2]0{2}—1} (2.16)

We can write the projection condition for all possible oscillators as

#{x € Oplz=—1} #1. (2.17)

therefore we observe that C [2,] = —1 for the projection of V1. Using this in equations
[29) and (2.10) and rewriting conditions (Z.13) and (2.14]) we get the full conditions for
the type 0 string vacua

_21_ _21_ 21 21
el =clt c[bg} | CM | (2.18)
b, | b, | ba by

= = 2.1
clnl =<l c[bj c[bj (2.19)
(1] o] A [b2] T3
ofi]-clelef]el] )

Therefore we see that 7 GGSO phases are fixed and we have 14 free phases. Similar
constraints were derived for type 0 models in ref. [34] where it was shown that in a
similar minimal basis to (2] there were 12 free phases giving 2'2 = 4096 versions of a
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single unique type 0 partition function. To check whether we have 2! versions of a unique
partition function or not in our type 0 case we must analyse the partition function, which
in free fermionic models is given by the integral

7= [ ] e [ e

where d?7/77 is the modular invariant measure and Zp denotes the contribution from
the worldsheet bosons. The product is over the free worldsheet fermions. On the right
hand side of (2.21]) we have expanded the partition function in terms of the parameters
g = e and ¢ = e 2™, which allows us to read off the boson-fermion degeneracies
at each mass level. That is, a,,, = Ny — Ny at mass level (m,n) and so we expect
that type 0 models have large negative agy due to the absence of twisted bosonic states.
Throughout this paper we will refer to the unintegrated sum as the partition function.
The whole integrated expression (2.21]) represents the one-loop worldsheet vacuum energy
Aws of our theory and thus is a dimensionless quantity. It is related to the 4D spacetime

cosmological constant A via

A= —%M“AWS, (2.22)

where M is given in terms of the string mass as M = Mgying/2m. In the following,
when we refer to the cosmological constant, we implicitly mean the spacetime value, but
for simplicity we drop the factor of M*/2. This can be reinstated if needed based on
dimensional analysis.

Performing the calculation of the partition function for the 2'* = 16384 type 0 config-
urations we find that they all share the partition function

Z =2¢°G1 —728¢°F° + 288 ¢/ /% + 1088 ¢7V/2G"/? + 38400 ¢ /272 + .- (2.23)

and so are, indeed, the same model. We note that there are no on-shell tachyons and
the absence of twisted bosons ensures a large negative contribution at the massless level
Ny — N}) = —728. We can calculate the cosmological constant now for this unique case.
Due to the abundance of fermionic states compared to bosonic ones, we expect a positive
cosmological constant, and performing the modular integral using standard techniques

we, indeed, find
A = 476.76. (2.24)

In ref. [34] it was shown that type 0 models exhibit misaligned supersymmetry [39],
and further details of this behaviour were given. Similarly, all type 0 models presented in
this paper exhibit a form of misaligned supersymmetry, meaning that the boson-fermion
degeneracies oscillate while ascending through the KK tower of massive states.



3 Generalised Type 0 S-models

In order to do a more general search for type 0 models we can generalise from the basis

&) to

1= {¢M 1,...,6 1, ..,6’w1,...,6 | y
3,4,5,6

S{Wm’ﬂ¢
Ty = {y"*, w"? | y"?

Ty = {4, vt | 7?4
Ty = {y°5, w5 | 775,

2
oY,

, E3,4}’

w5,6}

1.6 —1,...6 715 —123 1.8
’ 7’w7 7’11/} ’/’77, ¢ }’

= (0" X2 T Y (3.1)
1,...,5

= {v" x* y"? 0™ | g2 w0 Y,
1,...,5

= {", X% w? w* | W, w0 Y,

2’12{(15’ M,

where introducing 7T;, i = 1, 2, 3 allows for internal symmetric shifts around the 3 internal
T? tori. Since we have 9 basis vectors there are 2°0~1/2 = 236 ~ 6.87 x 10" independent

GGSO phase configurations.

The bosonic sectors that need projecting in this basis are similar to (2.6), up to allowing
for the shifts induced by T;. Explicitly, there are 15 vectorial bosonic sectors

Vo =by+bs + 11 + pTo + T
V2 = by + b3 + 15 + pTy + ¢T3
by + by + T3 + pT71 + qT5

V3

V4
V5
VG

— T+ Ty
=T+ 15
=T+ 13

(3.2)

which come with a right-moving oscillator and p,q = 0,1. Additionally, there are 30

fermionic spinorial sectors

By, = by 4 by + 2z + Tt + pTs + qT;
BQ_br+%+ZrHB+pﬂ+ﬂR
B;’q:b1+b2+z1+T3+pT1+qT2
B;‘qz]l+b1+2’1+T1+pT2+qT3
Bl =1+by+z + T+ pTy + qTs

BY,=1+bs+ 2z + T+ pTi + qT>.
=T+ Ty + 2
=T +T3+2x
=T +T3+ 2
=T +T3+ 2
=T+ T3+ 2
=T+ T3+ 2

B7

B
B
BIO
B
B

(3.3)



Implementing the GGSO projection conditions on all the sectors and scanning over 108
random GGSO phase configurations resulted in uncovering 5676 type 0 configurations that
correspond to just two distinct tachyon—free models and two distinct tachyonic models.
The first tachyon—free model has partition function

7 =241 — 440 ¢°3° + 32 ¢/2G3/* — 6080 ¢/ 4Gt + - - (3.4)
and cosmological constant
A = 426.53. (3.5)
Whereas the second tachyon—free model has partition function
Z=2¢"3" —504¢°3° + 48 ¢" /4G 3/ — 12192 ¢4 + - .. (3.6)
and cosmological constant
A = 557.19. (3.7)

Both models contain the same gauge boson enhancement and additional scalars from the
sectors 21, z2 and z; + 23 as in case with minimal basis (2.1). Other than these untwisted
bosons the two models contain only twisted fermionic states in their massless spectra, as
required for type 0 configurations.

Regarding the two tachyonic models, we have one model with partition function

Z =24 +32¢7 4G V1 — 1016 ¢°3° + 4096 ¢ /4Gt + - - - (3.8)
which has 32 tachyonic states and one with partition function
Z =2¢"¢  + 48 ¢ V4 V4 — 1272 ¢°F° + 5120 ¢4V + - - (3.9)

which has 48 tachyonic states. Such models with a tachyonic instability should not be
written of as of no interest. In particular, moving away from the free fermionic point in
the moduli space or considering the theory in a different background may stabilise the
model. Furthermore, there may be ways to connect such unstable vacua to stable ones
via interpolation.

4 Generalised Type 0 S-models

We can now do a similar exploration of type 0 models within a class of models which
include the SUSY generating basis vector S. We employ a very familiar choice of SO(10)
basis

1 = {IW 1,...,6 1,..,6’w1,...,6 ‘ yl,...,G’wl,...ﬁ’Elv ° ’ﬁm,g 51,...,8}7
S = {gH X },

T, = {y1’2,w1’2 | yw,@“},

T, = {y3’4, w3t | y3,47w3,4}7

Ty = {y5,6’w5,6 | y5,6’m5,6}’

b, = {X3,4,5,6’y34’y56 | ?34@56,#,@1’""5}, (1)
by = {X1,275,6’y12’y56 | y12’y56’ﬁ2’@1,...,5}’

b= {51,...,4}7

2=,



which is exactly the same as that used to classify non-SUSY string models in ref. [29].
We will note the important linear combination in this basis

r=1+S5+ Y T+ Y 2 (4.2)

i=1,2,3 k=12

and then have the combination b3 = b; + by + . As in the S-models we have 9 basis
vectors and so the number of independent GGSO phase configurations is 2°0-1/2 = 236 ~
6.87 x 10,

A key difference between this basis and the basis (B.1]) is that there exists a supersym-
metric subspace of the full space for certain choices of GGSO phase. In particular, the S
sector generates supersymmetry whenever

S S ,
C{TJ —CLJ = -1, 1=1,2,3and k=1,2 (4.3)

which, furthermore, automatically ensures the projection of tachyonic sectors through the
S GGSO projection.

Now we turn to the massless bosonic vectorial sectors that in our S—models arise from

bi +x+ pTj+ qTk

T+ 15 (4.4)
Ty + 13

Ty + 13

and the massless bosonic spinorial sectors from

bi +pTj + qTk (4.5)
by +x + 21 + pTj + q1}

bi +x + 20 + pT + qTx

TV +Te + 2

T+ T5+ % (4.6)
To+T5+ %

T+ 15+ 2

Ty 4+ T5+ 2 (4.7)
To+ T35+ 2z

where i # j # k € {1,2,3} and p,q € {0,1}.

We can now search for type 0 GGSO configurations by implementing the conditions
for the GGSO projection of all these massless twisted bosonic sectors.

In a random scan of 10% independent GGSO phase configurations we found one super-
symmetric model which contains a very simple massless spectrum containing the untwisted
gauge bosons from the NS sector and its gauginos from the S sector, along with gauge
enhancements and additional scalars of some form from zi, 29, 21 + 22 and z and their
superpartners from S + z1, S + 22,5 + 21 + 2o and S + z, respectively. The other type 0
models arising in our 10® scan are non-supersymmetric.

All the type 0 models are summarised in Table [ with their partition functions, key
characteristics and frequency within the sample delineated. Where we recall that the
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frequency refers to the number of different GGSO phase configurations corresponding to
the same partition function. The projected total number is simply how many we expect
in the full space of 23¢ independent GGSO phase configurations. In principle, the exact
constraints on the GGSO phases for each model could be deriving and the free phases
found to derive the exact number of each model in the total space.

Models | Total
Partition Function A Tachyons? | SUSY? # oaers © .a #
in Sample | Projected
Z=0 0 No Yes 562 3.86 x 10°
7 =271 — 632 4 48q1/4G3/4
¢ hlE e 57860 | No No 380 | 267 x 107
—8096¢ /4 /4 + - -
7 =2q 1 — 120 + 32¢1/4G3/4
9 ok 951.20 No No 284 1.95 x 10°
_6080(]1/4(71/4 NI
Z =2q1 — 568 4 32¢'/4g3/4
q tostg 447.94 No No 1163 7.99 x 10°
—1984¢Y4g 4 + . ..
Z =231 — 504 4 32¢1/4g3/4
q to2tg 317.28 No No 715 3.91 x 10°
+4128¢1/4g1 /4 + . ..
7 =2q 1 +32¢ V414 — 664
¢t g 50 Yes No 9287 1.97 x 10°
+6144¢ /4g" /% + - -
Z =921 +32¢ /4G4 — 1272
¢ e d 0 Yes No 200 | 1.99 x 107
+58881/4g1/4 ...
7 =2q 1 +32¢ V4qg /4 — 632
¢ tema g 0 Yes No 301 2.07 x 10°
—512¢1/4g1 /4 4 ...
7 =2q 1 +32¢ V4 1/4 — 1528
S 0 Yes No 429 2.95 x 10°
+4608¢'/4g" /4 + -
7 =2q 1 +32¢ V4 1/4 — 1528
¢ te2 0 Yes No 395 2.71 x 10°
+11008¢Y/4g4 /4 + - -
Z =2q 1 +48¢ V414 — 1016
A 50 Yes No 155 1.07 x 10°
—1792¢Y4g 4 + - ..
Z =921 +144¢ /4G4 — 504
e 50 Yes No 153 1.05 x 10°
+94721/4g1 4 ...

Table 1: Summary of type 0 models arising from the basis ({{.1)).

5 Conclusions

In this paper we explored the existence of Zy X Z5 heterotic string orbifolds that do not
contain any massless spacetime scalar bosons from the twisted sectors. In analogy with
the type 0 Zy x Z5 heterotic string orbifolds that were presented in [34], we dubbed
such configurations type 0 models. We presented two classes of such models, where the
first are of the S—models type, whereas the second belong to the class of S—models. We
note that the second class also contains a supersymmetric model that necessarily do not
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contain twisted fermionic states and have vanishing cosmological constant, whereas all
other type 0 models found in both classes are non—supersymmetric and necessarily have
an excess of fermionic over bosonic states and therefore have a positive cosmological
constant. While our findings at this stage should be regarded as mere curiosities, it is
plausible that they may contribute to the understanding of the string dynamics in the
early universe. We have also found that in all the type 0 models, there are no spinorial or
anti-spinorial representations of the SO(10) GUT group. This is necessarily the case in
the supersymmetric 0 configurations, which therefore necessarily have a vanishing Euler
characteristic. The non—supersymmetric 0 configurations may therefore be interpreted as
supersymmetric 0 models, in which supersymmetry is maximally violated. A feature that
may be explored by studying the interpolations between the two cases.
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