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The E8 S E8 superstring models in Calabi-Yau internal space have the cosmological axionic
domain-wall problem, Now~2, if two non-Abelian gauge groups SU(3), S G survive. Breaking
G down to its Abelian subgroup removes the domain-wall problem. In general, if SU(3), is the
only surviving non-Abelian group of the superstring models, the domain-wall problem is not
present, because of the model-independent invisible axion. We also point out an elegant method of
solving the axionic domain-wall problem with many would-be axions.
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Recently, it has been shown' that N = 1 superstring
theories in ten dimensions with gauge groups O(32) or
Es S Es are anomaly free, which has led to an enor-
mous theoretical effort toward superstring theories and
their consequences. 2 9 At present there are three
known N = 1 superstring theories: Type I O(32),
heterotic Spin(32)/Z2, and heterotic Es S Es.
Among them, the Es S Es theory seems to be the
most promising one in the phenomenological sense.
In particular, the Es S Es superstring theory with
Calabi-Yau internal space has attracted a great deal of
attention because it leads to d = 4 N= 1 supersym-
metry, which is useful for solution of the gauge hierar-
chy problem. s

One of the most interesting results of these
anomaly-free superstring theories is the existence of
the model-independent invisible axion (MI axion at).
The invisible-axion models have been extensively dis-
cussed in the literature. '0" At present, the allowed
band'2 of the axion decay constant is 108 ( F, ( 10"
GeV. The MI axion has the decay constant
Mp, /96msl2 = 10's GeV, where Mpi is the planck
mass. One must fine-tune 0 in the beginning or resort
to the new inflationary scenario. '3 A more serious
problem than this axion-decay-constant problem is the
existence of domain walls in many axion models. '2 '4

The boundaries of the axionic domain walls are axionic
strings. ' The domain-wall number NDw in axion
models must be 1.

In this paper, we mainly discuss axionic domain
walls in Es S Es superstring theories. From the condi-
tion NDw = 1, we will conclude that Es must be broken
so that no non-Abelian group derives from it. Name-
ly, the domain-wall problem disfavor s the super-
symmetry-breaking scenario by gaugino condensates.

I

In addition, we also conclude that all superstring
models are domain-wall free (i.e., NDw=1) if there
do not exist non-Abelian interactions beyond QCD.
For this observation, we use Witten's results on the
axionic string of the MI axion.

Our argument is unbelievably simple in the scheme
of an axion effective Lagrangean. '6 Therefore, let us
start by discussing the axionic domain walls in the
language of the axion effective Lagrangean. The ef-
fective Lagrangean of the axion can be written as

2

W[a] =
2 (6 a) + F' F't'"

32 'F
The axion is a periodic variable. The period in units of
F, determines the domain-wall number NDw.

a =—a + 2m. NDwF, .

The degenerate vacua can be specified by the vacuum
expectation values of the axion field whose number is
NDwi

(a) =2knF, (k=0,.1, . . . , NDw 1). (3)—
The axionic domain-wall number NDW or the period of
the axion field can be determined from the underlying
theory which gives the effective Lagrangean (1) as its
low-energy manifestation. 3 "'~ For the case of one
axion, the form of the interaction (1) and periodicity
(2) alone do not give useful information. They simply
say that NDw is a value satisfying NDW~ l. On the
other hand, some information may be obtained for the
case of two axions if we know the arian interactions,
even though we are blind to the underlying dynamics.
Indeed, this is the case in superstring models.

For the interesting Es S Es superstring models with
Calabi- Yau internal space, the effective axion
Lagrangean has been calculateds:

2

W [at,a2]= —'(t) a, )'+ —'(t) a, )' — '+ ' F F'~"—
t

g'2 a~

32m'
a2 J' j' J'p.v

p,v p

2
(4)

where F„. (Ft'.J. ) denotes QCD (G) field strength, and F'„(F'J„) is its dual. The group G is a non-Abelian sub-
group of Es which may be useful for dynamical supersymmetry breaking. The al corresponds to the MI axion de
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fined by

~rsvp
= ~tepvpcr 8 at,

and a2 is a model-dependent one such that

Hpmn , ™2emndp, a2 (6)

(a I )/Ft + ( a2) /F2 = 27r & integer,

(at)/Ft —(a2)/F2= 2m. && integer.

(9)

(10)

The number of vacuum states is counted by the
number of sets of the axion vacuum expectation
values [(a t ) /Ft, (a2) /F2) satisfying the quantization
condition [Eqs. (9) and (10)] within the periods [Eqs.
(7) and (8)].'7 The resulting disconnected degenerate
vacua are (2nm, 2m') and ((2n+1)7r, (2m+1)m),
where n =0, 1, 2, . . . , Nt —1, and m =0, 1, 2, . . . , N2
—1. Therefore, the number of domain walls is

NDw = 2NIN2.

The minimum number for NDw is 2, and the model is
cosmologically harmful. '4 The mechanism of La-
zarides and Shafi'8 cannot be realized in superstring
theories. Two superstring axions with Calabi- Yau
internal space are not consistent with the assumption
of two non-Abelian forces.

To cure the cosmological domain-wall problem for
the given axion Lagrangean (4), we must break the
extra Yang-Mills group G descending from Es. Then
the G gauge fields A„' cannot develop any surface
term, and we can safely put F~„=O in the axion
Lagrangean (4). In theories with the broken-G gauge
interaction, one combination of at and a2 is the invisi-
ble axion, and the other combination is a true Gold-
stone boson. In this case, the domain wall number is
the number of disconnected vacuum manifolds where
each connected component has the topology of the cir-
cle. The circle topology of a vacuum manifold means
the existence of a massless Goldstone boson which
corresponds to the aforementioned orthogonal com-
ponent ( —Ftat+F2a2)/(Ft +F2 )'~ . The axion is
(F2a t + Ft a2)/(Ft + F2 )

Because the G interaction is broken, only Eq. (9)

Even though we do not know anything else except the
interaction (4), we can say that Nnwe l. However, we
must utilize the knowledge of the axion interactions.
The argument is the following.

If at and a2 are periodic variables, they must be
identified as

at ——at+2mNtFt,

a2 ——a2+ 2~N2F2,

where Nt and N2 are positive integers, and Ft and F2
are axion scales. The topological charge is quantized.
Therefore, the effective interaction (4) implies

N2=5

Q
N, =2

Q

N2=4

FIG. 1. (a) The case with Nt = 2 and N2= 5, which gives
Nnw = 1. The single circle is ABCDEFA. (b) The case with
N~ = 2 and N2 = 4, which gives ND~ = 2. The two discon-
nected circles are ABCA and POP.

gives the condition for a ground state. If one defines
Ot = 2mat/Ft and &2 = 27ra2/F2, then the vacuum man-
ifold corresponds to &t+&2= integer on the torus of
Ot—= Ht+Nt, 02—= 02+N2. We illustrate the vacuum
manifold in Fig. 1 for the cases of Nt =2, N2= 5 and
Nt = 2, N2 = 4. From these examples, one can see that
Now, that is, the number of disconnected circles, is
the maximal common divisor of the period numbers
Nt and N2.

The domain-wall problem does not exist, i.e.,
NDw= 1, if Nt or N2 takes the value 1 or if Nt and N2
are relatively prime. We again point out that this solu-
tion exists only when there do not exist extra unbro-
ken non-Abelian gauge interactions descending from
Es. Our next step is to determine Nt and N2, which
requires information on the underlying theory. For-
tunately enough, Witten3 determined Nt = 1, and
hence we obtain Now=1 irrespective of N2 if the G
interaction is broken at least to its Abelian subgroup.

Witten observed3 that the superstring itself in
heterotic string theories is the axionic string for the MI
axion at. He also notes that this axion string is the
boundary of a single axionic domain wall. This result
can be obtained by the counting of the color charge
carriers which are trapped in the string. '9 Witten's
result means in our effective axion Lagrangean
language that at is the periodic field variable with
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period 27r Ft T. herefore, Nt = l.
So far we have considered the domain-wall problem

in the standard "big bang" cosmology. It is well
known that the domain-wall problem disappears if
there was an epoch of new inflation at a temperature
below the axion scale. Then G need not be broken. In
any case, this new inflation may be necessary to solve
the notorious monopole problem. It has been already
pointed out that the Hosotani mechanism breaking F6
predicts monopoles with nonconventional magnetic
charges. zo The same thing can happen for the break-
down of G into its Abelian subgroups by the Hosotani
mechanism.

The existence of the MI axion at with period 2m. Ft
has a far-reaching consequence for other realizations
of superstring theories. It was noticeds that at gen-
erates the cosmological energy-density problem as a
result of its large decay constant Ft —10'6 GeV. To
remove this problem, Barr7 compactified in non-
Calabi-Yau space and obtained the Peccei-Quinn sym-
metry U(1)p, which is not the quinticity of SU(5).
Therefore, the Peccei-Quinn symmetry U(1)t can be
broken at the desired scale 10 ( tp& ( 10' GeV.
Inevitably, this method gives a large value of
Nt = TrP[SU(3)]2 because of the repetition of gen-
erations. But as has been seen in the preceding discus-
sion, Np ) 1 does not generate the domain-wall prob-
lem because of the at with period 2n Ft

This picture can be readily generalized to the case
with many would-be axions. The axion Lagrangean is

n 2

,' (t)„ak)—+ "F'„Ftt'", (12)

where F~t„ is the gluon field strength. Note that the
color gauge interaction is the only non-Abelian in-
teraction. With the would-be axion at with period
2mFt, the effective domain-wall number is Nnw=1,
irrespective of the periods of the other ak's. This
mechanism reveals an elegant way of solving the
domain-wall problem in axion models. If the theory
contains a would-be axion with Nt = 1 like the MI ax-
ion at in superstring theories, the domain-wall prob-
lem is automatically cured without a further extension
of the theory. With several U(1) 's, this has been stud-
ied by Barr, Gao, and Reiss. 2'

We summarize our results. We conclude that the
Es S Es model with Calabi-Yau internal space has the
domain-wall problem if the hidden non-Abelian group
G descending from Es survives for the dynamical su-
persymmetry breaking. Therefore, the consideration
of axionic domain walls in the standard cosmology dis-
favors the supersymmetry-breaking scenario by the
gaugino bilinear condensates (XI "%). If Gis broken
down to its Abelian subgroup, the domain-wall prob-
lem disappears because of the MI axion at. By the
same reasoning, we also conclude that for any low-

energy realization of superstring theories with QCD as
its only non-Abelian gauge interactions, the axionic
domain-wall problem is absent irrespective of the
periods of the other would-be axions. Nevertheless, a
new inflation may be necessary to dilute the mono-
poles arising through the Hosotani mechanism.
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