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°
Ax I O n Peccei, Quinn '77, Weinberg ‘78, Wilczek 78

The axion is a pseudo-Nambu-Goldstone Boson arising from SSB of the
global U(1) Peccei-Quinn symmetry

The axion is
 anangular degree of freedom

e BSM candidate that can

address several open problems
(dark matter, inflation, strong CP, --+)




Axion Dark Matter Production

Preskill, Wise, Wilczek 83, Abbott, Sikivie 83, Dine, Fischler 83

B Misalignment mechanism

The axion is initially misaligned from the potential minimum
As the Universe cools, the axion starts to oscillate
V(o)

Oscillating energy = Dark Matter H ~ myg

Initial energy density
1
pp~5mef 40 \

depends on the initial amplitude f¢9

The axion energy density is diluted by the cosmic expansion




Multi Axion Systems

v’ Rich dynamics arising from axion mixing have been actively studied
-e.g) level crossing, topological defects, clockwork mechanism

Hill, Ross "88, Kitajima, Takahashi "15, Daido, Kitajima, Takahashi, '15, Kaplan, Rattazzi 15, Choi & Im "16, Guidice et al ‘16

v’ Such systems are well motivated by string theory (Axiverse)

-The axiverse predicts multiple axions over a wide range of masses
These axion are generically mixed with each other  aranitakiset al. 09

Axion mixing can significantly affect the axion abundance and
its cosmological evolution
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Short Summary

" We consider two spatially homogeneous axion fields (¢, y) with
mixing and a large mass hierarchy my > m,

Inverted pendulum
i

" The heavy axion dynamically stabilizes the light axion Kapitza 51
This is analogous to the Kapitza inverted pendulum

1 Fast oscillation

" This mechanism can significantly enhance the light-axion relic
abundance.




Kapitza’s inverted pendulum

B\




Model

Let us consider the mixing of two axion, ¢(heavy) and y(light) :

V(g x) = msfs _1 — cosS (;l:) +m2f> _1 — cos( ;I:b ;i)

Mixing potential V i«
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Model

Let us consider the mixing of two axion, ¢(heavy) and y(light) :

B Dynamics of ¢ (typical axion behavior) V()

neglect backreaction, 4
the heavy axion evolves in a typical axion potential

» oscillate with frequency m
() > q ymg X /4
¢ — ¢ampcos(mqbt)

M




Mixing Potential Ve = 3 [1 = cos (N2 2)]

Fast oscillation

Venix (@, X) Potential without mixing

221 _ X
A x‘_.~\ "_"\/V I m)(f)( [1 COS fX]

x evolves in an oscillating potential
induced by oscillations of ¢

What effects arise from axion
- X mixing ?
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Effective Potential

Deriving the effective potential for y by time-averaging the oscillations of ¢

m 21T/M
Vere(x) = ¢f ¢dthfX [1 COS (N + )] IO(A)mxfxll COS (;;)]
A = N¢amp/fp, Jo(A): Bessel function

v' The effective potential depends on the Bessel function

1.0

amplitude of the heavy axion ¢, 08

0.6
0.4

. SN
\/ N

v' The Bessel function takes both positive
and negative values

Jo(A)

~0.2
~0.4

The sign of the effective potential can change!

=) Kapitza effect R R




Kapitza Effect on axion mixing

X .
fo:]()(A)mzfz [1 — COS (_>] A=N¢amp/f¢ I 04
e o I T /N
e . Ver (X)
v’ Potential flip interchanges maximun A A=0

and minimum
- dynamical stabilization

v The potential height also varies with
the amplitude of the heavy axion




Time-Dependent Effective Potential

X
Vere = Jo (A)m)z(f)(z [1 — COS (7)] A= N(:bamp/fqb
X
. _ . Time evolution
Due to cosmic expansion, ¢ amplitude decays % |
¢amp X a(t)_3/2 0
tin: where H ~m,, § o4

A(t) — Aina(t)_3/2 Ain = A(tin), ; Zi /\ b,
~0.2 \/ \/

The effective potential evolves and o2z 4680
repeatedly flips as the Universe expands




Cosmological Kapitza Effect

Vetr = JO(A)m)Z(fXZ [1 — COS (%)] mXiﬁIZOd.Ol
A | | | | | |
Jo(A(®)) <0 Jo(A(®) >0 — mixing
2 —  No mixing
NS /A\ NAAAAANAAR

20 40 60 80 100 120 140
M, 1
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Cosmological Kapitza Effect

- sl
White regime | | | | | |
‘ Jo(A(®)) <0 Jo(A(®)) >0 — mixing
* Jo(A) : fast oscillate _—
— Nomixing
* Minimum : fast flip {
H\X ~ —~—~ A A P g ¥
~—
p
The light axion remains frozenat  _o
its initial value as the potentia flip
rapidly —4

20 40 60 80 100 120 140
M,y 1
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Cosmological Kapitza Effect

Vett = Jo(A)mi fy [1 — cos <1>] Ain =70,

. fx m,/mg = 0.01
Green regime 4 | | | | | | |
Jo(A(®)) <0 Jo(A(®)) >0 — mixing
° A e
]O ( ) 2 —  No mixing

* Minimum: x/f, = —m,

The light axion begins to oscillate
and gradually settles near the
potential minimum

20 40 60 80 100 120 140

M,y 1
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Cosmological Kapitza Effect

_ 20204 _ X A, =70,
. Vets = Jo(A)my fy [1 cos (f )] .y = 0.01
Blue regime 4 | | | | | | |
Jo(A(®)) <0 Jo(A(®)) >0 — mixing
* Jo(4): + =

* Minimum: x/f, =0,

The effective potential flips,
exchanging its Min and Max

The oscillation center shifts

20 40 60 80 100 120 140

M,y 1
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Enhancement of abundance

The effects of potential sign flip [ |
v' dynamically freeze the axion | 108

near its initial value. 107 AN L E

~ : \/ \Y 1102 T

. . < , S ' z -

v' Oscillations starts near the > . % b =1 | 3
: G : AT UG PR EE ]

top of the potential T Lo B

-=" . 5

ct+

o Nomlxmg* 10V

The abundance of the
light axion y is strongly

en ha nced m,= 10_2eV;fX = 1012GeV Murai, Takahashi, KT 25

0 10 20 30 40 50 60 70

Oosc = Xosc/ [y : Initial amplitude of the final oscillation
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Expansion of the parameter space

The Kapitza effect shifts the dark matter parameter space

GO
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Conclusion

® Time-averaging the heavy axion oscillations generates an effective
potential for the light axion.

® We found that the effective potential for the light axion flips depending
on the amplitude of the heavy axion.

® Through the Kapitza effect, the light axion abundance is significantly
enhanced.
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  ⋯


  𝜙


  𝜙


  V ( 𝜙 )


  H ∼  m 𝜙


   f 𝜙 𝜃


   𝝆 𝝓 ~  𝟏 𝟐  𝒎 𝝓 𝟐  𝒇 𝝓 𝟐  𝜽 𝟐


  𝜙 , 𝜒


   m 𝜙 ≫  m 𝜒


  V  (  𝜙 , 𝜒 ) =  𝒎 𝝓 𝟐  𝒇 𝝓 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡ ⁡   (   𝝓   𝒇 𝝓 ) ] +  𝒎 𝝌 𝟐  𝒇 𝝌 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡   (  𝑵  𝝓   𝒇 𝝓 +  𝝌   𝒇 𝝌 ) ]


  𝜙


  𝜒


   𝑽  𝐦 𝐢 𝐱


  V  (  𝜙 , 𝜒 ) =  𝒎 𝝓 𝟐  𝒇 𝝓 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡ ⁡   (   𝝓   𝒇 𝝓 ) ] +  𝒎 𝝌 𝟐  𝒇 𝝌 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡   (  𝑵  𝝓   𝒇 𝝓 +  𝝌   𝒇 𝝌 ) ]


  𝝓


  𝜙


  𝜒


  𝝓


   𝒎 𝝓


  𝝓 =  𝝓  𝐚 𝐦 𝐩 𝐜 𝐨 𝐬 ⁡ (  𝒎 𝝓 𝒕 ) ⁡


  𝜙


  V ( 𝜙 )


  𝜒


   V  mix ( 𝜙 , 𝜒 )


  V =  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   𝜒   f 𝜒 ]


  𝝌


  𝝓


   𝑽  𝐦 𝐢 𝐱 =  𝒎 𝝌 𝟐  𝒇 𝝌 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡   (  𝑵  𝝓   𝒇 𝝓 +  𝝌   𝒇 𝝌 ) ]


  A = N  𝜙  amp /  f 𝜙 ,     　  J 0  ( A ) :


  𝜒


  𝜙


   V  eff  ( 𝜒 ) =    m 𝜙  2 𝜋  ∫ 0  2 𝜋 /  m 𝜙  d t  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (  N  𝜙   f 𝜙 +  𝜒   f 𝜒 ) ]


  ≃  𝑱 𝟎  ( 𝑨 )  𝒎 𝝌 𝟐  𝒇 𝝌 𝟐  [  𝟏 −   𝐜 𝐨 𝐬 ⁡   (   𝝌   𝒇 𝝌 ) ]


   𝜙  amp


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


  A = N  𝜙  amp /  f 𝜙


  𝜙


   𝝓  𝒂 𝒎 𝒑 ∝ 𝒂    ( 𝒕 )  − 𝟑 / 𝟐  


  𝐀  ( 𝐭 ) =  𝑨  𝐢 𝐧 𝒂    ( 𝒕 )  − 𝟑 / 𝟐


   t  in :  


  H ∼  m 𝜒


   A  in = A (  t  in )


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


  A = N  𝜙  a m p /  f 𝜙


   J 0  (  A  ( t ) ) < 0


   J 0  (  A  ( t ) ) > 0


   A  in = 70 ,  


   m 𝜒 /  m 𝜙 = 0 . 01


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


   J 0  (  A  ( t ) ) < 0


   J 0  (  A  ( t ) ) > 0


   J 0 ( A )


   A  in = 70 ,  


   m 𝜒 /  m 𝜙 = 0 . 01


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


   J 0  (  A  ( t ) ) < 0


   J 0  (  A  ( t ) ) > 0


   J 0 ( A )


  −


  𝜒 /  f 𝜒


  = − 𝜋


  ⋯


   A  in = 70 ,  


   m 𝜒 /  m 𝜙 = 0 . 01


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


   J 0  (  A  ( t ) ) < 0


   J 0  (  A  ( t ) ) > 0


   J 0 ( A )


  +


  𝜒 /  f 𝜒


  = 0


        ⋯


   A  in = 70 ,  


   m 𝜒 /  m 𝜙 = 0 . 01


   V  eff =  J 0  ( A )  m 𝜒 2  f 𝜒 2  [  1 −   cos ⁡   (   𝜒   f 𝜒 ) ]


      m 𝜒 =   10  − 2 eV ,  f 𝜒 =   10  12 GeV


   𝜃  osc =  𝜒  osc /  f 𝜒


  𝝌


   Ω 𝜒  h 2 ∝  m 𝜒  1 / 2  f 𝜒 2


   g  𝜒 𝛾 𝛾 =   𝛼 C  2 𝜋  f 𝜒

