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Introduction

Axions play role in

@ the solution for the strong CP problem
[PRL 38 (1977) 1440, PRL 40 (1978) 223, ..]

@ candidates for dark matter
[PLB 120 (1983) 127, PLB 120 (1983) 133, ..]

@ the formulation of natural inflation
[PRL 65 (1990) 3233, PRD 74 (2006) 123511, ..]

@ candidates for quintessence
[PRD 62 (2000) 043509, JHEP 0006 (2000) 016, ..]
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Introduction

Axions play role in

@ the solution for the strong CP problem

@ candidates for quintessence

[PLB 553 (2003) 1-6]
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Formalism

The explicit breaking of a shift symmetry gives rise to a potential of the

form
V(p) = A} [1 ~ cos <z> ]

10°GeV < f, £ 1012 GeV

107%eV <m, <107 3eV
[Rev. Mod. Phys. 82 (2010) 557]

finnl 2 4 Mp
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Three-axion model

Three fields: 6, p, a i i
6 p a

V(0, p,a) = /\41—cos<+—|—>

(0, p, a) 1 i fla  h)

Mass matrix:

N A4 NS A N
f2+f2+f2 flg1+f2g2+f3g3 h(fl+f2+f3)
Adt A A4
M?2 N Ny Ny 71 N 4 N3
flg1 + fzgz + faga + + 3 h(gl + + )
1 /\“+/\4+/\4
B+ E ) z(gl + Lpg)

2
NASAS

det M2 = m fifg3(g1—g2) + hf81(82 — g3) + fif382(83 — &1)
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Flat directions (det M? = 0):

o fi=h="f;

@ 81=8=283
i Hh f3

Q —= — = —
81 82 83

For simplicity: 1 = f3 and g» = g3
Assumption: Ay > Ax > A3

tep 1
0,p,a “2% g, X,

Vi = /\‘11 1-— cos(Plgoﬂ

Vo =A% |1 — c05<st0 + Qox + Rﬂﬁﬂ

Vs =A4[1— COS<P3(,0 + @3x + R3¢>}
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Flat directions (det M? = 0):

o fi=h="f;

@ 81=8=283
i Hh f3

Q —= — = —
81 82 83

For simplicity: 1 = f3 and g» = g3
Assumption: Ay > Ax > A3

1 2
07 P, a Sti} 2.¢ ¢ Sti) ¥ X1, 77/}1

Vi = /\‘11 1-— cos(Plgoﬂ

Vo = /\g 1-— cos(nga + ©2X1>}

Vs =A4[1— cos(ngD + Qax1 + F?:ﬂ/)l)]
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(Masses [ Decay constants: m = A?/f

2
©

~ (L 4L L)A4
(kg
A

~ A4
f22g22(g12h2+f12(g12+h2))2 2

(i—h)*(g2—81)*(F2+&f)(F2+h?) N4
A 3

vy

o =

le

fwl

~

12

figih

G (e )

fg2(g2 WP+ 2 (g2+h?))

VA
VA

|fi—f||lg2—g1l\/F2+g2/ F2+h?
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(Masses [ Decay constants: m = A?/f

2 1 1 1 4 figih
m (Bt b+ h)A f~
# (flz g12 h? 1 ¥ g12h2+f12(g12+h2)
m2 ~ 5 A2 s /\‘21 g2 (g2 WP+ 2 (g2+h?))
X1~ f2g2(g2h?+12 (g2 +h?)) f = Wi
fi—F 2 _ 2 f‘2 2 f2 h2
mfm ~ (i=h)(e gl)A(1+g1)(1+ )/\‘3‘ f, o VA
y |fi—fo|lg2—g1|\/f2+e2/f2+h?
] Parameter \ Value \
h Mp
f=f | 0.15Mp
82 = 83 0.125 Mp
> 0.125 Mp
&1 0.15 Mp
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(Masses [ Decay constants: m = A?/f

2 1 1 1 4 figih
m,~(z+ 5+ —> A\ f, >~

® (ﬂz g #)1 i g2+ (g2+h?)

2 A 4 202 £20,.2 p2
m?. ~ A fg2(gf h°+17 (g5 +h*))

X el (el (el ) 2 o= =

fi—F 2 _ 2 f‘2 2 f2 h2
mfm ~ (i=h)(e gl)A(1+g1)(1+ )/\‘3‘ f, o VA
y |fi—fo|lg2—g1|\/f2+e2/f2+h?

2 ~ 102 N4 v

m¢_10 /\1 f@_O.l Mp
A2~1016 GeV
mfa ~0.04\§ 22— % mypg ~ 102 GeV | fi, ~5.0Mp
m3, ~0.83N] =200 moa ~ 10726V | fy, ~ 11 Mp
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Four-axion model

V—Z?Zl\/;—z;‘zll\j}[l—cos<i+p+¢+z>]

g hi
Assumptions: 1 =fh =1f;, g = g3 =g4 and hy = hp = h3
/\4/\4/\4/\4

det M* = (hfsg1g2h1hah)? (A — £)*(g1 — &2)*(h — ha)?

Flat direction: A =f3, g1 = g» and hy = hy

0, p, 0,0) — (o, X, ¥, W)
V1:/\41—cos A1 )}

\/2:/\4 ].—COS A290+82X>]

Vi = /\3 1 — cos (Ag,gp + B3x + ng)]

Vy = /\4 1 —cos| Agp+ Bax + G + D4w>]
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Values of scales, masses and decay constants

N> N o> N > M

| l | |

Mp Mgut Aqcp Evac

Masses Decay constants

my, ~ 1018 GeV f, ~ 0.4 Mp

my ~ 1012 GeV fy ~ 4.9 Mp

my ~10"*eV fy ~ 0.5 x 107° Mp

m, ~ 10732 eV | fo~10Mp )
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Axionic see-saw

Energy (GeV)

Mp ~ Ay 10
Mgyt ~ At n
—_— 15 ~Y
An~Minfi_ "7 M3uyr 107~ MP mey
C T e 109 11t
fa~ Mg —— 1} 1010 — An
. R~ -
P 2 3 6 Mp
: fo A ~ Ay ~ Meur 103 —
Mp T ME T M3 » An ~ ming
10 =102
Evac ~ Aqa ~Myg 7 7 - ‘\%J(Z'L>N A['\?mak 10-12 M
: fa Mp 11015 weak
: l R3
110-28 Evac ~ My
MQA | Bl Jio-n mqQA
Mp
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Conclusions

Inflaton

AXION

Dark Matter Dark Energy
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Energy (GeV)

Mp ~ Ay
P 108
Mgut ~ Aingl 1
An ~Minga o A'I(Q;UT 101'3
T T 10~ Faon
fa ~ Nint _ d 1010

My |+ 3 ALe AL MR
: My ~ M2

Aqep

Eyac ~Agqa ~ Mg

I'i:;_)q::‘?-h-," a
R y
R gf’i

- U

"
3
<2,

1 10—41

maQAa E\Zfac ‘ l
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