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We show in this paper that the existing superstring models, E s × E s and 0(32), have the axion decay constant problem. It is 
either 300 GeV or 1016 GeV, which are outside the cosmologically allowed region. It is also pointed out that the invisible axion 
with 108 GeV ~< VpQ ~ 1012 GeV is a necessity for all theories which have an effective interaction (q~n/Mpl)FF below the 
Planck scale. 

The type I superstring theories with 0(32) or E 8 
X E 8 Yang-Mills groups have attracted a great deal of  
attention recently [ 1 - 4 ]  because o f  the absence of  
the Yang-Mills and gravitational anomalies. One clear 
prediction of  these theories is the existence of  the 
axion [5,6]. 

On the other hand, there exists an upper bound [7] 
on the invisible axion scale o where the Peccei-Quinn 
symmetry is broken. Since the energy density of  the 
coherent axion field is proportional to v, v > 1012 
GeV is not acceptable in the standard big bang cosmol- 
ogy. 

In superstring theories, there appear [2] two types 
of  axions, the model independent one (= MI axion) 
and the Peccei-Quinn type one (= PQ axion). The MI 
axion scale is near the Planck scale because the nonre- 
normalizable interaction o f  the MI axion arises as a re- 
sult o f  the compactification. The PQ axion scale is not  
determined by the compactification, but determined 
by the process o f  spontaneous symmetry breaking. Be- 
cause the MI axion scale violates the aforementioned 
cosmological bound,  which we will show later, the su- 
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perstring theories at a first glance seem to be ruled out 
in the standard big bang cosmology. However, this is 
not necessarily so. This is because there can in princi- 
ple exist an invisible axion of  the Peccei-Quinn type. 

For the canonically deffmed MI axion field Cn and 
the canonically defined PQ axion field Ca, the 
lagrangian is 

- -~ t  U nJ - - ~  /~ a j 

+ (l/32rr 2) (~bn/M a + (aa/OpQ)FiuvFiUv , (1) 

where Fiuv is the gluon field strength and ~iuv is its 
dual. It is trivial to  not icef rom eq. (1) that only one 
combination couples to FF.  This component can be 
properly called the "axion" a. The a field is 

a = cos a ~a + sin a ~b n, (2) 

where 

cos o~ = Ma(M2 + o~Q) -1/2,  

sin a = opQ(M 2 + O~Q) -1/2 . (3) 

The other orthogonal field, - s in  t~ ~a + cos ~ q~n, is 
truly massless. The interaction term of  eq. (1) now 
reads 
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1 (vPQ[Mc) + (Mc/OPQ) a F F  
~°int 32.2 (M2 + @Q)l/2 

~-- (l[32rt2)(a/OpQ)FF (M C >> opQ). (4) 

Eq. (4) shows that a can be interpreted as an axion and 
hence its phenomenologies are the same as those dis- 
cussed in the literature [5 -8 ] .  A remarkable feature is 
that even though M C >> opQ, the model is acceptable if 
108 GeV ~< opQ ~< 1012 GeV. 

This argument can be generalized. If  there exist 
many boson fields whose couplings are only to FF ,  
one combination is the axion and the most dominant 
component of the axion is that with the smallest scale 
parameter. 

It looks like this argument is in contradiction with 
the standard wisdom of the invisible axion that the in- 
visible axion resides mostly within the component cor- 
responding to the largest vacuum expectation value * a 
This is not so. In the usual invisible axion models there 
is only one U(1)A symmetry and there is really one 
boson field. From the U(1)A current J~ ~ o 13ua 1 
+ 023ua 2 + ..., we immediately see that the largest vac- 
uum expectation value is the most important one. 

What can we say about superstring models? All pub- 
lished superstring models are phenomenologically 
troublesome, because they have unacceptable axions. 
This is shown in the remainder of this paper. 

Let us first show that M a for the MI axion in super- 
string models is of the order of the Planck massMpl 
= 1.2 X 1019 GeV. The indices A ,B, C .... will stand 
for the ten dimensions and/a, 9, O .... will stand for the 
four dimensions. The ten-dimensional bosonic action 
relevant for our discussion is [ 1] 

$10 = fdlox el0 [-(1/2k2)R10-(1/k2)dp-23Adp~4qb 

- (114g 2) dp-II~ABFaAB 

-- ( 3k2 [2g4)dp-2H ABcHABC I , (5) 

where dim g = - 3  and dim k = - 4 .  The MI action is 
defined by 

I-Iv ° = Ma euuooa° a , (6) 

,1 For a recent review see ref. [9]. 

t 
where M a is related to M a of eq. (1) by 

M'a = 8rr2Ma" (7) 

After compactification the four-dimensional action 
for the kinetic energies of the graviton, the gauge 
boson and the axion is 

S 4 = f d 4 x e 4 [ - ( 1 / 1 6 r O M 2 1 R  4 

-!F~4 u~F ~u~ --~(aua)21 . (8) 

The dimensional reduction does not change the rela- 
tive ratios of the coefficients of the terms in eqs. (5) 
and (8): 

1/2k 2 _M21/16~r 1/2k 2 = M21/16n 

1/4gZq~ 1/4 ' 3kZ6Ma2[2g4cp2 1/2 ' 

from which we obtain the relation 

M a = Mpl/12 vr~.. (9) 

The value M a obtained from eqs. (7) and (9) is 7 
× 1015 GeV and is outside the cosmologically allowed 
region. 

Following the previous discussion, we therefore 
need an invisible axion in superstring models. There 
must be a global U(1)A Peccei-Quinn symmetry in 
the four-dimensional world. Obviously, this global 
symmetry does not belong to the gauge symmetry in 
four dimensions. 

I f  one requires an N = 1 supersymmetry in four di- 
mensions, one must have an SU(3) holonomy [4]. 
This chooses the superstring model E 8 X E 8 over 
O(32), because the latter does not give chiral fermions. 
With this holonomy group, E 8 X E 8 breaks down to 
E 6 × E 8. If  the standard model is embedded in E8, 
there do not exist interesting light fermions. The stan- 
dard model is better to be embedded in E 6. Because 
E 8 cannot contain light fermions, this model does not 
have the chance to contain dark matter invisible to us. 
In any case, we do not have a chance to introduce a 
global symmetry U(1)A from the SU(3) holonomy 
since E 6 X SU(3) is a maximal subgroup of E 8 . There- 
fore, the E 8 × E 8 superstring model with an SU(3) 
holonomy is cosmologically unacceptable. 

We cannot introduce any overall global symmetry 
which can give a desirable Peccei-Quinn symmetry, 
because this cannot be unbroken through the tom- 
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pactification process. The reason is the following. Sup- 
pose the global symmetry is X, i.e. the superstring 
model may be (X) lobal X (E 8 X Es)loca 1. For X to g 
become the Peccei-Quinn symmetry in four dimen- 
sions, the gauge fields (and gauginos) must carry the 
X charge. In the Calabi-Yau manifold, the SU(3) 
gauge fields must have nonvanishing vacuum expecta- 
tion values. These vacuum expectation values also 
break the X symmetry, because any possible linear 
combination of generators, X ~ (Es/E6) cannot com- 
mute with all the SU(3) generators. 

We conclude that the requirement [4] of the N = 1 
supersymmetry in four dimensions gives severe prob- 
lems. 

Let us proceed to discuss the 0(32) superstring 
model. We do not require the N = 1 supersymmetry. 

Witten [2] noted that the SU(5) gauge symmetry 
from 0(32) in four dimensions brings along the global 
Peccei-Quinn P symmetry. The P charges of the 
SU(5) adjoint or singlets are zero, while the P charges 
of 10, 1-0, 5, and 5 are nonzero. Therefore, the al- 
lowed scale for the vacuum expectation values of 5 
and 5 is the electroweak scale, and hence the resulting 
axion is the Peccei-Quinn-Weinberg-Wilczek axion 
which is phenomenologically ruled out. In this case, 
existence of another invisible axion does not help as 
discussed in the introduction. 

Therefore, the immediate questions are whether 
the P symmetry is avoided or the P symmetry is bro- 
ken at a larger scale 108 GeV <~ o <~ 1012 GeV so that 
the axion becomes invisible. The first option does not 
help because of the cosmologically unacceptable MI 
axion. In fact, the P symmetry is not avoidable for the 
SU(N) embeddings which we will discuss. The only 
hope in the superstring models is to have the P sym- 
metry and break it at the allowed region. 

In an effort to obtain the P charge carrying SU(3) 
X SU(2)X U(1)singlets after compactification, we 
consider SU(7) from 0(32) as a prototype example. 
Readers will notice that other SU(N)'s from 0(32) 
will have the same fate as the present example. 

In analogy with the SU(5) compactification 
scheme, the SU(7) is embedded in 0(32) such that the 
fundamental representation of 0(32) transforms as 7 
+ ff + singlets under SU(7). The P charge is defined by 

P =  

io 2 

0 

(10) 

where the upper left corner is the block diagonal ma- 
tric with seven entries of io 2 = (_0 1), and the other 
elements are zeros. Then the adjoint representation of 
0(32) is decomposed into 

496 --- 7 + 7 + 21 + 2~ + 48 + singlets, (11) 

and the P charges of each SU(7) multiplet is 

P (21)=2 ,  P (7 )=1 ,  P ( 2 - ] ) = - 2 ,  P ( 7 ) = - l ,  

i°(48) = 0, P(singlets) = 0. (12) 

The chiral fermions without the anomaly in four di- 
mensions are n generations of 21 + 7 + 7 + 7 where n 
can be an arbitrary number determined by the index 
theorem [2]. After the symmetry breaking SU(7) 

SU(5), this gives n generations of the SU(5) family 
[10] 10 + 5. Now we have the neededP charge carry- 
ing SU(3) X SU(2) X U(1) singlets in 7,if, 21, ~ of 
SU(7). There exists the P - SU(7) - SU(7) anomaly 

TrPT2u(7)=n(2TrT21 - 3 T r T 2 )  = 7nTr T 2, (13) 

which shows that P is a Peccei-Quinn symmetry. 
The question is now whether the P charge carrying 

singlets break the global symmetry at  108 GeV < OpQ 
< 1012 GeV, which gives the invisible axion, solves 
the strong CP problem, and removes the cosmological 
energy density problem caused by the MI axiom This 
is not the case. 

As is well known, a new global charge P can be de- 
fined. The r is a linear combination of P and an SU(5) 
singlet gauge generator. For the fundamental represen- 
tation of SU(7), it is 

. -  . '2 2 2 2 2 r = P + olagt~, ~, ~, ~, ~, - 1 ,  -1 ) .  (14) 

Therefore, all the SU(3) X SU(2) X U(I)  singlets carry 
the vanishing P quantum number. The SU(3) X SU(2) 
X U(1) singlets cannot break the Peccei-Quinn sym- 
metry, and the axion scale comes down to the electro- 
weak scale, implying the unacceptable Peccei-Quinn 
-Weinberg-Wilczek axion. This is due to the fact that 
the P charge of each SU(N) representation from 0(32) 
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superstring models is the N-ality. Therefore, this fea- 
ture is not avoidable in any SU(N) gauge model from 
O(32). 

The SU(N) models with nonstandard fermions [ 12] 
cannot be obtained from 0(32)  superstring models, be- 
cause the spinor of  O(2N) is not obtained in this way. 

In conclusion, there exist harmful axions in pub- 
fished superstring models. 

Finally, we speculate on the physicalimplication 
of  the possible generation of  (q~n/Mp1)FF term as an 
effective interaction below the Planck scale. The 
Peccei-Quinn symmetry with 108 GeV ~< opQ <~ 1012 
GeV must be present in the low energy world, and the 
invisible axion is a necessary consequence. The invisi- 
ble axion plays the dual role that it solves the strong 
CP problem and the cosmological energy density prob- 
lem in a theory with the term ((bn/Mp1)Fff. 
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Note added. The MI axion in the E 8 × E~ model can 
I 

be heavy if the extra E 8 becomes strong at relatively 
high energy scale A'. Then the MI axion can decay be- 
fore the present age of  the universe (~-5 × 1017 s). 
Numerically, for A '  ~ 107 GeV the lifetime of  the MI 
axion is shorter than the age o f  the universe. To make 
the nucleosynthesis intact, i.e. by requiring the MI 
axion decay before 1 s, we obtain A' ~ 7  X 109 GeV. 
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