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Axion model in extra dimensions with TeV scale gravity
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A simple axion model is proposed in the scenario of large extra dimensions where the gravity scale is as low
as 1 TeV. To obtain an intermediate-scale decay constant of the axion, the axion is assumed to live in a
subspacetimébrang of the whole bulk. In this model there appear Kaluza-Klein modes of the axion which
have a stronger interaction than those of the graviton. The axion brane plays the role of an absorber of the
graviton Kaluza-Klein modes. For these reasons, the phenomenology and cosmology of the axion become
highly nontrivial. We discuss various cosmological constraints as well as astrophysical ones and show that the
model is viable for certain choices of the dimensionality of the axion brane. The structure of the model
proposed here provides a viable realization of the fat brane idea to relax the otherwise very severe cosmologi-
cal constraints.

PACS numbe(s): 04.50:+h, 14.80.Mz, 98.86-k

I. INTRODUCTION sues such as the apparent gauge coupling unificdB8n

small neutrino masses, and the stra@d@® problem. It was
It has been suggested that the fundamental scale of natugg, o 4 out[3] that particles dwelling in extra dimensions,

can be as low as TeV, whereas the largeness of the effectiVq 1han 4 graviton, can have similar effective interaction
Planck scale or the Wea_kness of the gravity at a Ior_lg dlSt_anC[%rms in four-dimensional physics. This type of interaction is
can be explained by introducing large extra dimensiongppressed as gravity and thus gives extremely weak inter-
[1-4]. When there exish of such extra dimensions, the re- action between bulk matter and normal matters. For the neu-
lation between the gravitational constant®y=1/M2, in  trino, there have been many discussions and much research
4 dimensions and the fundamental scalg,4.n) in (4 about how to extend the minimal setting to obtain the small

+n) dimensions is given by neutrino masses and mixing—11], but the axion as a solu-
tion of the strongCP solution has not been studied thor-
MSIM)NVnMgﬁL n (1) oughly in this context. In this paper we will propose an axion

model in TeV scale gravity for various numbers of the extra

whereV,, is the volume of the extra-dimensional space. Fordimensions, with special emphasis on cosmological con-

Mpiasm~1 TeV, the size of the extra dimensiong is straints: the addition of_the axion in the large-extra-
computed as dimension model substantially alters the cosmology. In the

following sections, we will use the conventidn, =M,
= reduced Planck mass amd, =M 4= fundamental

(o~ Vo'~ 1020 OM 3 Mev 1~ 1020 M3 tem,

)
II. PQ SCALE IN EXTRA DIMENSIONS

whereM1ey=My41n)/TeV. The case=1 is excluded be- o . _ _ _
cause the gravitational law would change at a macroscopic If an axion is a boundary field confined on 4 dimensions,
level, but the cases=2 are allowed by gravity experiments. the Peccei-Quinn(PQ scale fpg is bounded byM,

There are also astrophysical and cosmological bofiBs ~1 TeV. To obtain a higher PQ scale, the axion field has to
because there is a tower of graviton Kaluza-KlgkK)  be inevitably a bulk field. If it lives in the whole
modes which contribute to the supernova coolfsg the  (4+n)-dimensional bulk, the PQ scale will fgg~My, .
total mass of the universe, and the late-time photon produc- However, the damped coherent oscillation of the axion
tion [6], etc. We may avoid some of these problems by asvacuum at the early universe withy~M would overclose
suming an extremely low reheating temperature of the earlyhe universe. A conventional argument gives an upper bound
universe. prslo12 GeV. Even when an entropy production takes

To have an inflation model with such a low temperature isplace after the QCD phase transiti@ng., the reheating tem-
already a tough subject, especially with the cosmologicaperature is smaller than-1 GeV), fpg cannot be much
moduli problem[7]. Furthermore, we need baryon asymme-larger than 1& GeV.
try after the inflation while the temperature is quite low and In Ref.[12], it was shown that the late thermal inflation
we knew that the process which generates baryon asymmetpan raise the bound of the PQ scale up td°1GeV. This
should not induce proton decay. It is better to have a higheargument can be applied to our case, provided that the co-
reheating temperature for many reasons, but it is very hard tberent oscillation of the inflaton is followed by the reheating

avoid known restrictions. process. Then the bound dpg is

There is another problem in TeV scale gravity. The sim- 12
plest model of this type would not provide intermediate fpo< 1015 Ge%i)(ﬂ)(@) 3
scales which are necessary to explain phenomenological is- Q 0.7/\ 6 Tr '
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TABLE I. PQ scales and lifetimes of axion and graviton KK TABLE II. PQ scales and lifetimes of axion and graviton KK
modes forM, =1 TeV, whereM 5;=mA/100 MeV. modes forM, =10 TeV.

(mn) r,'[MeV] fpo[GeV] ol seq r[sed (mn)  r,'[MeV] fpg[GeV] ol sed r.[sed

(1,2) 4x10°1°  5x10°  2Xx10'Myg 6X10'MiS (1,2) 4108 2x10%  2x10°Mpy 66X 1C°Mig
(2,3) 6x10°°  2x10® 1x10PM;p 8X10"*M;3  (2,3) 3X10°%  4x108%  3x10PPM;p  4X108Mig

(2,4) 21072 5x10° 2Xx10"M;y 6X10°My5 (2,4) 0.6 210" 2Xx10%M;  6X10°M %
(3,4) 3x10*  3xX10M;p  3X10"M;3  (3.4) 6x 10"  1X10"*M;5 9X10™M g
(2,5) 0.7 1x10°  2x10“M;n  5x10°M g (2,5) 20 6<10°  1X10'M;p 8X10°M &
(3,5 2x10"? 1x10®*M;5 7X10"M;3  (3,5) 4x10% 2x10'M.5 5x10"M.3
(4,5) 2x10%  9X10°Mpg 1X10'MS  (4,5) 3xX10®  4X10"M iy 3X10MMig
(3,6) 7 5<101°  2x 10,5 6X10'Mi5 (3,6) 160 2101 2x10°M; 8 6X10°PM S
(4,6) 2x10%  1x10"Mpp 8X10"M;g  (4,6) 4108 3x 100 4x108M S
where h is from Hubble constant in units of IIl. LABORATORY AND ASTROPHYSICAL

100 kmsec*Mpc™t, ¢ is the initial value of PQ vacuum CONSTRAINTS

angle, andTg, is the reheating temperature after inflation.  gyperiments on detecting an axion from the nuclear reac-
Thus the axion model suffers from the overclosure problem,, 5nd the sun give bounds on PQ scalé0* GeV (lab)

if there are no other scales thaf, andMy, . 10" GeV<fpg<1C® GeV (Sun. However, this limit
_Inthis paper, we propose that a natural way to realize ayongly depends on the photon axion coupling and the
intermediate scale axion is to make it live in amnethod of detecting the axion. Furthermore the laboratory
(4-+m)-dimensional subspacetini¢3+m) brand (m<n)  pound is much weaker than the astrophysical bound.

of the whole (4+n)-dimensional bulk. The idea of using  The strongest bound from astrophysics is supernova cool-
subspacetime to realize an intermediate scale already afhg. In SN 1987A observations, it was calculated that
peared in Ref[10] in the context of neutrinos. ’

Let y be a complex scalar field which contains PQ axion 1
in 4+m dimension;a. If the axion field lives only on (4 —-<107* Gev 2. (6)
+m)-dimensional subspacetime wheme<n and the vol- fpo

ume of extra dimension i¥,,, . , .
m Since the axion KK modes interact exactly the same way as

the conventional axion, the effective interaction of the KK

~ A .
a(x"=0) - modes at the core temperatufe=30 MeV is
gx=fdx4+mﬂMx*aMx+de“¥FF, @ peret |
X
1 " 18 2
. _ , _ — X (Try)"~ <10 *° GeV “. 7
where x* means an extra-dimension coordinate. Assuming fE,Q (TFo) M2 "

that the vacuum expectation value of tkefield does not
depend on the extra-dimension coordinates, we obtain This gives a bound on the fundamental scale:

M m/n 8 L
fPQ'\’\/V_m<X>~rnm/2Mi+m/2~M*(M_pl> M, >(10'8x0.03") @2 GeV. ®
*
For m=1, M,>300 TeV and form=2, M, >5 TeV!
1+5m/ 1-m/ ’ * ) *
~ 100 IMIM Gev. (® M, ~1 TeVis allowed only ifm>2. This suggests that the
number of extra dimensions should be at least 3 to include

Here we have defined the 4D axion field as JV, a(x* PQ mechanism as a solution of the stro@i§ problem in

=0) and assumed that the sizgis common for all extra 1€V scale gravity model. ,
dimensions. In the near future, high energy accelerator experiments

A lower bound off o comes from astrophysical observa- MY probe the axion KK mode emission. The graviton KK
tions, e.g., red giant and supernova cooling by axion emismnode signals in a collider were discussed in _detall recently
sion. It is known thaf po should be larger than 20GeV. In [14]. The scattering cross section of the graviton KK mode
extra dimension physics, Kaluza-KleifkK) modes also €mission from h|gh energy scattering with center of mass
contribute to supernova cooling if their masses are smalleffi@me energy/s is
than the core temperature-B0 MeV). We discuss this in
the next section.

To have 18 GeV <fpg<10" GeV, we need 2/5 Yt was argued that there arise large quantum corrections in the
<m/n=4/5. Possible sets ofi{,n) with fpowhereM, =1 case of one extra dimension in general, which would destabilize the
and 10 TeV can be found in Tables | and Il gauge hierarchj13]. This argument would exclude tme=1 case.
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J— n | —
““Mgl(ﬁr”) (M)

while the KK axion production is After some period, instead of the massive graviton KK
fields, we will have the axion KK fields with about same

M2 masses. Since the massive axion KK mode can decay into
) E (10) the photon pairs and the lifetime of the graviton KK mode
s’ becomes much shorter, the primordial graviton KK mode
will not overclose the universe. Instead, it will contribute to

Since the energy dependence of the axion KK mode crosthe cosmological background radiation. This can be a severe

section is different from the graviton KK mode cross section Constraint to the axion model. Also axions can be produced

o . o ‘thermally during the reheating process. For these reasons, we
It ”?'ght be ppssmle to detect this difference at TeV SCaIehave to >(/:heck 8vhether the a?dgn model can survive the cos-
collider experiments.

mological constraints.
To estimate the constraints for various cases, we calculate
IV. THERMAL PRODUCTION OF AXION KK MODE the amount of the thermal axion produced at the reheating
) . , . . temperaturel'g and the axion KK modes from the graviton
Since the axions dwell in the extra-dimensional braneyk modes decay. In Appendix A, we derived the Boltzmann
. . 71 - L
their masses are proportional tg~ and they have stronger equation for the yieldy = p/s for four different sources of
couplings than the graviton KK modes to the normal matterghe axion KK modes(l) decay of graviton KK modes from
in general cases. If there is no hidden particle which couple§he inverse decay (2e*e,vv—gyx): the energy of the

to the axion or if the mass of the KK mode axion is lower .
; . KK modes are concentrated om,~ Tg; (II) decay of gravi-
than the sum of three pion masse$00 MeV, the main ton KK modes produced from the scatteringey(

decay channel of light KK axion is to two photons. The_) o e S T
o . . €0xk €T e — vQgkk); this contribution is significant only
lifetime of each KK mode for a givern(m) can be found in if my<Tg; (IlI) the axion KK mode from the pion scattering

Ele

g zi(\/grn)m"’(
fPQ

Tables 1 and I (77— magy); this process dominatesTiz>10 MeV; (IV)
, , , the axion KK mode from the two photon inverse decay
Ci, [a\?m m (2y—aky); this gives a significant contribution whem,
To _2~~2|=| A~3x108C2 2, an 1. A
KK 64w\ 7| §2 Y2 R
PQ PQ For each case,

wherem, is the mass of the axion KK mode a),, is the R

model dependent axion-photon coupling which is usually — Y;=3X 10_23(100—M)A1' (13
L - . eV

within 0.1 to 1. This decay can be cosmologically dangerous.

For instance, fof po=10"? GeV andmy=1 MeV, the life-

time of the KK mode isra~10'" sec, which is about the age Yom 2% 10 23( Tr

of the universe. 2 100 MeV,
The graviton KK modes have similar cosmological prob-

lems because they can overclose our universe or decay into

the photons at a late stage of cosmological evolution. Origi-  Y3=6X 10‘10(

nally it was suggested that a “fat brang3] can solve the

cosmological problems by absorbing most of the decay prod-

ucts of the KK modes. However, massless particles in the

higher-dimensional branere not massless in our four- Y422X1016(

dimensional universe since they have momenta in the extra

dimensions which appear masses in our univg¢Ee An-

other way to avoid this difficulty is assuming a large numberwhere

of four-dimensional lattices in the bulk. But we need at least

10° emptyuniverses. Or we should assume the existence of a ( 10 )3/2( m )3

As, (14

10*? Gev)z( Tr )3
(15

10%2 GeV) 2( Tr
(16)

fro 100 MeV) Ads

four-dimensional hidden sector which has® itimes more A= 17
degrees of freedom than those of the standard model, while
they should not be produced significantly by the reheating
process after inflation. 10 |37
If we add an axion as a “brane particle” in this model,

the graviton “bulk particle” will decay to the “brane” axion

more efficiently, since its decay width will be enhanced by a 3
factor (Mgr,)™. The graviton KK mode with massi will A.=C2 ( 10 ) (l(TR)) (19)
have decay width to the axion 37 aml g (TR) 1000/’

3
In( Tk ) —0.8], (18)

2
MaMme
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312 3 B. Overclosure of Universe

ila 20

Tr

As=C The total energy of the axion KK modes at present must

not exceed the critical density:
For the details of these calculations and the definition of
function 1(T), see Appendix Alwe present the numerical
plot of I(T) in Fig. 5].

, ( 10
104 (Tr)

pa<pe=3XxX10"%s5,h? MeV, (24)

wheres,=3000 cm 2 is the entropy of the present universe.
For the case that the KK modes decay into some relativ-
V. COSMOLOGICAL CONSTRAINTS istic particles, we can divide the bound in two parts; decay

. . . . . before the present time and do not decay until now:
In this section we would like to discuss various cosmo-

logical constraints on the model for a givem,f) set. No- oA m, m, YaTo
tice that in Tables | and lln=5 in both theM, =1 and 10 —=D dmA(mArn)mYA+DJ dmpy(mar )" =———
TeV cases anth=4 in the 1 TeV case are cosmologically So Mo M2 T(ma)
safe if Tg is low enough -1 MeV). If the minimal KK <3%x10 %h? MeV, (25)

mode mass is greater than 1 MeV, the KK modes are not

generated in the thermal bath of such a low reheating temwhere the axion KK mode with mass), decays at the
perature. On the other hand<2 in M, =1 TeV andm  present time, and, is defined in Eq(21).

=1 in M,=10 TeV is forbidden by the astrophysical

bound. The cases=4m=3 atM, =1 TeV andn=3m C. Light element destruction

=2 atM, =10 TeV are not trivially allowed or ruled out by

the cosmological constraints. Details on these cases are dis- ENérgetic photons from heavy axion KK modes which
cussed in Appendix B. decay after 10sec can destroy the light elements made dur-

ing the nucleosynthesis. Therefore there are several bounds
) _ on the density of the KK modes which weigh 10 MeV. They
A. Big bang nucleosynthesis are[15]

At the temperature of the universe around 1 MeV, it is
required that there should not be additional particles which ﬁglole GeV (26)
contribute to the energy density significantly. Otherwiste S
would be produced more than what is observed now because
the universe should expand faster than the standard scenarfer 7a= 10" sec,

We apply a rather loose bound that the energy density
contribution by the KK mode should be smaller than one PA_ . -6_14-10
neutrino energy density aff=1 MeV. At high Tg =10 10 Gev @
(>10 MeV), axion KK mode production dominated by pro-

. . \/ H
cess IIl. In case Ill, one may practically have maximal masdor 10°<7,<10" sec. Usually these bounds are less impor-
tant than cosmological microwave background bound given

m;=maxXm_,Tg} (2)  below.

for the KK mode which is produced in the thermal bath. D. Cosmological microwave background radiation

Thus th f i I h N) i .
us the bound from big bang nucleosynthe&BN) is If the massive KK modes decay aften=10° sec but

m before the recombination era, the produced photons may give
%|BBN:DJ 1dmA><(mArn)mYA:leS(mlrn)m a distortion of the cosmological microwave background ra-
s Mo diation (CMBR). The Cosmic Background ExploréCOBE)
M Tom observations give a bourid 6]
~2x10°3—2 mFiz 12 A3<0.1 MeV, (22 Ap
M, 5 T7<2.5>< 107 5Tp, (28
where D is normalization constant which is equal toin
torus compactification with universal distangg In our cal-

culations we restrict ourselves to this case.

whereTp is the temperature at the KK mode decay.

If Tx~m., approximately E. Diffuse photon background
s 2 Observations of diffuse photon backgrounds at the present
M, > 1079 2xm, (23)  universe give upper bounds on additional contributions to the

photon spectrum. For example, for the energy range
For m=1, this readsM, >600 TeV, and form=2, M, 800 keV <E<30 MeV[17]
>15 TeV. But if the reheating temperature is as low as 10

-1.4
MeV, this bound is not important sin@g;(TR) is suppressed d_]:z —a_ ( E
exponentially. do ~EXA[EIE) =78 1y - (29
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Constraints on other ranges of the photon energy can be o[ Br “06% ', |08 s
found, e.g., in Ref[18]. Tr<2X10™ 4| =— —_— A; " MeV,
: L Ca 10 MeV
The theoretical prediction is Y (35)
d7 _ nac for TR<10 MeV
- = R ’
90 an X B (30
Tr<0.3Br %73 MeV, (36)
for the lifetime of the KK mode shorter than the age of the
universe, and where BKT',_,,/Hg, and
dF nac Dageozy[ 2E |2 Tr<5C,,** MeV, (37)

2 (mArn)m (31)

—_—— X_— —_—
a0 P27 TBrH, | mac

where Be>T",_.5, /Ho.
o ) II. n =3, m=2 andM, =10 TeV case
for its lifetime longer than the age of the univef4d®]. Here (1) BBN bound
we have introduced Br as a branching ratio of axion decay
into two photons. Tr<100A;® MeVv=90 MeV. (38)

In our brane picture, there & priori no reason that the
axion brane contains only our four-dimensional wall. Rather (2) Overclosure bound
it will be natural to imagine that there is a parallel uni-
versés) or another four-dimensional wall in the brane. Or
one can just imagine that there are some unknown particles Tr<28
on our wall itself. Then one can consider the situation that
thermally produced KK modes of graviton will mainly decay
into the axion in the brane and axions both from the graviton (3) CMBR bound
decay and from the thermal production will decay into the
parallel wall if this wall has some kind of QCD and/of1) c?
type of interactiond.Or it can decay into some hidden QCD/ Tr<4X 102( Z—ay
U(1) fields in our universé.Since the axion decay width is A38r3
highly suppressed bya{ 7)? with « being the fine structure ]
constant, it is easy to get a low branching ratio to decay into (4) Diffused photon bound foTg>10 MeV
the photon; in other words, most of the axions decay into the 063 02
other wall (invisible section if fche couplmg constant, the TR<3><102<—) ( A ) A;l/S MeV,
color factor of the other gauge interaction, and/or the number Cay 10 MeV
of the fermions with PQ charges in the decay loop diagram (41)
in the other wall(invisible section are large enough. for Tu<10 MeV,

2 1/6

ay
A3Br

MeV=40 MeV (for Br=1).
(39

1/6
MeV. (40)

F. Results TR<0.1Br 12 MeV, (42)
Here we summarize the results we obtained. The reader
should refer to Appendix B for more detaiWe approxi- Where B<I'y_,/H,, and
mateh=0.7.)
. n=4, m=3 andM, =1 TeV case Tr<3 MeV, (43)

(1) BBN bound where Be>T',_.,,/Ho. In both cases (=4, m=3, and

TR<9OA§1’3 MeV=80 MeV. (32) M*=1 Te\/ andn=3, m=2, and M, =10 TeV), life-
times of axion KK modes up tmy~1 GeV are quite long
(2) Overclosure bound and so the constraint from the light element destruction will
not give any further bound.
c2 \6 We also performed computer calculations on bothrihe
Tr<12 Za«/ MeV=30 MeV (for Br=1). =4, m=3, andM, =1 TeV and then=3, m=2, and
A3Br M, =10 TeV cases. Figures 1 and 2 show that the diffused

(33 photon background radiatioi®PBR) is the stringent bound
(3 CMBR bound (for ma=100 MeV and T if the branching ratio is small. But in an extremely small
A= R

=10 MeV) lifetime of the axion KK modes becomes shorter than
c2 \ve 10" sec, and so the produced photons will disturb the
TR<2X10—2(2_373 MeV. (34) CMBR spectrum. One can see that BBN is mdependent of
A3Br the branching ratio. Note that these behaviors are consistent
with what we observed from the analytical computations
(4) Diffused photon bound, fofg>10 MeV, given above.
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10°

L T
i
i 2
- B T ema, - 107
.......... _— ..
Lo,
B = LT — 104
Br Br
B N 1 YTy pe— m=2,n=3 10'6
= == QOverclosure e i ————————— m=3,n=4
—_— BBN \\4}‘ s == m=3,n=5 5
- ---- CMBR R  — — — m=3n=6 1o
DPBR | 1 —_— m=4,n=6
1 i 10710 1 10710
1 10 100 1 10 100
Ty [MeV] Ty [MeV]
FIG. 1. The bound offg and Br forM, =1 TeV andn=4m FIG. 3. The bound oflg and Br forM, =1 TeV. The upper

=3, The upper and right side of each line is excluded region. and right side of each line is the excluded region.

In Figs. 3 and 4, we present combined cosmological limits _ .
for all possible combinations af,m in Tables | and Il. We m>1. for M,* =10 Tev. The latter cosmological arg.ume'nt
find that the reheating temperature is allowed to be signifif®du!les quite a low reheating temperature after the inflation.

cantly large if the branching ratio to the photon is small 10 lift this bound, we can introduce the hidden matter/
enough. gauge fields to another four-dimensional w@alt even to our

wall itself) which has much stronger coupling to axion
and/or much more generations of particles maybe much
VI. CONCLUSIONS lower QCD phase transition scale, et€his can significantly

In this paper, we discussed the axion model in the extra®Wer the branch ratio of the axion KK mode decay into

dimensions whose PQ scale lies in an intermediate scalgnotons.

fpg=10'> GeV. This intermediate scale can be obtained by_ The whole picture can be used to improve the original
introducing a  (3-m)-dimensional brane in the fat-brane idea. This higher-dimensional object plays a role of

(4+n)-dimensional bulk. an absorber of _the KK graviton modes. If 'the fat brane
If we include the axion as a brane particle, it will changecouPleS to four-dimensional wé_d;) W|t_h interaction stronger
the phenomenology of the extra dimension physics, espéhan gravity, the pr_od_uced pfart|cles in the fat brar_1e may then
cially cosmology. Since the graviton KK mode will decay decay mtq reIat|V|s'§|c particles on the four-dimensional
into the axion KK mode, the overclosure problem is not ag¥all(). This mechanism can solve the problem of the over-
serious as the original model of Arkani-Hametal. On the ~ closure of the universe by the KK modes. Note that the fat-
other hand, the argument from stars and supernova coolingf ane particles are not necessarily the axions as we dis-
will give a more strict bound on the axion production, CUSsed, but can be any other weakly interacting particles

Among other things, the most severe cosmological boun&{v'”g in a higher-dimensional brane. Moreover if the par-

comes from photon emission through the decays of the kiicles produced by the fat-brane particle decays do not con-

modes of the axion. We found that the astrophysical argut@in Photons or any other cosmologically dangerous par-

ment restricts the number of the dimensionality of the sublices, then we can avoid other cosmological problems such
spacetime where the axion lives=>2 for M, =1 TeV and as the ones related to the cosmic photon backgrounds. It is
*

n 10° > 10°
! LI
- il 107 - ) 10
. i -~ \.>
| U o4 | . --;‘;:,.m :_ 10
! "L, b )
i Br ‘\ . I Br
- . H1o" L —miim. m=2,0=3 S H10®
| === Overclosure =« mvmemimes m=2,0=4 -I
- -t BBN i s | == m=3,n=4 | 5
- ---- CMBR i1 - — — — m=2,n=5 10
DPBR . m=3,n=5
R el . —— 1010 ! ilo-lo
1 10 100 1 10 100
Tg [MeV] Ty [MeV]
FIG. 2. The bound ofTg and Br for M, =10 TeV andn FIG. 4. The bound offg and Br forM, =10 TeV. The ex-
=3 m=2. The excluded region is the same as in Fig. 1. cluded region is the same as in Fig. 3.
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worth mentioning that some mechanisms of generating smalhg Egs.(A2) and(A4) from the reheating temperatufg to
neutrino masses have a similar structure, which will be dispresent temperature, we will get a result with the form
cussed elsewhe(€0].

In this paper, we did not consider an alternative solution r . M0
to the strongC P problem such as a spontanedtiB break- = H(TR) Yed TR)~3X10 9, (Tr) T2
ing model. This typically requires very heavy quarks. If we R (A5)

want to keep all particles carrying standard-model gauge

charges in four dimensions, the maximum scale we can hawghich can be used in most calculations reliably.

is the fundamental scale, i.e., around TeV. For this reason, Let us estimate the sources of the axion KK mode pro-

this type of model is not favorable in the extra-dimensionduction. The KK modes of axion can be produced from ei-

scheme. ther the thermal graviton KK mode decay or initial thermal

bath. We will classify four relevant cases.
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APPENDIX A: ESTIMATION OF THE PRIMORDIAL Loy f= m (A7)

AXION KK MODE DENSITY

for initial spin averaged. For the tensor mode of graviton KK

The production rate of the axion KK mode from initial . o
P mode we should multiply 5 td'. This will generate

particlesi andj can be calculated from the Boltzmann equa-
tion:

T T
Y,=6X 10‘4M—RA123>< 10—23(m A,
. pl
nA+3H(t)nA=iEj (ov);nin;, (A1) (A8)
where

wheren, ,H(t),o,n; represent axion KK mode number den- ,
sity, Hubble constant, scattering cross section, and number A 10 \% Ma $ A9
density of initial particlei. 70, (Tr) Tk (A9)

Using the relation=0.5H(T) %, we can convert the time
parameter to inverse temperature=m/T, where H(T) Here we approximated thah,=mg after the graviton de-
=(g*/10)1’2T2/Mp|. If we assume that the KK modes are cay. This mode is most abundantraf=Tg and decreases
produced by the particles in equilibrium, we can rewrite Eq.quickly if ma<Tg.

(A1) with the yield Y=np/s. (s is entropy densitys Class II. The KK modes which have much less mass than
=2m%45q, T3, whereg, =g, is approximately 10 for 1 mg<Tg will be produced dominantly by the scattering pro-
MeV <T<100 MeV) cessese™ y—Qxke™, €'e” —gkky. If we choose a limit
that the KK mode mass is less thag but greater than the
dy X electron mass, we can calculate the interaction rate from the
dx H(m) FaYeq, (A2) amplitude presented in Ref14]:
3
where a Tr 7
| PR +2<O'U>HEQ2—(|I”I ——) X (0.3T3,
€~ y—0kke Sl méme 8
FA:nqu <0'U>ij . (AS) (AlO)
ij
@ 3
A similar equation can be derived for the inverse decay case: Pete g r™ oMZ x(0.3Tg. (A11)
pl
d_Y: LF(a ALL) Ma % (A4)  Theyield from scattering is
dx H(m) ““KK En/ ©oO
T
~ — 23 R

The yield of the KK mode at the equilibriunt, is about Y=2X10 (100 MeV) Az, (A12)

0.284, s when initial particles are relativisti€or propor-
tional to exp(-x) if they are nonrelativistit After integrat- where
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i 10° 3 FIG. 5. The functionl(T) for variousmy, in
the KK mode yield Ill.
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for each KK mode with mass, . This bound is valid only if X 10~ 10( R ) ( ) A (A17)
A, is positive, i.e., the reheating temperature is significantly 100 MeV fpq 3
higher than the KK mode mass.
Class Ill. Thermal axion produced mainly by pion-pion where
scatteringm* 7°— 7*a, w7~ — xCa, for T;>10 MeV.
[ 10 )3’2(:2 I(TR) N
3 Ci, 37 1g.(Tp)) 27l 1000/ (A18)

1_‘271'—>6171'YEQ:
10247° 212

5 45
T 5 X1(T),
27G,s

Class IV. Thermal axion can be generated through the two

(A14) photon inverse decay,
whereC,,. is (1—2)/3(1+2z) with z=m,/my. In the limit ) ) 3 3
of my=0, we can use the temperature-dependent function . _Cay(a Ma o 10-8c2 TA
[(T) in Ref.[21] A&k=2Y B4\ | f2 : arg2
PQ PQ
2,2 (A19)
. X1X3
1 (s—m2)3(5s—2m?2) MoT
X f do 274 ., (A15) V,=8x10"10-PLFA, =2
5o
wheref(y)=1/(e’— 1), x;.=|pi|/T, yi=E; /T (i=1,2), and 1016 10 Gev\?[  Tg A (A20)
s=2[m2+T2(y1y,— X1X,0)]. We justify using them,=0 fro 100 MeV/ *
limit by presenting the plot produced by computEig. 5),
which shows that the mass dependencd (@) is indeed where
small.
I(T) is around 18 for T>50 MeV, and is suppressed o[ 10\ m,)3
exponentially aff<10 MeV. ForT<m,_, we can approxi- As=Cqy 0. (Tr) T_R (A21)

mate the functior (T):

7 (3m
'(T):§( T

w

5 me
ex ? .

(A16)

This shows that the axion produced from the inverse decay
will dominate over the axion from the pion scattering Ill, if
Tr<10 MeV. The thermal axion can be produced with pho-
ton electron scattering process Il; we will ignore this axion

We can estimate thermal axion KK mode yield from pionunless the reheating temperature is very [eampared with

scattering,

the process |V, it should be less than a few MeV
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To estimate the energy density of the axion KK mode forotherwise it will remain as cold dark matter. Fdig
a givenT, multiply the entropy density at the temperature <10 MeV, the overclosure is not a problem in our region of
s(T) and the mass of axion KK mode to the yield. We interest. Therefor&/, is most dominant source of axion KK

should count the number of KK modes for the allowed en-mode in this case. The total cold dark matter density will be
ergy range, Er,,)N whereE is typically Tr. But for case llI,
Tr=maxXm_,Tg}. N is the dimension of the bulk where the

PA_~[™ m — 61,2
produced particle existtl=n andN=m for case{l, 11} and S_O_Df dma (Mary)™Y3<3x107°h" MeV,

m,
{lll, IV}, respectively. ° (B4)
APPENDIX B: CALCULATION OF THE COSMOLOGICAL wherem,=10 MeV, mo=r'=30 keV forn=4m=3 at
BOUNDS 1 TeV andmy,=1 MeV, my=5 keV forn=3m=2 at 10

) ) ) ) _ TeV. Using Eq.(A17), Eq. (B4) becomes
In this section we describe the details of these calculations

for two nontrivial casesn=4m=3 atM, =1 TeV andn 3

M, T
=3m=2 atM, =10 TeV, though we have calculated with 2% 10*3mr2"+1%A3<3>< 10 %h? MeV. (B5)
a computer all relevant cosmological bounds with allowed fZM

sets ofm andn and presented these results in Figs. 3 and 4.
This is the case with relatively loWg<((100) Mev, We can get the bound of for n=4m=3 at 1 TeV,
because of largépy~10" GeV. Since the lifetime of the h |2
_axion KK mode is quite long for_nA< 100 MeV and CMBR Tr< 70( _) A§1’3 MeV (B6)
is a stronger bound than the light element breaking bound, 0.7
the bound from light element breaking is not relevant in
these cases. and forn=3m=2 at 10 TeV
2/3
A; 13 Mev. (B7)

h
1. Big bang nucleosynthesis bound Tr< 35((0—7

The axion KK mode with mass below 100 MeV cannot
decay before 1 sec and will be restricted by BBN bound on We can consider another situation in which the axion KK
neutrino species. Let us assume tiat-10 MeV; then mode can decay into some relativistic dark maXedomi-
nantly. In this case,

Pa my m
S =D [ dmy (mMary)"Ya oA my To
BBN Mo P dmA(mArn)mY3m<3><10_6h2 MeV,
M T3mm+1 0 M2 A (BS)
_ pl'R'"1
2m1Y3(m1rn)m~2X 10 3W 3
L whereT,~2x10 ® GeV is the current temperature of the
<0.1 MeV, (B1) universe and
wherem;=maxm,,Tg} and D is a normalization constant MM o
1= T ~ . — 4 —1/2 P

PQ
(B9)
E

2

D £, dmayxmy~try is the temperature when axion KK mode with masg de-
cays, where Br is the branching ratio for

=No. of KK modes betweerE; and E,.
e . . . akk—2y FaKK"ZV
We used the torus compactification with uniform distance Br= = , (B10)
approximationV,=rp,V,=r' so thatD=m. This gives a
bound forn=4m=3 at 1 TeV

which is the case where the majority of axion KK modes
TR<90A; ¥® Mev=80 MeV (B2) ?ggfﬁzégﬁége invisible relativistic dark matbér Then Eq.

and forn=3m=2 at 10 TeV fpq MUZT3mp~ 12
-9pL2_PQ P __
Tr<100A; * MeV=90 MeV. (B3) 2x107Br Cay MM2f2 As Mev<3

61,2
2. Overclosure bound X10"°h® MeV. (B1y

We can divide this bound by the KK mass,. If my,  For the reasonable range of Br, we canmsgt=m, . Forn
>m,, its lifetime is shorter than the age of the universe;=4m=3 at 1 TeV,
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dF n,c Y3SoC
= =Br——

_ = L~ m
90" an B yp= (mary)™. (B19)

0.7
=30 MeV (for Br=1), (B12)

h 2/3
Tr<12Br 1’6(—) CHA; VMev

Heresy,c=9x10%cm 2sec L. This will give the inequality

and forn=3m=2 at 10 TeV,

E —-1.4
BrXYg(mArn)m<6><10_16(m) . (B20)

h 2/3
Tr<28Br 1’6( 0—7) VA5 Mev

whereE=m,/[2(1+2)]
=40 MeV (for Br=1). (B13)

-2/3
D
1+z=4x10%Qoh?) ¥ —] . B21
3. Cosmological microwave background radiation 1( oh®) se ( )

CMBR bound is the most severe during the time period

10P< r4<10% sec. The bound The time of axion KK mode decay into two photons is
Ap‘y —5 _1 flsz
5 =25X107Tp (B14) =B’} , =3.7x10Br—=. (B22)
KK—<Y mi

is actually weaker than other constraints if the branchin . :
ratio Br is large. In this case, the reheating temperatur%-hus the present energy of diffused photéor (o=1) is

should be relatively smallg<10 MeV. But if Br is very of3 203

small, it gives a stronger bound than other cosmological con- g_ - 12( 2[) (L) m
straints. T is the same as EqB9). If we assumeTg se 0.7 A
>10 MeV, and sef\p,=BrXxpa(Tp), Eq. (B14) becomes

f 4/3 2/3 10 MeV
. :1018C;;USBI'2/3( %) (0—7) (m—) MeV.
-3 m+1 MpiTR : A
2X10 °Brmy WAB (B23)
* m
S 71/2Mg,’|2m,3\’2 Inserting this result into EqB20) and settingh=0.7 leads
=<5X10 Ca.yBI' f—pQ (B15) to
If Tk<m,., the maximal value of KK mode mass is around . Mp|m£'\"T%
m,.. This leads to the bound, fer=4m=3 at 1 TeV, 2X10°Br fygmrz 13
m *
Tr<2x102Br Y2A;"°C® Mev, (B16) <1010( fPQ)_LgClgB 09( Ma )1-4
GeV ay 10 MeV
and forn=3m=2 at 10 TeV,
(B24)

Tr<4x102Br Y2A;7°C® MeV. (B17)
and it gives a bound fon=4m=3 at 1 TeV,
To haveTg>100 MeV, we need a very small branching 063 053
ratio ~10 ’. (This bound is not valid iTr<10 MeV.) L[ Bry " My |7
< —_ S —
Tr<2X10 Co, 10 Mev Ag MeV

4. Diffused photon background (B25
Since the lifetime of the axion KK mode is longer than

10* sec in the allowed region, we obtain the strongest boun
on the reheating temperature from the diffused photon back-

gnd forn=3m=2 at 10 TeV,

063 —02

ground. Let us consider three cases. o Tr<3X 102<—) (L) A3 1% Mev.
Case 1.Tg>10 MeV: In this case, the majority of KK Cay 10 MeV

mode will decay before the present time. The observed (B26)

bound when 800 ke E<30 MeV is .
Case 2Tg<10 MeV, Br<T'y  .,,/Ho. In this caseY

dF E |7 ~Y, and the axion KK mode will decay before th t
il S | =Y, and the axion mode will decay before the presen
aa~’ 1kev> com o stosec B e, Ho=2x10 *h GeV is the Hubble constant of the
present universe. Then the relation with energy and lifetime
and corresponds with the theoretical prediction becomes the same as E§24),
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BrY4(mArn)m=8><10mBrl\/ll\p/l$inirR "
*
caof ) et
(B27)
and it gives a bound fon=4m=3 at 1 TeV
Br -1.9 Ma -1.6 .
Tr< o.oe( ca) (Mev) Al Mev (B28)
and inmy~Tg limit,
Tr<0.3Br %73vieV. (B29)
Forn=3m=2 at 10 TeV
Br —-1.9 Mma —0.6 .
TR<O.0’< C_ay) (Mev) Al Mev, (B30
and in themp~ Ty limit,
Tr<0.1Br 1?2 MeV. (B31)

Case 3.Tr<10 MeV, Br>FaKK%27/HO. In this case,

axion KK modes will not decay before the present time.
Then the theoretical prediction becomgse references, for

instance, Sec. 5.5 in Rgf19])

dr
do

Y 4SoC FaKKHZV ( 2E

3/2
_ | m
4z BrH, mA) (marn)™  (B32)

PHYSICAL REVIEW D61 084005

and this will lead to

+
Zl 3/2E3/2

M |TR m
2x101'cz —2P A,
ay M T+ 2HO

2
24

E -1.4
<6X10" 16(—) . (B33

MeV

Approximately, forn=4m=3 at 1 TeV,

Ma 9/2 06
TR( M—e\/) <2X1

—-29
n C.2A;t E MeV
0.7) 734 | MeVv :
(B34)

We can approximaten,~Tg~E, thenA4~C§7 and

0.12
TR<5.5(—) Cay*® Mev. (B35)

0.7

In the casasn=3m=2 at 10 TeV, the majority of the thermal
axion KK mode withTg>1 MeV will decay before the
present time. The condition BﬂrFaKK_@/HO and Eq.(B31)

will determine the reheating temperature
Tr<2~3 MeV. (B36)

We performed full calculations for all relevant setsnofand

n with a computer and got consistent results. For instance,

you can see three different regions of DPBR bound in Figs. 1
and 2.
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