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Introduction

To achieve a successtul reheating
atter inflation, the inflaton must

iInteract with Standard Model
particles.

| nflaton SM Particles

We consider a coupling to gluon Chern-Simons term:

GG (¢ : inflaton, G : gluon field strength)

& This is a natural possibility If the inflaton ¢ 1s an axion.
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Introduction

We consider a coupling to gluon Chern-Simons term:

$ \ (¢ : inflaton, G : gluon field strength)

The QCD axion is needed to solve the Strong CP problem

thrOugh the COupling Wlth glUOnS adS Peccel, Quinn 1977; Weinberg, Wilczek 1978

(a : QCD axion)

>The QCD axion can mix with the inflaton we consider.

® Mixing with QCD axion could affect the evolution of both.
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Hilltop Potential for ALP

Let us introduce an axion-like particle
(ALP), which has its own potential V()

4
VA

with a periodicity of 2zf,.

Let us adopt a model with two cosine
terms

T DIf,

|
V() = A* [COS (i) — — COs (ni)] +const.
f; ¢ L / ¢ Czerny, Takahashi 1401.5212

for the successtul inflation.
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QCD Potential

The ALP ¢ Is coupled to gluons In

a similar to the QCD axion a:

a, [ a 1) ~
ST\ Ja Jo

This leads to the QCD potential,
¢ Yo~ (15.6MeV)* T < Agep

d
_ _ - I ) =

Borsanyi, et al. 1606.07494

where y(T) 1s the topological susceptibility.
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Total Potential

4
VI A

V(Cl, ¢) — V¢(¢) T VQCD(aa ¢)

The total potential
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The inflationary dynamics

v In the early stage, the inflaton
f

slowly rolls along a = n,_.,=—¢.

Jo
V(g, a)

v After that, the trajectory bends
to the ALP direction.

The inflaton waterfalls In
the ALP direction.

The inflaton slowly r §

0"- T /
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Regime classification

Inflation ends.[ /"

We can consider three scenario.

Single-field regime
The inflation ends before the watertall
by the ALP field.

Instantaneous watertall regime ?
The inflation ends at the moment the ALP ¢ watertalls.

Prolonged watertall regime

The Inflation continues tor a while after the inflaton path changes.



Regime classification

Inflation ends.
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Instantaneous watertall regime
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Prolonged watertall regime

The Inflation continues tor a while after the inflaton path changes.



Trajectory during inflation
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Trajectory during inflation

The field value of the QCD axion is frozen after inflation.
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Power spectrum of curvature perturbation

Inst. waterfall regime

S

1)) ) = 2% 10°GeV, £, = 107GeV, A = 30TeV

5x10'2 16"

Two-field analysis

2, iy = 1, f, = 2% 10°GeV, f; = 10'GeV, A = 30TeV
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Power spectrum of curvature perturbation

Prolonged watertall regime Two-field analysis
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Spectral index UL O s
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The dynamics after inflation

Interaction

a, [ a |
LDO—\| ——n j f,

Reheating temperature

, —1/4
T.~ (g;g ) V% ~ 6(10)TeV

v/ The QCD potential vanishes
Immediately after inflation.
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M isalig n ment meChanism Preskill, Wise, Wilczek 1983;

Abbot, Sikivie 1983:;

Before QCD phase transition Fischler 1983

%}a

d;
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M isalig nment meChaniSm Preskill, Wise, Wilczek 1983;

Abbot, Sikivie 1983;

After QCD phase transition Flschler 1983

VQCD

v The QCD axion a can be DM.

d

d;
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QCD axion abundance

The QCD axion abundance is generated through the misalignment

meChanism_ Bae, Huh, Kim 0806.0497; Visinelli, Gondolo 0903.4377; Ballesteros, Redondo, Ringwald, Tamarit 1610.01639

1.17
Q1% = 0.0092F(6,)6? (f—> (9,. — ‘af&)

1011GeV

The function F(6) is given by

1.17
€

Visinelli, Gondolo 0903.4377 alf, a.../f

0 =alf,
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QCD axion abundance

0. 1s usually a free parameter. However, in our model, the initial

value of the QCD axion q; is determined by the inflationary

dynamics. | —
/ a. is fixed
In this case 107" Mg

a . If, =, alf, ~ 107! -} 0, ~ 1 S

The oscillation starts near hilltop. | //// \

If £ =5x10°GeV, the QCD axion becomes 5”012 /) prmmee ]
10 2x10 3x10
the DM. nm1x¢/f¢
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QC D aXi O n Sea rC h eS https://cajohare.github.io/AxionLimits/
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Summary

. We have shown that the hybrid inflation driven by the QCD
axion can explain the CMB.

. QCD axion DM and inflation can be closely related in our
iInflationary model.

. This scenario can be probed by the axion direct search
experiments and future CMB experiments.

.- Also, the ALP may be probed by future accelerator
experiments.
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Running Of SpeCtraI index Planck 2018 collaboration

. _ d
The observed running of spectral index dlnsk = —0.0045 = 0.0067
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Possible experimental searches for ALP

For n = even, we have

I , \ 20 )
5x10%" S 4V V2N
—\ ‘ ‘ m¢ — 2 o o m¢ — .
* d¢p f¢

_\J\ e

The production rate of the ALP ¢

2 Y
2 % 107GeV) (30GeV)? ( m, )

40— R ~ 1()20](
n - 50 —m,[GeV -
E 0T mloeY The decay length of ¢ with energy E,;p
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Isocurvature perturbation

The Isocurvature perturbation Is
defined as follows:

10—21 .

C\]<]c,) op,~0
where
10744 02, 082, oa
i _5 1 5QCZ — 591 — —.
BT o i = 510)/20 @Hl 66’l f;l
f,=5%10°GeV, f;, =2x 10'GeV, A = 18TeV
10719 107° 1 10° 1010

n It is too small to be observed.
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Non-Gaussianity

The definition of local non-
Gaussianity Is

B}g(%cal(kla k29 k3)
P 5(k{)P4(k,) + (K cyclic perms) ’

__ glocal _
=
5 N

where where B is the

bispectrum of local non-
Gau33|an|ty

n=2,n_. =1,

mix

f.=5%x10°GeV, f, = 2 x 10’GeV, A = 18TeV | C|\/| B observat|on ,
_O 3 | | .t‘ ;

_ _ \ | local __
10-1°  107° 1 10° _: ol =0.9+5.1

k/k, | Planck 2018 collaboration
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