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We investigate the axions of Eg X E superstring models under the simple dimensional reduction scheme. We find that Ej
gaugino condensation must occur above 10'" GeV from consideration of the axion energy density problem. In addition, we
find that the gauge coupling constant of an abelian gauge interaction descending from E¢ is smaller than that of non-abelian

interactions at the compactification scale.

Recently discovered anomaly-free superstring theo-
ries with gauge groups O(32) or Eg X Eg have attract-
ed a great deal of attention [1—12] . It renders the hope
that they may unify the known interactions with gravi-
ty.

The Eg X Eg models are favored over the 0(32),
because the latter models predict vectorlike fermions
or massless 0 = 2 quarks [4,5]. Requiringd =4, N
= 1 supersymmetry to solve the gauge hierarchy prob-
lem, we therefore study Eg X Eg models on Calabi—
Yau manifolds.

It has been known that this type of models has
two axions. Strong CP invariance is guaranteed with
these two axions [3] . In this paper we investigate
the axion physics in the simple dimensional reduction
scheme which was propuosed by Witten {7} . The re-=-
sulting d = 4 theory can be considered to be qualita-
tively equivalent to the effective d = 4 theory with
Calabi—Yau internal space. We also investigate the
effect in the low energy effective theory due to the
Wilson loop vacuum configuration of the Yang--Mills
potential [4,8].In these investigations, we find a uni-
fication scale depenident correction to the abelian
gauge couplings descending from Eg.

The basic method of dimensional reduction is to

include only SU(3) & é-\U(g) singlet fluctuations around

the presumed vacuum configuration where SU@B3)
denotes the holonomy and SU(3) is the holonomy
embedding in Eg [7]. The relevant SU(3) @ SU(3)
singlet bosonic degrees can be written as

g8 = exp (~30/M )Y
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where g&ll?\) is the d = 10 metric, Hy;yp is the three-
form gauge invariant field strength and A%O) denotes
the d = 10 Yang—Mills potential. We use d = 10 in-
dices M, N, P;d = 4 indices u, v, p;d = 6 indices m,
n,p; SU(3) indices a, b, c. €, = diag(io,, i0,, igy)
corresponds to the complex structure of Calabi—Yau
space and the CZ satisfy C& CL =Cp Chpy =0
and C% Cpyp = 54. The SU(3) ® SUG) singlet fluc-
tuation k, transforms as 27 of E¢. (4,,,) is the VEV
of the Yang—Mills connection which is the same as
the spin connection. We define M, M; and M, as
mass parameters which make the kinetic terms of o,
ay and a, as canonical ones. Note that (o) is not de-
termined at the classical level.

From the action
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we find
M2 =(3/4mM2, M2 = (T4 144m)M2,

M} = ¥3)M2,

g20lk? = (3T Y8mM2, 3

where x = exp ({0)/M;) and ¥ is the d = 4 Yang—Mills
coupling constant at the compactification scale. It is
known that a; and a, correspond to axions. We will
see later that M; and M, are related to the axion de-
cay constants. Since the radius of the internal space
can be regarded as /X times M 1. the grand unifica-
tion scale can be identified as [9]

(4, ~ Mgy ~x12y )

With this relation, let us consider the axions a, and
a, . Because we expect two non-abelian gauge interac-
tions *! in the d = 4 effective theory of the Eg X Eg
superstring, the existence of two axions is desirable
for strong CP invariance [13] . Hereafter, SU(3), X Es
is assumed to be an exact d = 4 gauge symmetry. Eg
takes the role of the hidden sector for dynamical su-
persymmetry breaking [6,7] . Then we must diago-
nalize two axions by their SU(3),, X Eg instanton
couplings. The instanton coupling of the model inde-
pendent axion a; comes from the loop effect through
the Wess—Zumino terms in the d = 10 lagrangian.
This is manifest from the Bianchi identity for the
three-form field strength Hygyp. For the model depen-

*1 One can imagine that Ej is broken down to U(1)® by a
Wilson line element at compactification, but dynamical
SUSY breaking prefers an unbroken non-abelian subgroup
of Eg.
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dent axion a,, its instanton coupling resides in the
Wess—Zumino term itself.
The Wess—Zumino action is

S, =c [(-3Bx, +2x0x9), )

where the notation of ref. [1] is used. From this, the
d = 10 equation of motion for the two-form poten-
tial By,» can be written as

Ay (-~ [3el(@?9)? | HMM M, 4 S MM M,
= (30/32k2)€M1M2M3 Mg

X Ga Tt Fy_yr, Fog g, Bog, o, Foryn,,

— 7 Tt F; mynt, For g T Fog Fatym,,

mTr AA Fy MGtrRM7M3RM9M1°

1
* U Ryr v Rot g Ror, g Rugopr

YRy p Ry, TRy g, R, ()
where Zy,yp is a fermion bilinear three-form. The
Bianchi identity is
dH=_LTrF2+uR2, )
From egs. (6) and (7), we obtain d = 4 axion equa-
tions. If we consider only the Yang—Mills fluctuation
around the vacuum, we find

a%a, = —(1/2M )(FJVFJV +FIF ), ®)
82a2 = —(1/2M)(FLFL - ngir‘;;) )
where
M, = (cx*g*9?/3840k%)e,  ™PUS

X TH(F, }F,)M,, (10)

and F? (F"" ) denotes the E¢ (Eg) field strength and F* ’p
(F‘ i ) is its dual. Note the sign difference of E¢ and
E8 Pontryagm densities in egs. (8) and (9). Because

of these independent a; and a, couplings to field
strengths, there are two independent axions and strong
CP invariance is guaranteed, even though there is an-
other Yang—Mills interaction Eg. From egs. (8) and
(9), we obtain the axion lagrangian



Volume 165B, number 1,2,3

- 2
Laxions= 3@, 2 )2+ 30,3,

— (2, /M, +a, /MZ)FJV f‘fv
~4(a /My — a)/M)FL P
=10, a2 +10, a')? — (a/2M)FF

— @M F'F + O — MM} + MO)FF],

(11)
where
a=(M,a, +M,a,)/(M3 + M3, (12a)
a'= (Mya, — M, 2,)/(M? + M2, (12b)
and
M=3082 + M2, (132)
M’ = MM, |(M? + M2, (13b)

Now we can see that a’ corresponds to the Eg axion
[5], and a corresponds to the QCD invisible axion
[14] ; both SU(3), and Eg vacuum angles are set to a
CP conserving value by these axions.

The Eg is assumed to be stronger than QCD. Then
the potential for a’ is dominated by the E'8 Using the
result on the gluino mass of ref. [6], we get the axion
potential V'

V = (n/4M2)A§I1 — exp (ia'/F)I%, (14)

where F = 15M'/16n2 and Ag is the scale of Eg glu-
ino condensation [9] . Therefore, the a' mass is

m2, = 64m> A 1225 MEM'2 15)

As is well known, the axion potentials can give rise
to cosmological energy density problems [15]. The
nondissipated axion energy density at present is pro-
portional to (A)® where A is the scale of the phase
transition and § is a model dependent constant which
is larger than } in general. For an axion decay con-
stant F, larger than 1012 GeV and A = Agcp, the
consideration of cosmological axion energy density
requires a fine-tuning of the axion VEV before the
phase transition. For the case of a’ which corresponds
to F,, ~ 1016 GeV and Ag > Aqcp, the axion ener-
gy density problem is much worse than that of a if
the lifetime of a’ is larger than the age of the uni-

PHYSICS LETTERS

19 December 1985

verse ¥2 . The main decay mode of a’ is to two mass-
less Eg gauge bosons through the a'FF’ term of eq.
(11). For the estimate of the a’ lifetime, we take

M' =M, = (@*Mp/12/m) = 1.1 X 107 GeV,

M2 - MD)(M? + M2y = 1. (16)
The lifetime of a’ is
1, = (320/N)M?m3, = {8 X 10115/[A (GeV))°}s,

a7
where N (=100) is the number of effective decay
channels. Requiring 7,, < 1.5 X 1019 yr (1 5), we ob-
tain

A>9.7X 1010 Gev (7.5 X 1012 GeV). (18)

Note that our bound (18) is consistent with the value
A =5 X 1013 GeV of ref. [6] which uses the rela-
tion Mgy,0in0 = My . The bound (18) or the bound
for A of ref. [5] is quite general because of the model
independent axion. It does not depend on the details
of compactification and low energy physics.

Finally let us consider the coupling constants of -
d = 4 gauge groups at the compactification scale. E¢
can be broken down to its subgroup by Wilson line
elements which preserve N = 1 supersymmetry [4,8,
16]. In the simple dimensional reduction scheme,
this can be implemented most simply by (4,,) along
an abelian direction transforming as 78 of E¢. Let us
decompose (4,,) as

(4, y=(4, [1,8])+(4,,[78,1])

=(4, [1,8D +Mgyr =, (19)

where 4,, (1, 8] (4,,[78, 1]) transforms as [1, 8]
([78, 1]) under E¢ X SU(3) and Z is the generator

of the U(1)y subgroup descending from Eg. Because
¥ is embedded in the adjoint representation of Eg,
we normalize Tr £2 = 30. We will consider G X U(1)y
X Eé where G is a subgroup of Eg, which commutes
with U(1)y . Note that the U(1)-breaking mechanism
of ref. [3] does not occur because the field strength
for (4,,[78, 1]) vanishes.

#2 Such a possibility has been considered in ref. [5] under
an assumption which is different from that of the present
analysis. The basic assumption of ref. [5] was that super-
symmetry is badly broken by some unknown reason and
gauginos are extremely heavy.
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There is a term in the d = 10 lagrangian which con-
tributes only to the kinetic energy of the U(1); gauge
field. Note that

H . =—3%T(4)F +..=-MspG + ..., 20)

where G, is the field strength of the U(1); gauge
field. From 3k%/2g4¢2, Hyyp HMMP and eq. (20),
we can calculate the kinetic energy term of the U(1)
gauge boson. Using eqs. (3) and (4), we obtain [17]

FUR2 =1+ 576mx ML ME>1+432x75, (21)

where g’ 1s the U(1)y coupling and & 22 is the coupling
of the other nonabelian gauge group descending from
Eg. Therefore,
72 Icompactiﬁ(mtion scale >8, Ezlcompactifimﬁon scale” (22)
To see the validity of eq. (21), let us consider the
role of other possible higher dimensional operators to
the D = 4 gauge coupling constants. Any possible dis-
crimination of g and £, at the unification scale must
appear through (4,, [1, 78]). For example, the opera-
tors which depend only on the field strength Fj,
do not affect eq. (21) because the field strength of
{A,,[1,78]) is vanishing. Then we consider gauge in-
variant or covariant operators which have explicit
(4,,[1,78]) dependence. Some possible operators
are Hyyp, Dy Fpyp and the higher order covariant de-
rivatives of Fj,»,. Among the gauge invariant and
Lorentz invariant operators constructed by them, on-
ly Hygp HMNP can distinguish 8 and 2 . For exam-
ple, the operator Tr Dy, Fyp DM F NP gives a null
contribution to D = 4 gauge kinetic terms of unbroken
gauge interactions:

NP
Tr D, Fy,, DMF

> Tr[4,, [1,78]),F,, ] (LA™ [1,78]), F*] =0

(23)
because the unbroken D = 4 gauge field strength F,,,
commutes with (4,, [1, 78]). Therefore we conclude
that eq. (21) is not affected by the presence of other
higher dimensional operators.

The correction to 22 can be neglected for x - o0
which is the limiting case of flat d = 10 space—time.
For example, x > 6 implies £2/% 2 < 1.06. But x can-
not be arbitrarily large. We note that a large x gives
a large decay constant for the QCD axion a in view of
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egs. (3), (10) and (13a). hence, a large x makes the
problem of QCD axion energy density worse ¥*. On
the other hand x cannot be too small for certain chan-
nels of spontaneous symmetry breaking. If the hyper-
charge Y of the standard model is a linear combina-
tion of generators of U(1); and a U(1) from G, i.e.
gY &y cosa,a small x nnphes a very small g\?
Namely, x = 1 implies g'2 < g5 2/433 at the compactifi-
cation scale, which is not acceptable Therefore, the
low energy phenomenology is very sensitive to the
details of compactification. Even though the ratio (21)
is highly dependent on the compactification, it gives

an interesting low energy implication. In particular,
the renormalization group analysis in these theories
[16,18] ala Georgi, Quinn and Weinberg [19] must
take this effect into account.

In conclusion, we find the following. Strong CP in-
variance is guaranteed because there exist two axions
a, and a, whose instanton couplings are not propor-
tional. The E;; axion a’ must decay rapidly enough
so that it does not cause a cosmological energy densi-
ty problem. The axion (a’) energy density problem is
quite general, which does not depend on the compac-
tification schemes. The abelian and non-abelian gauge
couplings descending from Eg are different at the
compactification scale. Even though their ratio is high-
ly dependent upon compactification, this will be use-
ful for a phenomenological application to sin2 9,

This research has been supported in part by the
Korean Science and Engineering Foundation and the
Research Institute of Basic Sciences, Seoul National
University.

#3 For the QCD axion a, the cosmological energy density
problem exlsts irrespective of the x value because of the
relatlonM—E 2+MHYV2 > M, /2.
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