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FIG. 4 (color online). As long as the axion Compton wave-
length is well outside the horizon, the axion zero mode is frozen;
this corresponds to the late-time solution of (26) with m,
neglected. The axion starts to feel the pull of its mass at
m, = 3H, and evolves to its minimum at ¢, = 0, i.e. the PQ
mechanism to solve the strong CP problem. After a few oscil-
lations the axion number per comoving volume stays constant as
long as the axion mass and the scale factor change slowly
(adiabatic approximation). This is then used to extrapolate the
result to today.



Teackond g Cotiin
okw}\‘&/d ﬂ«% V Q0w
H- ‘O\Q/\‘(\/‘VQMJ 2y by, -

i —0.41 2 f L
0.548.. k™ 0a\ 107 Gev

Qahz = . f .5 -
! 0.0064g*.R'-~ 9;,(”),3- “ch)













Vaanen, . B
S oot A gt oves

o [db [ 0p U elune
(76 /ay> 0)
e,

@L, = <Q> c ::T"ﬂ]



















— (7 (Wvd Pﬂf(}' '
2 102
Siky = & =19
(©7)
&YS‘J‘M% O™ <p°)
Q}%\\SW}R\
o 202(207 4 02) {
(IS(k)?) = (@?Mg)g , (gj‘j
e S, 7












(Bl aid B

jSé&/\/\/&hFZ
Co~(hear)l can

o2 L Ued if
e "emall”



;Iol'?
élO"s

~:nl$
SIO

H10'

o
g 10"

§ 10"
o

lolO
10°
10

10°

Hubble scale of inflation F; (GeV)
109 lQlO lQ“ lQIZ 1013 IQM lQIS

Ruled out by
interactions in stars

(Classic window)
Ruled out by |

interactions in stars |

‘1613

ld" |6|s ldl6 1617 ‘

Energy scale of inflation £; (GeV)

.10-7
.|0-6
.lo-S
-4
10 %

T=0 axion mass



SLAC-PUB-10030
SU-ITP-03-19
SCIPP-2003-04
hep-th /0409059

Probing a QCD String Axion with
Precision Cosmological Measurements

PATRICK Fox“, AARON PIERCE" . and ScoTT THOMAS®
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ABSTRACT

String and M-theory compactifications generically have compact mod-
uli which can potentially act as the QCD axion. However, as demonstrated
here, such a compact modulus can not play the role of a QCD axion and
solve the strong CP problem if gravitational waves interpreted as aris-
ing from inflation with Hubble constant Hy¢ = 10" GeV are observed
by the PLANCK polarimetry experiment. In this case axion fluctuations
generated during inflation would leave a measurable isocurvature and/or
non-Gaussian imprint in the spectrum of primordial temperature fluctua-
tions. This conclusion is independent of any assumptions about the initial
axion misalignment angle. how much of the dark matter is relic axions,
or possible entropy release by a late decaying particle such as the saxion;
it relies only on the mild assumption that the Peccei-Quinn symmetry
remains unbroken in the early universe,
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Abstract. The nature of axion cosmology is usually said to depend on whether
the Peccei-Quinn (PQ) symmetry breaks before or after inflation. The PQ
symmetry itself is believed to be an accident, so there is not necessarily a
symmetry during inflation at all. We explore these issues in some simple models,
which provide examples of symmetry breaking before and after inflation, or in
which there is no symmetry during inflation and no phase transition at all.
One effect of these observations is to relax the constraints from isocurvature
fluctuations due to the axion during inflation. We also observe new possibilities
for evading the constraints due to cosmic strings and domain walls, but they seem
less generic.

Keywords: dark matter, inflation, axions
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ARTICLE INFO ABSTRACT

Article history: Constraints on inflationary scenarios and isocurvature perturbations have excluded the simplest and most
Received 27 October 2013 generic models of dark matter based on QCD axions. Considering non-minimal kinetic couplings of scalar
Received ';' revised form 5 December 2013 felds to gravity substantially changes this picture, The axion can account for the observed dark matter
Accepted 7 Decessbes 2013 density avoiding the overproduction of isocurvature fluctuations. Finally, we show that assuming the

Available online 11 December 2013

Editor: M. Trodden same non-minimal kinetic coupling to the axion (dark matter) and to the standard model Higgs boson

(inflaton) provides a minimal picture of early time cosmology.
© 2013 The Authors. Published by Elsevier BV. All rights reserved.
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Solving the Tension between High-Scale Inflation

and Axion Isocurvature Perturbations
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Abstract

The BICEP2 experiment announced the discovery of the primordial B-mode polarization,
which determines the Hubble parameter during inflation to be about 10" GeV. Such high infla-
tion scale is in tension with the QCD axion dark matter if the Peccei-Quinn symmetry remains
broken during and after inflation, because too large axion isocurvature perturbations would be
generated. The axion isocurvature perturbations can be suppressed if the axion acquires a suffi-
ciently heavy mass during inflation. We show that this is realized if the Peccei-Quinn symmetry
is explicitly broken down to a discrete symmetry and if the breaking is enhanced during inflation.
Such enhancement is possible if during inflation the saxion acquires a vacuum expectation value
much larger than in the present vacuum, or if the symmetry breaking operators depend on the

inflaton field value. The latter possibility can be implemented easily in a large-field inflation
model.
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