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Moreover,	
  the	
  standard	
  ΛCDM	
  Model	
  	
  has	
  several	
  problems,	
  such	
  as	
  the	
  cusp	
  problem.	
  

An	
  ultralight	
  scalar	
  field	
  (axion)	
  dark	
  maJer	
  erases	
  the	
  cusp	
  on	
  small	
  scales	
  	
  because	
  of	
  	
  
the	
  effec've	
  quantum	
  pressure.	
  In	
  fact,	
  de	
  Broglie	
  wavelength	
  of	
  dark	
  maJer	
  is	
  given	
  by	


λdB =
2π
k

= 2π
mv

≈ 3.8kpc 10
−3

v
⎛
⎝⎜

⎞
⎠⎟
10−23eV

m
⎛
⎝⎜

⎞
⎠⎟

No	
  evidence	
  of	
  supersymmetry	
  has	
  been	
  found	
  at	
  the	
  LHC.	
  
Hence,	
  there	
  is	
  no	
  reason	
  to	
  s'ck	
  to	
  neutralinos.	


It	
  is	
  worth	
  inves'ga'ng	
  the	
  ultralight	
  axion	
  dark	
  maJer	
  seriously.	


M.R.Baldeschi	
  et	
  al.	
  1983	
  
M.Membrado	
  et	
  al.	
  1989	
  
S.J.Sin	
  	
  1994	
  
J.W.Lee,	
  I.G.Koh	
  1996	
  
W.Hu	
  et	
  al.	
  2000	
  
For	
  complete	
  references	
  see	
  	
  J.W.Lee	
  2016	
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ma ≈ 6×10−6eV 1012GeV

fa

⎛

⎝⎜
⎞

⎠⎟

QCD	
  axion	


string	
  axions	


  
ma ≈

µ2

fa

e−# moduli/2

Reslove	
  the	
  Strong	
  CP	
  problem	


Mass	
  distribu'on	
  is	
  logarithmically	
  flat	


Model	
  independent	
  axion	
  H = dB = ∗dθ

Model	
  dependent	
  axion	


 

ai = Fp
Cpi

∫

:	
  	
  decay	
  constant	
 fa
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Ultralight Axion	
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N
Δx3Δ p3

≈ n
k 3

= ρDM

mk 3
≈1090 ρDM

0.3GeV/cm3

⎛
⎝⎜

⎞
⎠⎟
10−23eV

m
⎛
⎝⎜

⎞
⎠⎟

4

We	
  have	
  a	
  monochroma'c	
  frequency	
  	


E ≈ m + 1
2
mv2 ≈ m

Occupa'on	
  number	


  
S = 1

2
d 4∫ x −g R − d 4∫ x −g

1
2
∇µφ∇µφ +

1
2

m2φ 2⎡

⎣⎢
⎤

⎦⎥

Since	
  the	
  occupa'on	
  number	
  is	
  so	
  high,	
  classical	
  field	
  descrip'on	
  is	
  quite	
  good.	


v ≈10−3
Since	
  the	
  typical	
  velocity	
  of	
  the	
  dark	
  maJer	
  	


The	
  model	




Axion oscillation	
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ρDM = 1

2
!φ 2 + 1

2
m2φ 2 ≈ 1

2
m2A2

The	
  axion	
  is	
  an	
  coherently	
  oscilla'ng	
  scalar	
  field	


φ = A(x)cos mt +α (x)( )

Indeed,	
  oscilla'ng	
  part	
  of	
  the	
  energy	
  density	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  small	
  	
∇φ( )2 ≈ k2φ 2

ρDM
osc ≈ k2

m2 ρDM ≈ v2ρDM ≈10−6ρDM

 
pDM = 1

2
!φ 2 − 1

2
m2φ 2 ≈ − 1

2
m2A2 cos 2mt + 2α (x)( )

The	
  average	
  value	
  of	
  the	
  pressure	
  over	
  the	
  oscilla'on	
  period	
  is	
  zero.	
  
Hence,	
  the	
  axion	
  can	
  be	
  regarded	
  as	
  the	
  dust	
  maJer	
  on	
  cosmological	
  scales.	


The	
  energy	
  density	
  becomes	


The	
  pressure	
  is	
  given	
  by	


!4 !2 2 4

2

4

6

8



Cosmological Axion 	
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Time dependent gravitational potential	
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 R = −6 !!Φ + 2∇2 2Φ−Ψ( ) = −T = ρDM 1+ 3cos 2mt + 2α (x)( )⎡⎣ ⎤⎦

ds2 = − 1+ 2Ψ( )dt 2 + 1− 2Φ( )δ ijdx
idx j

 
δΦ = ρDM

8m2 cos 2mt + 2α (x)( )≪Φ0

Φ0 = Ψ0 ≈ − ρDM

2k2
Since	
  the	
  'me	
  independent	
  part	
  obeys	


The	
  perturbed	
  metric	
  in	
  the	
  conformal	
  Newtonian	
  gauge	
  takes	
  the	
  form	


The	
  spa'al	
  component	
  of	
  Einstein	
  equa'on	
  reads	
  	


We	
  obtain	
  	


On	
  the	
  galac'c	
  scales,	
  the	
  background	
  space'me	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  can	
  be	
  regarded	
  as	
  the	
  Minkowski	
  space'me.	


 −6δ
!!Φ = 3ρDM cos 2mt + 2α (x)( )
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Effect on the pulsar timing	
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hc = 2 3 δΦ = 2 ×10−15 ρDM

0.3GeV / cm3
⎛
⎝⎜

⎞
⎠⎟
10−23eV

m
⎛
⎝⎜

⎞
⎠⎟

2

f = ω
2π

= 5 ×10−9Hz m
10−23eV

⎛
⎝⎜

⎞
⎠⎟

Δ t = −
Ω t '( )−Ω0

Ω0
0

t

∫ dt '

 D ≥100pc≫m−1

Δ t = ρDM

8m3 sin mD +α (x)−α (x p )( )cos 2mt +α (x)+α (x p )−mD( )

This	
  can	
  be	
  compared	
  with	
  	
  the	
  'ming	
  residual	
  due	
  to	
  GWs	
  .	
  
Correspondence	
  is	
  given	
  by	
  	


The	
  'ming	
  residual	
  is	
  given	
  by	
  the	
  frequency	
  shii	


we	
  obtain	
  the	
  pulsar	
  'ming	
  residual	


Since	
  the	
  distance	
  is	
  typically	
  larger	
  than	
  the	
  Compton	
  length	
  	
  	


Khmelnitsky	
  &	
  Rubakov	
  2014	
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  Rubakov	
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Probing Axion DM 
with interferometers	
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Detecting axion wind  
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T00 = ργ 2 1− v2 cosωt '⎡⎣ ⎤⎦
 t ' = γ t + !v ⋅ !x( )

 

!x ' = !x + γ −1
v2
!v ⋅ !x( ) !v + γ !v t T0i = ργ 2vi 1− cosωt '[ ]

Tij = −ρ cosωt 'δ ij + ργ 2vivj 1− cosωt '[ ]

 

δgµν =
−1− 2Ψ 0
0 1− 2Φ( )δ ij

⎛

⎝
⎜

⎞

⎠
⎟ +δ !gµν

Tµν =
ρ 0
0 −ρ cosωtδ ij

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

 
δΦ t, !x( ) = ρ

8m2 cosωγ t + !v ⋅ !x( )

 
δΨ t, !x( ) = − ρ

8m2 cosωγ t + !v ⋅ !x( )

This	
  boosted	
  oscilla'on	
  produces	
  oscilla'ng	
  poten'als.	
  	


Boosted	
  energy	
  momentum	
  tensor	


Actually,	
  interferometer	
  is	
  moving	
  with	
  the	
  velocity	
  v.	
  
Laser	
  interferometer	
  feels	
  the	
  wind	
  of	
  axion!	


Axion	
  oscilla'on	




Laser interferometer Signal  	


19	


 
s(t) = !v ⋅ !m( )2 − !v ⋅ !n( )2⎡⎣ ⎤⎦

ρv2

8m2 cosωγ t

δgµν =
−1 0
0 1− 2δ Φ( )δ ij + 2δB, ij

⎛

⎝
⎜

⎞

⎠
⎟

 
δB,ij =

ρ
8m2 vivj cosωγ t + !v ⋅ !x( )

ρv2

8m2 = 1.6 ×10
−21 v

10−3
⎛
⎝⎜

⎞
⎠⎟
2 10−23eV

m
⎛
⎝⎜

⎞
⎠⎟

2

Dij =
1
2
mimj − ninj( )s = Dijhij

Aoki	
  &	
  Soda	
  2016	

In	
  the	
  synchronous	
  gauge,	
  we	
  have	


The	
  signal	
  detected	
  by	
  the	
  interferometer	
  should	
  be	


Namely,	
  we	
  obtain	


The	
  amplitude	
  can	
  be	
  es'mated	
  as	
  	


This	
  is	
  quite	
  small	
  signal.	
  
However,	
  if	
  the	
  resonance	
  occurs,	
  we	
  have	
  a	
  chance	
  to	
  detect	
  the	
  oscilla'on.	




Detectability of axion oscillation 
 with laser interferometer	
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eLISA

DECIGO

signal
signal⇥

10 3
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Axion Oscillation  
in Accelerating Universe	
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Dark energy and f(R) theory	
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S =
1
2

d 4x −g R + f (R)[ ] + Sm∫

 fR ≡ f ' R( )≪1 f R( )≪ R

 3!!fR + R = −T  3 f ''(R) !!R + 3 f '''(R) !R2 + R = −T

M 2 = 1
3 f '' R0( )

Gµν −
1
2
gµν f + Rµν + gµν∇

α∇α −∇µ∇ν( ) fR = Tµν

f(R)	
  dark	
  energy	
  model	
  

We	
  assume	
  the	
  devia'on	
  from	
  Einstein	
  is	
  small	


 ∇
α∇α fR ≈ − !!fR

The	
  equa'ons	
  of	
  mo'on	
  becomes	


Since	
  the	
  spa'al	
  deriva've	
  is	
  small	
  compared	
  to	
  the	
  'me	
  deriva've	


Note	
  that	
  we	
  can	
  read	
  off	
  the	
  mass	
  scale	




Axion oscillation in f(R) theory	
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4

1

10

��/��E

M/2m

FIG. 1: The amplitude of the gravitational potential in
f(R) ∝ R2 model normalized by the value in the Einstein’s
theory.

Following the same procedure done in the case of Ein-
stein theory, we obtain the time-dependent part of the
gravitational potential as follows:

δΦ =
1

1− (2m/M)2
πGρDM

m2
cos(2mt). (28)

Therefore, in f(R) theory, we obtained the amplitude
of the gravitational potential relative to that in Einstein
theory:

δΦ

δΦE
=

1

1− (2m/M)2
, (29)

where δΦE is the oscillating part of gravitational poten-
tial predicted in the Einstein’s theory. This result is il-
lustrated in Figure 1. In the large M limit, M ≫ 2m,
the prediction in f(R) theory is the same as in the Ein-
stein theory. This can be understood from the form of
f(R) = R2/6M2. In fact, when the mass of the scalar
field M becomes large, f(R) can be neglected compared
to the Ricci scalar R. Thus, Einstein theory is repro-
duced in this limit. In the opposite limit, M ≪ 2m,
the amplitude of the gravitational potential goes to zero.
Hence, in this case, it would be difficult to detect the
effect of the oscillation of the gravitational potential.
When the mass of the scalar field, M , gets close to the
frequency of the pressure, 2m, the resonance would occur
and the amplitude of the gravitational potential would be
dramatically amplified. Of course, the amplitude cannot
reach to infinity: the approximation becomes worse when
the oscillating part of f(R) cannot be ignored compared
to the Ricci scalar, R.
We have focused on the specific model, but this model

actually revealed the general features of viable f(R) mod-
els. In order to pass the local gravity tests, the scalar

field must be stabilized at minimum of its (effective) po-
tential. Thus, the behavior of the scalar field is almost
determined by its mass M . This is the universal nature
of viable f(R) models which pass the local gravity tests.

Now, we make a comment on homogeneous solutions
ignored before. It is pointed out by Starobinsky that the
homogeneous solutions of the scalar field decay in the
expansion universe and can be completely ignored at the
present time [7]. In addition, it is supposed that such
scalar degrees of freedom should be highly suppressed by
some mechanisms in the solar system scale in order not
to mediate the so called fifth force. For example, taking
into account the interactions, the stabilization mecha-
nism called chameleon mechanism [8] or Vainshtein mech-
anism [9] would work and such scalar degrees of freedom
might be killed in the solar system scale. However, if
such modes were alive in the dark matter halo scale by
some reasons and the mass of the scalar field, M , were
sufficiently close to the frequency of the pressure, 2m, the
beat would occur with the frequency |M − 2m|. In this
situation, after averaging over the time scale correspond-
ing to the high-frequency M ∼ 2m, we would observe the
beat-frequency, |M − 2m|. If such a thing happened, the
detectable mass range of the axion by the pulsar timing
observation would shift to more heavy mass regions.

B. Hu-Sawicki model

In the previous subsection, we discussed the simplest
f(R) model which can be solved exactly. Now, in this
subsection, we consider more realistic model.

While there are several f(R) models that explain the
late time acceleration of the universe and also pass the so-
lar system tests, now let us focused on the specific model
known as Hu-Sawicki model:

f(R) = −µRc
(R/Rc)2n

(R/Rc)2n + 1
, (30)

where n, µ,Rc > 0. For this model to mimic the ΛCDM
model, µRc ≃ 2Λ is needed, where Λ is the cosmological
constant. Since the energy density of the dark matter
halo is much larger than the cosmological critical density,
we can assume R ≫ Rc. In this limit, (30) takes the
following form:

f(R) ≃ −µRc

[
1− (Rc/R)2n

]
. (31)

Note that the Starobinsky model [7] has the same form
as (31) in the high curvature limit. As we saw in the pre-
vious subsection, the Ricci scalar should oscillate around
its average value R0 = 8πGρDM. Hence, in order to look
at the behavior of the scalar field, we evaluate its mass
M at R = R0:

M2 =
1

3f ′′(R0)
=

Rc

6n(2n+ 1)µ

(
8πGρDM

Rc

)2n+2

. (32)

f (R) = R2

6M 2

 

1
M 2
!!R + R = ρDM 1+ 3cos2mt[ ]

R = ρDM +
3ρDM

1− 2m /M( )2
cos2mt

δ Φ
δ ΦE

= 1
1− 2m /M( )2

 R = −6 !!Φ + 2∇2 2Φ−Ψ( )

Time	
  dependent	
  part	
  can	
  be	
  solved	
  as	


A	
  simple	
  solvable	
  model	
  is	


The	
  field	
  equa'on	
  reads	


If	
  we	
  ignore	
  homogeneous	
  solu'ons,	
  we	
  get	


Since	
  we	
  know	


Aoki	
  &	
  Soda	
  2016	




Hu – Sawicki model	
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f (R) = −µRc 1−
Rc
2n

R2n
⎡

⎣
⎢

⎤

⎦
⎥

M 2 =
1

3 f ''(R0 )
=

Rc
6n(2n +1)µ

8πGρDM

Rc

⎛
⎝⎜

⎞
⎠⎟

2n+2

Rc ≈
2Λ
µ

M ≈1.5µ ×10−23eV

n =1

For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  a	
  viable	
  model	
  so	
  called	
  Hu-­‐Sawicki	
  model	
  is	
  given	
  by	
R ≥ Rc

Assuming	
  ,	


Thus,	
  we	
  have	
  a	
  chance	
  to	
  observe	
  	
  
	
  	
  	
  the	
  	
  oscilla'on	
  of	
  the	
  gravita'onal	
  poten'al	
  in	
  the	
  pulsar	
  'ming	
  residual	
  data.	


we	
  get	
  an	
  interes'ng	
  number	


R0 = ρDM



Summary  
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•  We	
  have	
  shown	
  that	
  coherent	
  oscilla'on	
  of	
  axion	
  dark	
  maJer	
  

can	
  be	
  detected	
  with	
  pulsar	
  'ming	
  arrays	
  or	
  space	
  laser	
  
interferometers.	
  	
  

•  Remarkably,	
  	
  it	
  is	
  sensi've	
  to	
  the	
  dark	
  energy	
  models.	
  	
  
	
  	
  	
  	
  	
  The	
  signal	
  could	
  be	
  enhanced	
  significantly.	
  

•  We	
  need	
  construct	
  micro-­‐Herz	
  laser	
  interferometer.	
  


