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ABSTRACT: The QCD axion solving the strong CP problem may originate from antisym-
metric tensor gauge fields in compactified string theory, with a decay constant around
the GUT scale. Such possibility appears to be ruled out now by the detection of tensor
modes by BICEP2 and the PLANCK constraints on isocurvature density perturbations.
A more interesting and still viable possibility is that the string theoretic QCD axion is
charged under an anomalous U(1)4 gauge symmetry. In such case, the axion decay con-
stant can be much lower than the GUT scale if moduli are stabilized near the point of
vanishing Fayet-Illiopoulos term, and U(1)4-charged matter fields get a vacuum value
v o~ (mSUsyMﬁl)l/ (n+1) (n > 0) induced by a tachyonic SUSY breaking mass mgysy-.
We examine the symmetry breaking pattern of such models during the inflationary epoch
with H; ~ 10 GeV, and identify the range of the QCD axion decay constant, as well as
the corresponding relic axion abundance, consistent with known cosmological constraints.
In addition to the case that the PQ symmetry is restored during inflation, i.e. v(t;) = 0,
there are other viable scenarios, including that the PQ symmetry is broken during infla-
tion with v(t) ~ (4 H;MpE)Y ") ~ 10'6-10'7 GeV due to the Hubble-induced D-term
Dy ~ 8r2H?, while v(tg) ~ (mSUsyM};l)l/("H) ~ 10°-5 x 10'3 GeV in the present uni-
verse, where v(ty) above 102 GeV requires a fine-tuning of the axion misalignment angle.
We also discuss the implications of our results for the size of SUSY breaking soft masses.
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1 Introduction and summary

The strong CP problem! of the Standard Model of particle physics is about the question
why the strong CP violating parameter = fqcp + arg(yuyq) is smaller than 10710, while
the weak CP violating Kobayashi-Maskawa phase originating from the same quark Yukawa
couplings ¥, 4 is of order unity. Presently the most compelling solution to this problem
is to introduce a non-linearly realized anomalous global U(1) symmetry, the Peccei-Quinn
(PQ) symmetry [4, 5], which predicts a pseudo-Goldstone boson, the QCD axion, whose
vacuum expectation value (VEV) can be identified as 6 [6-11]. Yet, there still remain some
questions. One question is, what is the origin of the PQ symmetry? The PQ symmetry
is required to be explicitly broken by the QCD anomaly, while being protected well from
other forms of explicit breaking. In view of that global symmetry is not respected in general
by UV physics at scales where quantum gravity becomes important [12-15], the existence
of such global symmetry at low energy scales may require a specific form of UV completion
of the model [16-18]. Another question is about the mechanism to determine the axion
decay constant f,, which determines most of the phenomenological consequences of the
QCD axion, including the cosmological ones.

It has been known for many years that string theory provides an attractive theoretical
framework to address these questions [19]. String theory includes a variety of higher-
dimensional antisymmetric tensor gauge fields, whose zero modes behave like axions in the
4-dimensional effective theory. The shift symmetries associated with these axion-like fields
are valid in perturbation theory [20, 21]. It is then conceivable that a certain combination
of the shift symmetries is broken dominantly by the QCD anomaly, and therefore can be
identified as the PQ symmetry solving the strong CP problem. As for the decay constant,
if the compactification scale is comparable to the Planck scale, the decay constants of such
stringy axions are estimated to be [22-26],

fa ~ g*Mpy /872, (1.1)

'For a recent review, see, e.g., refs. [1-3].



where the factor 872 comes from the convention for the axion decay constant, and Mp; ~
2.4 x 10'8 GeV is the reduced Planck scale. Although it is subject to severe cosmological
constraints [27-37], such QCD axion arising from antisymmetric tensor gauge fields in
compactified string theory has been considered to be a viable possibility for many years.

An interesting generalization of this scheme, involving an anomalous U(1)4 gauge
symmetry with a nonzero U(1)4-SU(3).-SU(3),. anomaly cancelled by the 4-dimensional
Green-Schwarz (GS) mechanism [38], has been discussed before for the purpose of having
an intermediate scale QCD axion even when the compactification scale is comparable to
the Planck scale [24, 39-42]. It is based on the compactification models in which mod-
uli are stabilized at the point of vanishing U(1)4 Fayet-Illiopoulos (FI) term &pp = 0 in
the supersymmetric limit, when all U(1)4-charged matter fields ¢ are set to zero. Such
supersymmetric solutions are known to exist in many of the Type II string theory with
D-branes [21, 43-47], as well as in the heterotic string theory with U(1) gauge bundles [48-
50]. In the limit of &pr = ¢ = 0, the U(1)4 gauge boson obtains a superheavy mass
My ~ Mp; /872 by absorbing the stringy axion 6y implementing the GS anomaly cancel-
lation mechanism, while leaving an unbroken perturbative global U(1) symmetry, which
corresponds the global part of U(1)4 without the transformation of . By construction,
this perturbative global U(1) symmetry has nonzero U(1)-SU(3).-SU(3). anomaly, and
therefore can be identified as the PQ symmetry solving the strong CP problem.

To satisfy the astrophysical constraints on the QCD axion, this PQ symmetry should
be spontaneously broken at a scale higher than 10° GeV [1-3]. For this, some U(1)4-
charged matter field ¢ should have a tachyonic supersymmetry (SUSY) breaking scalar
mass mgysy, destabilizing the supersymmetric solution &gy = ¢ = 0. The matter scalar
field ¢ then takes a vacuum value (¢) > 10° GeV by an interplay between the tachyonic
SUSY breaking mass term and a supersymmetric higher order term which schematically
takes the form [¢>"* /M2 with n > 0 if the cutoff-scale of the model is assumed to be
comparable to the Planck scale [51, 52]. This scheme to determine (¢) leads to an appealing
connection between the axion scale and the SUSY breaking scale as

fa = (@) ~ (msusyMp)"/" Y (n > 0), (1.2)

which makes it possible that a wide range of the QCD axion decay constant much lower
than the Planck scale is obtained within the framework of string theory.

The recent detection of tensor modes in the cosmic microwave background (CMB) by
BICEP2 [53] has important implications for axion cosmology [54-56], particularly for the
string theoretic QCD axion. First of all, the BICEP2 results imply that the inflation energy
scale is about 10'6 GeV. This suggests that the string compactification scale is higher than
10'6 GeV, and therefore the estimate (1.1) of the decay constants of stringy axion-like fields
is at least qualitatively correct. For the expansion rate Hy ~ 10 GeV, if the PQ symme-
try were spontaneously broken during inflation, the corresponding QCD axion is severely
constrained by the PLANCK constraints on isocurvature density perturbations and non-
Gaussianity [57].2 As we will see, this rules out the simple possibility that the QCD axion

%It is in principle possible that the axion under the consideration obtains a heavy mass mq(t;) > Hr



corresponds to a combination of the zero modes of antisymmetric tensor fields in compact-
ified string theory, having a decay constant f, ~ g>Mp;/872. On the other hand, in the
presence of an anomalous U(1)4 gauge symmetry with vanishing FI term, under which the
QCD axion is charged, the model can have rich symmetry breaking patterns during infla-
tion, while giving a present axion decay constant much lower than g>Mp;/872. This may
make it possible that the model allows a variety of different cosmologically viable scenarios.

In this paper, we examine the symmetry breaking pattern of the string theoretic QCD
axion models involving an anomalous U(1) 4 gauge symmetry during the inflationary epoch
with Hy ~ 10" GeV. We identify the allowed range of the axion decay constant in such
models, as well as the corresponding relic axion abundance, being consistent with known
cosmological constraints, within a general framework in which the axion scale during infla-
tion can be different from the axion scale in the present universe. We note first that if the
PQ symmetry were broken during inflation, the cosmological constraints can be satisfied
only when the axion scale during inflation is much higher than the present axion scale.
The most natural setup to realize this possibility is to generate the axion scale through
SUSY breaking effects. We show that indeed the string theoretic QCD axion models with
anomalous U(1)4 gauge symmetry provides such setup. If the modulus-axion superfield
implementing the GS mechanism is not sequestered from the SUSY breaking by the in-
flaton sector, which would be the case in generic situations, U(1)4-charged matter fields
develop a large expectation value during inflation,

(@(tr)) ~ (V82 H M)/ D), (1.3)
due to the tachyonic SUSY breaking scalar mass induced dominantly by the U(1)4 D-term:
m2(tr) = qsgiDalts) ~ —872HE,

while
(B(to)) ~ (msusy M) (D),

for the SUSY breaking scalar mass mgysy in the present universe. Then the QCD axion
during inflation has a much higher decay constant than the present value, and even is a
different degree of freedom. As we will see, this makes it possible that a certain parameter
space of the model is consistent with the constraints on isocurvature perturbations and
non-Gaussianity, as summarized in figure 1 in section 3. The allowed range of the present
axion decay constant for reasonable choice of model parameters is given by

10 GeV < fa(to) < 5 x 10" GeV, (1.4)

where f(to) = 10'2GeV requires a fine-tuning of the axion misalignment angle as 6y <
O(1071). If we assume 6y = O(1), the allowed range is reduced to f,(ty) ~ 10°-10 GeV,
with the axion dark matter making up roughly 0.1-10 % of the total dark matter energy
density.

during inflation, so is free from the isocurvature and non-Gaussianity constraints [58, 59]. However, it is
not likely to be realized in our theoretical framework, as m, is protected by both the shift symmetry broken
only by non-perturbative effects and the softly broken SUSY during inflation with H; < Mp;.



On the other hand, if the modulus-axion superfield for the GS mechanism is sequestered
from the SUSY breaking by the inflaton sector, so that the soft scalar masses during
inflation are not dominated by the U(1)4 D-term contribution, it is possible that

(¢(tr)) =0, (1.5)

so the PQ symmetry is restored during inflation, while again

((to)) ~ (msusy M) D),

in the present universe. In this case, the model is free from the isocurvature and non-
Gaussianity constraints, however required to have the axion domain-wall number Npw = 1,
which is a non-trivial constraint on the model building. Furthermore, if one adopts the
recent simulation for the axion production by axionic strings and domain walls [60, 61],
only the following narrow window of the axion decay constant

107 GeV < fa(to) < (afew) x 10 GeV (1.6)

~

is allowed by the astrophysical and cosmological constraints, where the relic axions can
account for the total dark matter energy density when f,(p) saturates the upper bound.

Our results have an intriguing implication for the size of SUSY breaking soft masses
in the present universe. Regardless of whether the PQ symmetry is broken or not during
inflation, the cosmologically allowed parameter region for a natural axion misalignment
angle 0y = O(1) points to two possibilities:

i) Axion scale SUSY: mgusy ~ fal(to) ~ 10 — 10" GeV,
ii) Low scale SUSY: mgusy ~ f2(to)/Mp; ~ 10° — 10* GeV. (1.7)

The results for the case of broken PQ symmetry during inflation suggest also that the axion
isocurvature density perturbations have an amplitude close to the present observational
bound.

The organization of this paper is as follows. In section 2, we review the relevant features
of the string theoretic QCD axion. In section 3, we examine the cosmological constraints on
the QCD axion, while taking into account that the axion decay constant during inflation can
be much higher than the present value. Although we consider here a specific type of string
motivated models, it should be noted that our results apply to generic supersymmetric
axion models in which the PQ breaking scale is generated by SUSY breaking effects. In
section 4, we present a simple 4-dimensional supergravity (SUGRA) model involving both
the inflaton sector and the U(1) 4 sector, and examine possible symmetry breaking patterns
during inflation.

2 String theoretic QCD axion

String theory contains a variety of higher-dimensional antisymmetric p-form gauge fields
Cp, together with the associated gauge symmetry, under which

Cp = Cp+dA, 1, (2.1)

3The possibility of the axion scale SUSY was noticed also in ref. [62] recently.



where Aj,_q is a (p — 1)-form parameterizing the gauge transformation. For compactifi-
cations involving a p-cycle oy, in the internal space, the resulting 4-dimensional effective
theory contains an axion-like field Og:

Cp(z,y) = st (x)wp(y), (2.2)

where x and y denote the coordinates of the 4-dimensional flat Minkowski spacetime and
the internal space, respectively, and w, is a harmonic p-form with fap wp = 1. Since
wp(y) = dQ,—1(y) locally, the shift symmetry

U(1)shitt : Ost(x) — Os(x) + constant (2.3)

is locally equivalent to the gauge symmetry (2.1), but not globally due to the obstruction
from fap wp # 0. This implies that the shift symmetry (2.3) is valid in perturbation theory,
but can be broken by non-perturbative effects associated with fap wp # 1. Such effects
include for instance the stringy-instantons wrapping «,,, as well as the axion couplings to
the low energy gauge field instantons, which are induced as

/C’,,/\F/\F — QstF/\F/ Wy (2.4)
My «

»
It is then a conceivable possibility that stringy instanton effects are negligible for the shift
symmetry (2.3), at least in the limit that the p-cycle a, is large enough. This would allow
that the shift symmetry (2.3) is explicitly broken dominantly by the QCD anomaly, and so
the stringy axion 0y can be identified as the QCD axion solving the strong CP problem.

A characteristic feature of such string theoretic axion is that its decay constant is of
the order of Mp;/87? if the compactification scale is comparable to the Planck scale, where
872 is a conventional factor for the axion decay constant. To see this, one can consider the
4-dimensional effective SUGRA of the modulus-axion superfield

1
T =7+ ify, (2.5)

where 7 is the modulus partner of 6y, describing the volume of the p-cycle a,,. For the
modulus Kéhler potential Ky and the holomorphic gauge kinetic function f, for the QCD,
which generically take the form,

K=Ko(T+T"), fa=T+ -, (2.6)

the effective lagrangian of 6y reads

2
Lo = M?, 8;;'0@ 050" Ot + 0 Wesders

1 ast
3272 f,

where ag is the canonically normalized string theoretic QCD axion, G, is the gluon field

1
O+ GG, 1)

strength, and the axion decay constant is given by

1 [ 92Ko\'?
fa:<20) Mpy. (2.8)

872 or?



The BICEP2 results imply that the inflation energy scale is about 10'6 GeV, and therefore
the compactification scale is higher than 10'® GeV. Such a high compactification scale
implies that the modulus Kéhler metric 9°K,/072 is not significantly smaller than the
unity. More specifically, from the QCD gauge kinetic function which depends on 7', and
thereby suggests 7 ~ 1/g2yr, the modulus Kihler metric can be estimated as

82K 1/2
(5%") = Oldkor) (2.9
This gives
fo = O (g&urMp1/87?%) (2.10)

which turns out to be a correct estimate for the most of compactification models* with a
compactification scale higher than 10'® GeV. It has been known for many years that this
type of string theoretic QCD axion is subject to severe cosmological constraints. As we
will see in section 3, it appears to be ruled out now by the detection of tensor modes by
BICEP2 and the PLANCK constraints on isocurvature density perturbations.

In fact, the QCD axion can have a decay constant far below Mp;/1672 even when the
compactification scale is comparable to the Planck scale. An attractive scheme to realize
such possibility is that the stringy axion 6y is charged under an anomalous U(1)4 gauge
symmetry, and its modulus partner 7 is stabilized at a value near the point of vanishing
FI term.’ Indeed, such scheme can be realized in many string compactification models,
including the Type II string models with D-branes and the heterotic string models with
U(1) Yang-Mills bundles on Calabi-Yau manifold. Four-dimensional symmetries of this
type of models include a shift symmetry

UQ)spies : T — T +ic (c = real constant), (2.11)

which is broken dominantly by the QCD anomaly, as well as an anomalous U(1)4 gauge
symmetry:

UL)a: Va—o VatA+A, T—oT+csh, ¢ — elley, (2.12)

where V4 is the vector superfield for the U(1)4 gauge multiplet, ¢; are generic U(1)4-
charged chiral matter superfields, A is a chiral superfield parameterizing U(1) 4 transfor-
mation on the superspace, and

das = 8% Z ¢ Te(T7 (7)) (2.13)

represents the coefficient of the mixed U(1)4-SU(3).-SU(3). anomaly which is cancelled by
the GS mechanism.

4One may be able to obtain a much lower axion scale, while keeping the cutoff-scale for the inflaton
sector higher than 10'® GeV, if the axion sector and the inflaton sector are separated from each other in a
warped internal space [63, 64]. Here we do not pursue this kind of more involved possibility.

®See refs. [65, 66] for string axions with vanishing FI term in the large volume scenario.



Generically the Kahler potential and the QCD gauge kinetic function take the form,

K = Ko(T +T* — 6gsVa) + Zi(T +T* — dasVa)pje Vg, + -,
Ja=T+:--. (2.14)
In the following, for simplicity, we will consider only a single U(1) 4-charged matter field ¢

under the assumption that its Kéahler metric is a moduli-independent constant. Then the
relevant part of the effective lagrangian is given by

1 92K, .
Lat = = " B + M3 5 (0,00 — Sas Ay + D™ DV
9A or
1 OK, 1 e
2 (3020 192) 4 L dosargon e+ 25)

where we have set Z; = ¢4 = 1, and included the counter term for the mixed U(1)a4-
SU(3).-SU(3). anomaly, whose U(1)4 variation is cancelled by the gauge variation of fg.
The above effective lagrangian can be rewritten as

OuX 2
£e:——F” v+ = ((87%5Gs f v £ —A
ff 4gA 1% (( ™ GSf t) ) <\/(87T25Gsfst)2 ¥ 'U2 M)
1 1
+ 5(aua)2 BT, Y66+ gA(§p1 —0?/2)% .-, (2.16)
for 64 = arg(¢), and v = V2(¢). Here x and a are given by
= ! (820 fu)? 25 4 026 (2.17)
t V (8m20cs for)? 4 v ek s T ) '
2
_ (8mbasfs)v (t%t B 0¢) ’ (2.18)
\/(87T25G8f5t)2 + 2 das
with fg and f, defined by
1 82K
fst = s 87_ OMPla
fo= for? . (2.19)

v (8m28cs fir)? + v?
Note that the U(1) 4 D-term includes the moduli-dependent FI term,

0Ky

&r1 = das TMpl (2.20)

Obviously x corresponds to the longitudinal component of the massive U(1)4 gauge boson
with a mass

Ma = gay/(8n%0cs fr)? + 02, (2.21)

while a is the physical QCD axion and f, is its decay constant. When the compactification
scale is higher than 10'® GeV, the modulus Kihler metric typically has a vacuum value as



(02K, /071%) ~ 1/(7)?, and the gauge coupling constant is given by 1/g&yp = (1)/2+ - -.
Thus fg is around géUTM p1/872, or it may be possible to increase it by one order of
magnitude [24], implying

fst = 01071 —1072) x Mpy, (2.22)

independently of the details of moduli stabilization.

On the other hand, the matter vacuum expectation value v = v/2 (¢) severely depends
on the mechanism of moduli stabilization, particularly on the vacuum value of the FI term.
In 4-dimensional N =1 SUGRA with mg,, < My for mg/, being the gravitino mass, we
have the following bound on the D-term:

2 2

my o M,

|Dal = | —v?/2| SO (5\42 ) : (2.23)

A

which can be derived from the stationary condition for the scalar potential [67, 68]. Then

there are essentially two distinctive possibilities. One is that the modulus 7 is stabilized
at a value with aK
0

— =0(1 2.24

2 o), (2:24)

which is the case, for instance, when 6y is the model-independent axion and 7 is the dilaton
in the heterotic string theory. In this case, we have

et = v? = O(6asMpy) > 5 = O(Mp,/(87%)?). (2.25)

Then the physical QCD axion is mostly 65 which originates from antisymmetric tensor
gauge fields, and its decay constant reads

fstv
v (8m28cs fr)? + v?

Axion cosmology in this case is essentially the same as in the case without anomalous U(1) 4

fo = ~ ft. (2.26)

symmetry, and therefore the model is in conflict with the inflation scale H; ~ 10 GeV.

Another, more interesting, possibility is that the modulus 7 is stabilized at a value
near the point of vanishing FI-term. Most of the known models with anomalous U(1)4
symmetry, realized either in the Type II string theory with D-branes or in the heterotic
string theory with U(1) gauge bundles, admit a supersymmetric solution with

Err = ¢ = 0. (2.27)

To be phenomenologically viable, this solution should be destabilized by a tachyonic SUSY
breaking mass of ¢ to develop v > 10 GeV. Schematically the scalar potential of ¢ takes

the form
oW |? 1 )
V(¢) = —miusy|8]> + | 5| = —méusylol® + —z 10" (n>0), (2.28)
96 M
yielding
v~ (mgusy M)V Y < fy, (2.29)



where the SUSY breaking mass mgusy is assumed to be small enough compared to Mp;.
In this case, the physical QCD axion is mostly 64 = arg(¢), and the axion decay constant
is determined by v,
fstv ~ v
V(8720asfs)2 + 02 8mdas’
where 8720cs = >, ¢;Tr(T?(¢)), and we have set g, = 1.
So far, we have discussed the axion decay constant in the present universe in mod-

fa = (2.30)

els with anomalous U(1)4 gauge symmetry. An interesting feature of the axion models
discussed above, providing an intriguing connection between the axion scale and SUSY
breaking scale:

falto) ~ v(te) ~ (msusy M)+, (2.31)

is that the axion decay constant f,(¢;) during inflation can be very different from the present
axion decay constant f,(tp). In regard to this, we have again two distinctive possibilities,
which will be discussed in more detail in section 4:

a) PQ symmetry restored during inflation with v(¢;) = 0,
b) PQ symmetry broken at a higher scale with v(t7) ~ (47rHIM}§l)1/("+1) .

In section 3, we will discuss the cosmological constraints on the string theoretic QCD
axion charged under an anomalous U(1) 4 gauge symmetry, while taking into account this
variation of the axion decay constant from the inflationary epoch to the present universe.
In section 4, we examine the symmetry breaking pattern during inflation in the context of
simple SUGRA model involving both a chaotic inflaton sector and the U(1) 4 sector for the
QCD axion.

3 Cosmological constraints

The QCD axion is subject to various cosmological constraints depending on whether the
PQ symmetry is restored or not in the early universe. Let us start with the case where the
PQ symmetry is restored during inflation:

U(t]) =0. (3.1)

In this case, the domain-wall number Npw should be equal to one since otherwise domain
walls formed during the QCD phase transition will overclose the universe. Even for Npw =
1, axionic strings are formed during the PQ phase transition, and develop into a network
of strings attached by domain walls during the QCD phase transition. Then dark matter
axions are produced from the annihilations of these topological defects, as well as from the
coherent oscillation of misaligned axion field. Putting these together, one finds that the
relic axion mass density at present is given by

Qah2 — (Qmis + Qstring + Qwall) h2
A 3 1.19
(0.58+ (2.0+1.0) + (5.812.8)) X < QCD > ( Jalto) ) . (3.2)

12

400 MeV 1012 GeV



where we have used the results of the recent numerical simulation for the axion production
from the collapsing string and wall system [60, 61], together with the root-mean-square
value of the axion misalignment angle (62) ~ 1.85 x 72/3, which takes into account the
anharmonic factor 1.85. Combined with astrophysical constraints, the condition €, < Qpum
determines the allowed range of the axion decay constant as

107 GeV < fu(to) < (2—4) x 10" GeV, (3.3)

when the PQ symmetry was restored during inflation, where Qpyr ~ 0.25 denotes the total
dark matter energy density. Applying this to the previously discussed scheme generating
the axion scale as

falto) ~ (msusy Mp;)" "+, (3.4)
we are led to either the axion scale SUSY (n = 0) or the TeV scale SUSY (n = 1),

n=0: msusy ~ 107 =10 GeV,

n=1: mgusy ~ 10°GeV.

Another, presumably more interesting, scenario is that the PQ symmetry is broken
during inflation at a scale much higher than the present axion scale. In such case, there
are no topological defects, but the axion can still cause cosmological problems since during

inflation it acquires quantum fluctuations

Hy

da(ty) = e (3.5)
for the canonically normalized axion field during inflation, a(t;) = fa(t7)0s. In models with
anomalous U(1)4 gauge symmetry, one combination of the GS axion gy and the matter
field axion 0, = arg(¢) becomes the longitudinal component of the massive U(1)4 gauge
boson having a mass much larger than H; ~ 104 GeV, while the other U(1)s-invariant
combination can be identified as the QCD axion. The fraction of each component in the
QCD axion changes with time, and the main component during and after inflation are
different if v(tp) < fst S v(tr). The axion fluctuation around the average misalignment at

the moment of coherent oscillation is given by

(0% = <i§j%2<(ttog>)> - (%f(t)) (36)

where 60 = da(ty)/ fa(to) = 0a(tr)/ fa(tr) has been used. For axion models with U(1) 4, the
ratio between the axion scales during and after inflation is estimated to be

faltr) _ v(tr) <(87r2(5gs fst) + 02(t0)>1/2
fa(to) — w(to) \(8720as fet)? + v2(tr) '

S Axion radiation by the string-wall system is determined mostly by the string and wall tensions given

(3.7)

by s ~ f21In (myt) and o, ~ maf2, where my is the mass of the PQ breaking field. Tt was assumed that
meg ~ fo in refs. [60, 61], while in our case mg ~ mgusy. This may cause a non-negligible change of the
axion mass density produced by the string-wall system. As it does not change the order of magnitude of
the axion mass density, we ignore this point in the present discussion.

,10,



where we have used the relations (2.18) and (2.19). Note that the expectation value of
fst = \/202KoMp;/87? does not change significantly during and after inflation as the GS
modulus 7 is stabilized by the U(1) 4 D-term potential at a value near the point of vanishing
FI term in both periods, with a superheavy mass M, ~ dasMp;. It is also important to
note that f,(t7)/fa(to) is always smaller than about fy /v(to) for v(tg) < v(t).

The axion field is uniform, a(tg) = fa(to)fo, at the classical level throughout the whole
observable universe if the PQQ symmetry were broken during inflation. In addition to this
misalignment, there are axion fluctuations da(ty) induced during inflation, which are sub-
ject to various cosmological constraints. Let us summarize the constraints, which depend
on the values of 0y, fo(to), fa(tr), Hr, and Q,/Qpy. We first have the obvious condition:

Qa A fa(tO) 1.19
~ 0.11(62 2 QCD <1 .
Oour 0.11(65 + (367)) (400 MeV ) \ 1011GeV = (38)

neglecting anharmonic effects, which become important if the axion initial position is very

close to the hilltop of the potential. Note that one cannot avoid the contribution from the
axion fluctuation (66%) o H?. The QCD axion obtains mass after the QCD phase transi-
tion. Then its fluctuations lead to isocurvature density perturbations of axion dark matter
and also to non-Gaussianity [30-34], which are strongly constrained by the observed CMB
power spectrum.

The power spectrum of axion isocurvature perturbations is given by [35-37]

o Q4 \? 203+ (067)
Ps=2(ans) @ g o)

044 /7 Q, H; 2 Falto) 1.19
o <QDM> <27rfa(tz)> (1011Ge\/> ’ (3.9)

where we have used the relation (3.8) with Aqcp ~ 400 MeV, and z is defined by

_ o 06+ (06%)

The isocurvature power is constrained by the Planck observations [57] to be

% < 0.041 (95% C.L.), (3.11)
¢

where Py ~ 2.19 x 1079 is the power spectrum of the curvature perturbations. Then the
isocurvature constraint reads

Q, Ja(to) 1 ~10 Hy -2
<QDM) (1011G6V> < 2x10 T <27Tfa(t1)) . (3.12)

In addition, there appears non-Gaussianity in isocurvature fluctuations [74], and the ex-

perimental bound is roughly translated into

Q, 1/2 fal(to) 1.19 » H, 9
<QDM> (1011GeV> S 10 (27rfa(t1)> : (3.13)

— 11 —



Finally, the existence of the average misalignment angle 6y contributing to the relic axion
abundance leads to the condition

Qa H[ 2 fa(to) 1.19
QDMZO'H<27rfa(tI)> <1011GeV> ! (3:14)

taking Aqcp ~ 400 MeV. When combined with this, the isocurvature constraint (3.12)
puts a severe upper bound on the axion decay constant at present:

H —1.68 f(t) 1.68
13 I a\ll
it <1t () (BT

which applies independently of the value of ,. Similarly, the constraint (3.13) from non-
Gaussianity can be combined with (3.14) to give a upper bound on f,(tp), however the
resulting bound is always weaker than the bound (3.15) from isocurvature perturbations.
This implies that, it is the isocurvature constraint that determines the cosmologically viable
range of the axion mass density and decay constant.

Before going further, let us discuss anharmonic effects, which have been neglected so
far. The axion abundance produced from the coherent oscillation is enhanced if the initial
axion position is close to the hilltop [69-73], where the axion potential is not approximated
by a quadratic potential. Such effects can be included by taking

(0%) — (F(6%)6?), (3.16)

in the relation for the axion density (3.8), with F given by [72]

F(z) ~ <ln <1_Z/7T2>)1'19, (3.17)

for 0 < z < 72. The anharmonicity factor F(z) increases from unity as z increases. The
axion contribution to isocurvature density perturbations is also enhanced as the initial
position approaches the hilltop. One can estimate it using that the axion abundance is
proportional to F(62)6? [73],

o (o Y () 0 (). o

where F' = 2dF(z)/dz. Thus the isocurvature perturbation is enhanced approximately
by the factor, (1 + F’/F)?, for small fluctuations (§6%) < 63. Including this enhancement
factor, one finds that the upper bound on €, from the isocurvature constraint is smaller
than the value obtained by the relation (3.12).

Obviously high scale inflation puts strong constraints on the possible range of the axion

scale and relic abundance, which may be satisfied by having a larger decay constant during
inflation [75]. As will be discussed in more detail in section 4, in models with anomalous
U(1)4 gauge symmetry, one can easily obtain

2
Faltr) ~ o = —y /270

c3\252 Mp = O(1071 —1072%) x Mp,, (3.19)
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Figure 1. The axion decay constant (or, equivalently, the axion mass) and the axion fraction
of the dark matter energy density in the present universe, which are consistent with cosmological
constraints. The orange band is the allowed region when the PQ symmetry is restored during
inflation or reheating, for which the domain-wall number should be equal to one. For the case that
the PQ symmetry were broken during and after inflation, there are no topological defects, but the
axion abundance and decay constant are severely constrained by the bound on isocurvature density
perturbations. These cosmological constraints are relaxed in models with anomalous U(1) 4 gauge
symmetry since the axion decay constant during inflation can be much higher than the present
value. For the inflation scale H; = 10'* GeV, the shaded region bounded by the solid lines for
fa(tr) = 10,106, 1017, 3 x 1017 GeV are cosmologically allowed. We also show the average axion
misalignment angle 6y in dot-dashed and dotted lines.

with
o(ty) ~ (V8r2H Mp )Y () > r (3.20)

for a reasonable range of model parameters and H; ~ 10 GeV. Then the axion fluctu-
ation (3.6) is suppressed by a factor v(tg)/fst insensitively to the precise value of v(ty),
relaxing the associated cosmological constraints.

Figure 1 shows the region consistent with the cosmological constraints in the plane of
fa(to) (or, equivalently, the axion mass m,) and ,/Qpw, for Hy = 10'* GeV. The orange
band, which is obtained from the relation (3.2), shows the allowed range for the case
that the PQ symmetry is restored during inflation or reheating. In such case, the axion
domain wall number should be equal to one. On the other hand, if the PQ symmetry
remains broken during and after inflation, the model is free from topological defects, but
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the axion fluctuations produced during inflation put strong constraints. The left side of
the solid curves represents the allowed region for f,(t;) = 10', 106, 10'7, 3 x 107 GeV,
from left to right, respectively. The allowed region becomes larger as f,(t;) increases, but
the axion cannot account for the total abundance of dark matter for f,(t;) smaller than
the Planck scale [59]. In models with anomalous U(1)4, we have f,(t;) ~ fs = O(1016-
107) GeV for v(t;) = fs, for which the axion fluctuation is suppressed by f,(to)/fa(tr) ~
(mgUsyMﬁl)l/ (n+1) /fst. We also show the result for a fixed value of the misalignment
angle, 6y = 2, 0.5, 0.1, 1072, 1073 in the magenta dot-dashed and dotted lines for f,(t;) =
106 GeV. If one takes a larger value of f,(¢7), the dot-dashed lines move to the right, but
only slightly for 02 > (H/2n fa(t1))?. Here we have included the full anharmonic effects
by taking the initial condition, |1 —6y /7| < H/f.(t1), so that the axion does not pass over
the hilltop of the potential in the presence of fluctuations.

We close this section by summarizing the cosmologically viable values of the axion
decay constant and relic abundance. The value of fy, = \/202KoMp;/87? lies in the range
between about 10'® and 10'7 GeV, independently of the details of moduli stabilization.
Then the isocurvature constraint requires the axion decay constant at present to be

fs 1.68
fa(to) <7.1x 1013 GeV (1017(56\/ y (321)

as can be seen from the relation (3.15) by taking fo(t7) ~ f, and also from figure 1,

where f,(to) around 1014

GeV would require a severe fine-tuning of the axion misalignment
angle 6. On the other hand, the natural value of 6y would be of the order of unity, which
corresponds to the dark shaded region between the two dot-dashed lines. For such natural

value of 6y, the isocurvature constraint is translated into

fa(to) < 6 x 101° GeV % o S 0'84. (3.22)
¢ 0.5 1017GeV

Hence, in the case that the PQ symmetry is broken during inflation with a misalignment
angle 6y = O(1), the QCD axion is expected to have a decay constant in the range around
10 — 10" GeV, while composing up to 0.1 — 10 % of the total dark matter energy density.
If this were the case, one is again led to either the axion scale SUSY (n = 0),

msusy ~ v(ty) ~ 107 — 10" GeV, (3.23)
or the low scale SUSY (n = 1) with

v*(to)

Pl

msusy ~ ~ 10% — 10* GeV, (3.24)
because the axion scale is determined by wv(ty) ~ (mSUsyMIEZ)I/ (n+1) " and sizable sup-
pression of axion fluctuations is achieved for v(t;) ~ fs (see also section 4). Although
unnatural, 8p may have a value much smaller than one, which would allow a larger axion
decay constant as (3.21). In this case, the QCD axions constitute only a negligibly small
fraction of the observed dark matter energy density.
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4 Axion decay constant during and after inflation

In this section, we examine the PQ symmetry breaking both at present and during inflation
in the context of simple supergravity model involving the U(1)4 and inflaton sectors. We
begin with a configuration with vanishing FI term,

0Ky B
&pr ? =0, (4.1)

T=To

where T' = 7/2+ 10 is the modulus-axion superfield implementing the GS anomaly cancel-
lation mechanism. For simplicity, we consider a minimal U(1)4 sector involving the vector
multiplet V4, the GS multiplet 7', and two matter fields ¢; (i = 1,2) with opposite sign of
U(1)4 charges. Then, the Kahler potential and superpotential of the U(1)4 sector can be
expanded around the configuration 7' = 75/2 and ¢; = 0 as

M2 02K,
K = PlTQO(TO)(T — 70— 5GSVA)2 + ¢T6—VA¢1 + ¢§e(”+2)VA¢2’
n—+2
W=l (4.2)
Pl

where we have assumed that the matter Kéhler metric are moduli-independent, and the
U(1)4 charges of ¢; are chosen as ¢ = 1 and g2 = —(n + 2).

The D-flat direction of the U(1)4 sector is lifted by SUSY breaking effects, and even-
tually determines the P(Q breaking scale as

fstv
fa = s 4.3
V(8720 fst)? + v2 &3
where
202K,
fst = ) ° Mpy,

U2 2 Z QZ |¢l Z QZ z ? (44)

with v; = v/2(|¢;]). It is thus important to know how the D-flat direction couples to the
SUSY breaking sector in the model.

As a concrete example, we introduce a Polonyi-like field Z for the SUSY breaking at
present, and an additional field X which develops a large SUSY breaking F-term during
inflation described by the inflaton superfield ®. For a large field inflation within the
supergravity framework, we assume an approximate shift symmetry, & — ® 4 ic. Then
the Kahler potential and superpotential of the SUSY breaking sector are given by

2|
Ksp = \Z\Q—FJF (<I>+<I> )2+ | X7
Wsp = wo + M%Z + nX®. (4.5)

Following ref. [76], it is assumed that the inflaton sector fields, ® and X, are odd under
a Zo symmetry, and their superpotential coupling preserves R-symmetry, but explicitly
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breaks the shift symmetry of ®. Note that inflation is driven along the Im(®) direction by
the F-term potential of X. In the present universe, the inflaton sector fields are settled at
X (tg) = ®(tp) = 0, and SUSY breaking is due to the F-term of the Polonyi-like field:

FZ >~ \/§m3/2Mpl, (46)

where mg 5 is the gravitino mass in the present universe with nearly vanishing cosmological
constant. On the other hand, during inflation, SUSY breaking is dominated by

F* =~ pe(tr) ~ V3HMp, (4.7)

where ¢ = Im(®) is the inflaton field, which takes a value larger than the Planck scale to
implement the inflation.

The potential for the D-flat direction is generated from the coupling between the U(1) 4
sector and the SUSY breaking sector, which generically take the form,
kil Z|% + ki X |?

AK = (k|Z]> + K| X[*)(T — 10 — dasVa) + e
Pl

pre” Vg, (4.8)

when expanded around 7' = 79/2 and ¢; = 0. After integrating out the F-term SUSY
breaking by F'%*X, the scalar potential relevant to the stabilization of the D-flat direction

is given by
2 2(n+1) 2 2(n+2)
JA 2 2,2 91] |¢2| o |1
VZ?DA+%(T)+(H+2) A N + A R
20112 2) 1 12 ¢?+2¢2
+miléi]” + malde|” — | AMAg——— +he. |, (4.9)
Mp,
with
0K
Da =61 = (n+2)l62l” — das— (4.10)
A 22
Vo = el — 3|Wsg|? 4.11
0=° <1+k(T—Tg)+1+H(T—T0) | SB|)’ (4.11)

where mf parameterize the soft scalar masses generated by the F-term SUSY breaking. It
is clear that the phase of q§7f+2¢2 is fixed by the A-term alone. Using this, one can always
take a field basis such that Ay is real and positive. From the above scalar potential, we
find the stationary conditions to be

1 WV
0.V x 3Dg— ——— [ =2 +... ) =0,
X galla 5G883K0 <87‘ + >
00V < I61] ((Gr(loul, ) — (n + 2224, 121021) g,
M,
|12
0, V' o< || Go(|¢i], 7) — AMg———— =0, (4.12)
M,
for G; given by
2n 2 2n+-2
Gy = Q%DA+m%+(n+1)(n+2)2A2M+(n+2))\2"m72n+... ,
Mp; My
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|d)1 |2n+2

Gy = *(n+2)giDA+m§+(n+2)2>\2W+---, (4.13)
Pl
where the ellipsis indicates terms of higher order in |¢;|> and (7 — 79). Among the three

pseudo-scalar fields,

Ost = Im(T"), 01 = arg(¢1), 02 = arg(¢a),

the combination 62 + (n + 2)6; is stabilized by the A-term, while the other two remain
massless. One of them is absorbed into the U(1)4 gauge boson, and the other corresponds
to the QCD axion.

Let us now examine the vacuum configuration in the present universe with X = & = 0,
and the resulting axion decay constant. First, the condition 9,V = 0 reads

1 0K k
2D, — L - 4.14
JATAT 50602 Ko \ 0r 14 (1 —m)k Vo =0, (4.14)

where k is the coupling between the GS modulus-axion multiplet 7' = 7/2 + ify and the
Polony-like field Z in the Kéhler potential (4.8). The SUSY breaking by FZ cancels the
cosmological constant, implying that V5(7) does not play an important role in stabilizing
the modulus 7. The U(1)4-charged ¢; are stabilized away from the origin if they obtain
tachyonic soft masses and/or sizable A-term. For instance, if the A-term is small as

|Agl < 4/ |mZ| ~ msusy, (4.15)

the scalar potential has a minimum at

M L/ (D
vilty) ~ <mSUS§ ”) ,

N Agvi(to)

" (tO) mgsusy

< v1(to), (4.16)
while giving a small FI term:
ér1 = vi(t) /2,

implying that 7 is fixed at

vi(to)
260s02Ko (r0) M2,

(T) =70+ (4.17)

On the other hand, in the opposite limit with

VImi| < [Ag| ~ msusy, (4.18)

the scalar potential has a minimum at

m, M3
v1(to) = Vi + 2va(tg) ~ <SUSYPZ : (4.19)

1/(n+1)
)
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with a tiny FI term, &gy < v3(#g). As a result, in both cases, the QCD axion component
and its decay constant are determined as

L alto) _ bs  vilto), (+2)U§(t0)9 Uf(to)g +(n+2)" (to)e’

8m20as falto)  Oas  v2(to) 2(te) 2 v2(tg) v2(t)
folto) = ) (o) T (4.20)
V (8m25cs fsr)? + v2(to) A
where
V202K,
fst — STOMPl, ’1)2 = ’1)1 (n + 2) UQ, (4.21)
and the last equality in (4.20) holds for v(tg) < 87%8as fst, i-e. when
m < 10%6-2n A [ das " GeV (4.22)
SUsY 1.0/ \ 102 ' '

Let us move on to the scalar potential during inflation with the inflaton field
p(tr) = Im(®(t7)) > Mp.
In this period, the inflaton sector generates a large positive vacuum energy
V(t) = 3HIMP, =~ |FXP = 120%(tr). (4.23)

Note that Vp(7) in (4.11) is of the order of H#M?%,;, and thus becomes important in high
scale inflation with H; > mg /2.7 Such a large Vj enhances the U(1)4 D-term, which can
be seen from the minimization condition 0,V = 0, yielding

3 (16—t 2l N o
2 — R
das02K 5GSMPZ

g4DA ~ (4.24)
where £ is the coupling between the GS modulus-axion superfield 7" and the SUSY break-
ing superfield X in the Kéahler potential (4.8), and we have used the relation &py =
SasOr KoM},

In fact, this expectation value of the D-term plays a crucial role for the determination
of the vacuum value of ¢; during inflation. For the coupling (4.8), SUSY breaking soft
masses of ¢; during inflation are given by

77112 = mf + qigiDA
|FX|2 2 2 2
~ (1 — k) g VR ¢ig3Da = O ((1 — k))H}) + O (87°kH}), (4.25)
Pl

"This also implies that the scalar potential of a light modulus can be significantly modified during
inflation, which may cause the moduli runaway problem in high scale inflation [77]. In our case, the GS
modulus 7 obtains a heavy mass M, ~ dgsMp; > Hr by the U(1)a D-term potential, and thus is free from
the runaway problem. For other moduli, if exist, we simply assume that they also have a supersymmetric
mass heavy enough to be free from the runaway problem.
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where we have used the result (4.24) with égs = O(1/872). This suggests that, for the
parameter region with
Kk~ (1— k), (4.26)

which is presumably a natural choice, the soft masses are dominated by the D-term con-
tribution, and then the symmetric solution ¢; = ¢ = 0 can not be a stable solution as ¢;
have an opposite sign of U(1)4 charges. We then have

vi(tr) ~ <1Pl> :

A|das|t/?
A¢U1(t1)
1) ~ 4.27
va{t) |0as|V/2Hy (4.27)
with 2( )
(r) =m0+ 206502 Ko(m0) M3,

We note that |Ay| < H; in the chaotic inflation under consideration, because the SUSY
breaking field X is odd under Z,, and carries a non-zero R-charge, which results in
vi(tr) > wva(tr). Then the QCD axion component and its decay constant during infla-
tion are determined as

1 a(t[) . Qst U%(t]) U%(t]) est
87T2(5GS fa(t[) o 0as B UQ(tI) O+ (n * 2) U2(t1)02 - oas — b,
falts) ~ furtn(t1) (4.28)

V(8728Gs fsr)? + V3 (tr)

As noticed from the discussion in the previous section, a larger axion decay constant
during inflation makes it easier to satisfy the constraints on the axion isocurvature pertur-
bation and non-Gaussianity. On the other hand, f,(t;) in our framework is bounded as

fa(tr) ~ Min( fi, vi(tr) ), (4.29)
implying that we need
/202K
vi(tr) 2 foo = TTQOMP, = O(10' — 10'7) GeV (4.30)
7r
to saturate the bound as
fa(tl) = fst~ (4.31)
Such a large expectation value of U(1) 4-charged matter fields can be obtained in high scale
inflation with
H; > 107" - 4.32
20y« () (865)" ws

which follows from the relation (4.27). The above is indeed the case for H; ~ 104 GeV
when
n=0and A <01, or n>1and A <1.
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Finally we note that, to restore the PQ symmetry, the modulus coupling to the inflaton
sector should be suppressed as

k| < Sas07 Kol — il, (4.33)

which means that the GS modulus-axion superfield 7T is significantly more sequestered
from the SUSY breaking in the inflaton sector than the U(1)4-charged matter fields. In
addition, we need to arrange the model parameters to make Th? = m? + qigle 4 positive
for both ¢1 and ¢s.

5 Conclusions

In this paper, we have examined the cosmological constraints on string theoretic QCD
axion in the light of the recent PLANCK and BICEP2 results. We were focusing on
models with anomalous U(1)4 gauge symmetry, which admit a supersymmetric solution
with vanishing Fayet-Illiopoulos (FI) term &p; = 0, as such models can be realized in
many of the known compactified string theories, while being consistent with all the known
cosmological constraints for a certain range of model parameters.

If the QCD axion is charged under U(1)g4, the axion decay constant is determined
essentially by the vacuum expectation values of U(1)4 charged matter fields ¢. To have a
phenomenologically viable axion scale, the supersymmetric solution &pp = ¢ = 0 should be
destabilized by a tachyonic SUSY breaking mass of ¢, which would result in an intriguing
connection between the axion scale and the SUSY breaking soft masses in the present
universe: f,(to) ~ (msusy M5)Y "1 (n > 0). We note that such models can have rich
symmetry breaking patterns during inflation, and therefore allow a certain range of the
model parameters compatible with strong cosmological constraints.

If the modulus-axion superfield implementing the Green-Schwarz (GS) anomaly
cancellation mechanism is not sequestered from the SUSY breaking by the inflaton
sector, the U(1)4-charged matter fields develop a large expectation value (¢(tr)) ~
(\/8?H1M}§l)1/(”+1) during inflation, due to the tachyonic soft scalar mass mi ~ —8m?H?
induced by the U(1)4 D-term. This makes it possible that the model is free from the
axion domain wall problem, while satisfying the severe constraints on isocurvature density
perturbations for the axion scale and relic abundance depicted in figure 1. If one allows a
fine-tuning of the classical axion misalignment angle 6y, then the axion scale in the range
10°GeV < fu(to) < 5 x 10 GeV is cosmologically viable for a reasonable choice of the
model parameters. On the other hand, for 6y = O(1), the allowed range is reduced to
102 GeV < fu(to) < 10 GeV, with the relic axions composing up to 0.1-10 % of the total
dark matter energy density.

On the other hand, if the dilaton-axion superfield for the GS mechanism is sequestered
from the SUSY breaking by the inflaton sector, it is possible that the PQ symmetry is
restored during inflation with (¢(¢7)) = 0. Such scenario is obviously free from the isocur-
vature constraint, but is subject to the domain-wall constraint Npw = 1. Furthermore, if
one adopts the recent numerical simulation for the axion production by the annihilations
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of axionic stings and domain walls for the case of Npw = 1, one finds that only a narrow
range of the axion decay constant, 109 GeV < f,(to) < (a few) x 10'° GeV, is allowed.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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