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What is DM?

??

•WIMP, SIMP,… 
•PBH 
•Axion 
•Sterile neutrino 
•Hidden photon 
•Hidden monopole 
•Hidden neutron, hidden electron 
•Hidden glueball, hidden meson,…
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Axion Dark Matter
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The axion DM can be produced by 

(1)the misalignment mechanism  

(2)decay of topological defects

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

NDW = 1
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The axion DM can be produced by 

(1)the misalignment mechanism  
Preskill, Wise, Wilczek `83, Abbott, Sikivie, `83, Dine, Fischler, `83
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“Classical axion window”: 108 GeV . fa . 1012 GeV
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In fact, the typical initial angle depends on Hinf.

ϕ

V =
1
2

m2ϕ2

δϕ =
Hinf

2π

∼ H2
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Bunch-Davies distribution

which can be smaller than unity.
Peter W. Graham, Adam Scherlis, 1805.07362, 
FT,  Wen Yin, Alan H. Guth, 1805.08763 

If the inflation lasts sufficiently long, it is typically of order

http://inspirehep.net/author/profile/Graham%2C%20Peter%20W.?recid=1674091&ln=ja
http://inspirehep.net/author/profile/Scherlis%2C%20Adam?recid=1674091&ln=ja


The axion window opens up to large fa

The upper end of the QCD axion window can be relaxed  
in low-scale inflation with                    .Hinf ≲ ΛQCD

Peter W. Graham, Adam Scherlis, 1805.07362, 
FT,  Wen Yin, Alan H. Guth, 1805.08763 
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FT,  Wen Yin, Alan H. Guth, 1805.08763 

θi = 1 θi = 0.1 θi = 0.01

θi = θrms

θi ≃ 0.126 θrms (10 % tuning)

θi ≃ 0.0125 θrms (1 % tuning)

Conventional axion  
window, fa ≲ 1012 GeV

θrms =
3

8π2

H2
inf

fama(Tinf)

“Bunch-Davis distribution”

http://inspirehep.net/author/profile/Graham%2C%20Peter%20W.?recid=1674091&ln=ja
http://inspirehep.net/author/profile/Scherlis%2C%20Adam?recid=1674091&ln=ja


 Axions from topological defects
Axion is predicted in Peccei-Quinn mechanism 
which solves strong CP problem in QCD


Axion models have U(1)PQ  which is 
spontaneously broken at 


Axion strings are formed 


At QCD scale axion acquires mass


Domain walls are formed 


( Coherent oscillation starts )       


Strings and domain walls emit axions


We investigated axion emission from defects
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T = 0
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NDW : domain wall number
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Axions from topological strings

• Previous estimation using lattice simulation N(grid)=(512)3 

DM axion density


• New lattice simulation N(grid)=(4096)3 


• Evolution of strings

String density almost obeys scaling solution

Axion spectrum has a peak at horizon scale


• DM axion density may increase by a factor of 2-3

11
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Kawasaki, Sekiguchi, Yamaguchi, Yokoyama arXiv:1806.05566
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cf. Gorghetto, Hardy, Villadoro 1806.04677, Buschmann, Foster, Safdi 1906.00967 



Note: string and wall evolution may depend on the UV 
completion:
e.g. clockwork axion model

N = 2 N = 3

string

wall

Higaki, Jeong, Kitajima, Sekiguchi, FT, 1606.05552

Kim, Nilles, Peloso, hep-ph/0409138See also Sikivie `86 Choi, Kim, Yun, 1404.6209, Higaki, FT, 1404.6923
Harigaya and Ibe, 1407.4893, Choi and Im, 1511.00132, Kaplan and Rattzzi, 1511.01827, Giudice and McCullough 

1610.07962 

fa ⇠ 3Nf
V =

NX

i=1

�
�m2

i |�i|2 + �i|�i|4
�

+
N�1X

i=1

✏
�
�i�

3
i+1 + h.c.

�

http://arxiv.org/abs/arXiv:1610.07962


Hidden photon DM

  P. Agrawal, N  Kitajima, M. Reece, T. Sekiguchi and FT

Graham, Mardon, and  Rajendran, Phys. Rev. D93, 103520 (2016), 1504.02102.

A long-standing problem for dark photon DM models is to 
obtain the correct relic abundance of DM. One way is to use the 
quantum fluctuations:



Evolution



Nonlinear structure formation
Shell crossing and multi-stream flows are natural outcome of 

nonlinear structure formation in CDM cosmology

•Describing shell-crossing structure, and beyond

•Characterizing multi-stream flows

Test for CDM paradigm

Quantitative understanding of their properties:

A first detailed comparison between Lagrangian PT
 & Vlasov-Poisson simulation

Confrontation of self-similar solution 
against dark halos from N-body simulations

 T. Nishimichi, H. Sugiura,
  Y. Rasera, and A. Taruya

S. Saga, A. Taruya, S. Colombi
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Lagrangian perturbation theory
Perturbative description for motion of mass element via Lagrangian 
picture

Position & velocity of each mass element:

x

y

z

(~x, t)
v(q, t) =

d (q, t)

dt
x(q, t) = q + (q, t),

displacement field : ( 
t!0�! 0)

Lagrangian coordinateq : (initial position)
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Describing pre-collapse phase of halo formation with
Lagrangian perturbation theory

Authors1,2
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ABSTRACT
Employing Lagrangian perturbation theory, we derive the analytic expressions for pre-
collapse phase of the single-halo formation, starting with sine-wave initial displacement
field. We here present the explicit expressions for displacement field up to the third
order in 2D and 3D cases.

Key words: Large-scale structure – Cosmology – Vlasov-Poisson equation

1 BASIC EQUATIONS

We begin by writing down equations of motion for mass
element, which have to be solved with Poisson equation:

ẍ+ 2Hẋ = − 1
a2

∇x φ(x), (1)

∇2
x φ(x) = 4πGa2ρm δ(x). (2)

Taking the divergence and rotation, Eq. (1) with a help
of Eq. (2) yield

∇x ·
[
ẍ+ 2Hẋ

]
= −4πG ρm δ, (3)

∇x ×
[
ẍ+ 2Hẋ

]
= 0. (4)

In what follows, using the Lagrangian coordinate, q,
we will describe the motion of mass element in Eulerian
space, x. Introducing the displacement field Ψ, the relation
between the Eulerian and Lagrangian positions is given by

x(q, t) = q +Ψ(q, t). (5)

In Lagrangian coordinate, mass element is supposed to be
homogeneously distributed, i.e., ρm dnq = ρm(x) dnx with n
being the space dimension. In this report, we shall consider
the n = 2 and 3 cases. The density field δ is expressed as

δ(x) =
ρm(x)
ρm

− 1 =

∣∣∣∣
∂x
∂q

∣∣∣∣
−1

− 1. (6)

Below, following Matsubara (2015), we will derive the
evolution equations for displacement field. To do this, for
convenience, we introduce the quantities J and J defined
by

Jij ≡ ∂xi

∂qj

= δij +Ψi,j(q), (7)

J ≡ det(J). (8)

Note that J and J−1 are expressed in terms of J as follows:

J =






1
6
εijkεpqrJipJjqJkr (3D)

1
2
εijεpqJipJjq (2D)

(9)

(J−1)ij =






1
2J

εjkpεiqr Jkq Jpr (3D)

1
J
εikεjl Jlk (2D)

(10)

Here, the quantities εijk and εij represent the 3D and 2D
Levi-Civita symbols, respectively. Properties of Levi-Civita
symbols are summarized as1

(3D) : ε123 = 1 = ε231 = ε312, ε132 = −1 = ε213 = ε312,
εijkεklm = δilδjm − δimδjl,
εilmεjlm = 2δij , εijkεijk = 6

(2D) : ε12 = 1 = −ε21,
εijεik = δjk, εijεij = 2

(11)

Using the Lagrangian quantities defined above, Eqs. (3)
and (4) are rewritten with

εikpεjqrJkqJpr

(
T̂ − 4πG

3
ρm

)
Jij + 8πGρm = 0, (12)

JijεjkpJqk T̂ Jqp = 0. (13)

in 3D case, and

εilεjkJlk

(
T̂ − 2πG ρm

)
Jij + 4πGρm = 0, (14)

εpkJqk T̂ Jqp = 0. (15)

1 Subscripts 1, 2 and,3 correspond to qx, qy and qz , respectively.

c© 2017 The Authors
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1 BASIC EQUATIONS

We begin by writing down equations of motion for mass
element, which have to be solved with Poisson equation:

ẍ+ 2Hẋ = − 1
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∇x φ(x), (1)
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In what follows, using the Lagrangian coordinate, q,
we will describe the motion of mass element in Eulerian
space, x. Introducing the displacement field Ψ, the relation
between the Eulerian and Lagrangian positions is given by

x(q, t) = q +Ψ(q, t). (5)

In Lagrangian coordinate, mass element is supposed to be
homogeneously distributed, i.e., ρm dnq = ρm(x) dnx with n
being the space dimension. In this report, we shall consider
the n = 2 and 3 cases. The density field δ is expressed as

δ(x) =
ρm(x)
ρm

− 1 =

∣∣∣∣
∂x
∂q
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Below, following Matsubara (2015), we will derive the
evolution equations for displacement field. To do this, for
convenience, we introduce the quantities J and J defined
by

Jij ≡ ∂xi

∂qj

= δij +Ψi,j(q), (7)

J ≡ det(J). (8)

Note that J and J−1 are expressed in terms of J as follows:
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Here, the quantities εijk and εij represent the 3D and 2D
Levi-Civita symbols, respectively. Properties of Levi-Civita
symbols are summarized as1

(3D) : ε123 = 1 = ε231 = ε312, ε132 = −1 = ε213 = ε312,
εijkεklm = δilδjm − δimδjl,
εilmεjlm = 2δij , εijkεijk = 6

(2D) : ε12 = 1 = −ε21,
εijεik = δjk, εijεij = 2

(11)

Using the Lagrangian quantities defined above, Eqs. (3)
and (4) are rewritten with

εikpεjqrJkqJpr

(
T̂ − 4πG

3
ρm

)
Jij + 8πGρm = 0, (12)

JijεjkpJqk T̂ Jqp = 0. (13)
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c© 2017 The Authors

Moutarde et al. (’91); Bouchet et al. (’92); Buchert (’92); Buchert & Ehlers 
(’93); Bouchet et al. (’95), …, Matsubara (’15), Rampf & Frisch (’17)

 (q, t) =  (1)(q, t) + (2)(q, t) + (3)(q, t) + · · ·

Basic eqs.

(LPT)
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Results
Single density peak in a periodic boundary box
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y
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Shell crossing structure
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maximum velocity

Its Lagrangian position

Except ϵy,z /ϵx ≃ 1,

phase-space of shell crossing is 
similar to quasi-1D case

Dynamics near collapse looks quasi-1D ?
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elements at collapse time calculated at n
th order with

LPT, xsc(q, n) = [xsc(q, n), ysc(q, n), zsc(q, n)], is well
described by the following fitting form:

Asc(q, n) = ↵A(q)+
1

bA(q) + cA(q) exp
⇥
d(q)ne(q)

⇤ , (6)

with A = x, y, z and where ↵A, bA, cA, dA and eA

are fitting parameters which depend both on initial con-
ditions and Lagrangian position q. Taking the limit
n ! 1 gives the extrapolated result at infinite order,
xsc(q, n ! 1) ! [↵x(q),↵y(q),↵z(q)]. The same treat-
ment can be applied just before and after shell-crossing:
by taking the central finite time di↵erence, the extrapo-
lated velocity, vsc(q, n ! 1), is also obtained.

Examination of Fig. 1 shows that the result of this
procedure (cyan curves) reproduces very well simulation
measurements, even the spiky structure in the ✏y,z/✏x = 1
case. Disagreement is at worse a few percent when
✏y,z/✏x < 1. Even if there are still some small mis-
matches, partly attributable to a small desynchronization
due to the finite time step in the simulations, the extrap-
olation based on Eq. (6) is unquestionably successful and
can be used to perform quantitative predictions over the
entire parameter space covered by (✏y/✏x, ✏z/✏x). Note
that the same fitting technique has been employed to
predict the shell-crossing time, tsc(n = 1), used as the
output time for the simulations shown in Fig. 1.

Analysis of the shell-crossing structure.—Making use
of the generic convergence behavior described in Eq. (6),
we can explore the global parameter dependence of the
shell-crossing structure, by studying the properties of
the shape of the 2D section (x, vx) shown on Fig. 1.
Fig. 2 summarizes the results of a parameter space sur-
vey, focusing on the maximum of the normalized velocity
vx/(aH) (top panel) and the corresponding Lagrangian
position (bottom panel). Again, as expected, for the sub-
space of parameters probed by our runs, the theoretical
predictions given by the black dots are found to be in
good agreement with the simulations.

What is more striking about Fig. 2 is the sudden tran-
sition in the vicinity of the point (✏y/✏x, ✏z/✏x) = (1, 1),
where the maximum velocity suddenly augments when
these ratios increase towards unity (upper right part of
top panel) while the corresponding Lagrangian coordi-
nate gets very close to zero, suggesting the convergence
to some singular behavior (upper right part of bottom
panel). This sudden change is in fact also associated to
a drastic variation in the shape of the structure of the
phase-space sheet at collapse, as illustrated by Fig. 3 in
(x, vx) sub-space, where we consider the case ✏z/✏x = 1
and values of ✏y/✏x increasing from 0.85 to unity. As
seen in this figure, the cross-section of the phase-space
sheet changes drastically from a smooth “S” shape, which
is the normal behavior for most of values of the ratios
(✏y/✏x, ✏z/✏x), to a spiky structure when both these ra-
tios approach unity, min(✏y,z/✏x) >⇠ 0.9. Again, the case
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FIG. 2. Parameter dependence of the normalized maximum
velocity vx,max/(aH) (top panel) and the corresponding La-
grangian coordinate qmax (bottom panel) at shell-crossing
time. These quantities are rescaled so that they are unity
for (✏y/✏x, ✏z/✏x) = (1, 1) and (✏y/✏x, ✏z/✏x) = (0, 0), respec-
tively. The parameters used in the simulations are also shown
as black dots on each panel, along with measured values of
vx,max/(aH) and qmax in the simulations, to be compared to
the isocontours.

✏y,z/✏x ' 1 is special because of the (close to) simultane-
ous collapses along three main directions of motion and
one expects a di↵erent behavior of post-collapse dynam-
ics compared to the typical cases. This might correspond
in the CDM paradigm to a population of rare halos or
subhalos with particular properties and is worth investi-
gating more in a future work.

Conclusion and outlook.—With Lagrangian perturba-
tion theory (LPT) extrapolated to infinite order, we
found a way to describe accurately the phase-space struc-
ture of proto-halos growing from three initial sine waves
of various amplitudes, ✏x, ✏y and ✏z, until collapse time.
To validate the theory, we used the state of the art
Vlasov code of [39]. During our investigations, we found,
as expected, that convergence of the LPT series ex-
pansion gets worse when going from quasi-one dimen-
sional to tri-axial symmetric initial conditions. An ex-
ploration of parameter space shows that a spiky struc-
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velocity vx,max/(aH) (top panel) and the corresponding La-
grangian coordinate qmax (bottom panel) at shell-crossing
time. These quantities are rescaled so that they are unity
for (✏y/✏x, ✏z/✏x) = (1, 1) and (✏y/✏x, ✏z/✏x) = (0, 0), respec-
tively. The parameters used in the simulations are also shown
as black dots on each panel, along with measured values of
vx,max/(aH) and qmax in the simulations, to be compared to
the isocontours.

✏y,z/✏x ' 1 is special because of the (close to) simultane-
ous collapses along three main directions of motion and
one expects a di↵erent behavior of post-collapse dynam-
ics compared to the typical cases. This might correspond
in the CDM paradigm to a population of rare halos or
subhalos with particular properties and is worth investi-
gating more in a future work.

Conclusion and outlook.—With Lagrangian perturba-
tion theory (LPT) extrapolated to infinite order, we
found a way to describe accurately the phase-space struc-
ture of proto-halos growing from three initial sine waves
of various amplitudes, ✏x, ✏y and ✏z, until collapse time.
To validate the theory, we used the state of the art
Vlasov code of [39]. During our investigations, we found,
as expected, that convergence of the LPT series ex-
pansion gets worse when going from quasi-one dimen-
sional to tri-axial symmetric initial conditions. An ex-
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Figure 1. Simulation results. We plot the ratio of the energy density ⇢ to the averaged one ⇢̄ in the
simulation box at a = 30. Left and right figures show the case of p = 2.5 and 4 respectively. From
these figures, We can find that a lot of oscillons are produced by self-resonance.

3.2 Simulation results

The simulation results are shown in Fig. 1 for p = 2.5 (left) and p = 4 (right).
In both cases, the high energy local objects are produced. However, we have confirmed

by simulations that the oscillon formation does not occur when p . 2. There are two
main reasons for this. The first is that smaller p leads to the weaker resonance as shown
in Eq. (2.13). The twice larger µ after few oscillations makes fluctuations e

10
⇠ 104 times

larger. The second is that the e↵ective mass at the beginning of the oscillation m
2
e↵ = V

00(�i)
becomes smaller in larger p. This causes the later onset of the oscillation, which leads to the
increase of the number of oscillations in each Hubble time and instability enhancement.

We also comment on the initial field value. In this simulation, we set h�̄ii = 2⇡/3 as
the benchmark of the O(1) initial field value. However, if we assume the highly fine-tuned
initial condition as h�̄ii = O(10�1) or so, fluctuations may not be grown enough because of
the opposite reasons to the above two. On the other hand, if we assume the larger initial
value, even smaller p may cause the oscillon formation.

Although we focused only on the potential Eq. (2.1) in this paper, other ULAP potentials
satisfying the condition Eq. (2.9) also have the possibility of the oscillon formation.

4 Oscillon Lifetime

In this section, we briefly estimate the oscillon lifetime based on Ref. [36] and discuss the
e↵ect of the resultant oscillon.

In Ref. [36], we derive the method to calculate the classical decay rate of oscillon by
solving the equation of motion of fluctuations around the theoretical oscillon profile. Let us
decompose a scalar field �(x) into the oscillon profile and fluctuations as

�(x) =  (r) cos!t+ ⇠(x). (4.1)
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Oscillon/I-ball of ultra-light axion-like particle

• Potential for axion-like particle


stronger instability for fluctuations  
than cosine potential


Oscillon/I-ball formation
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 Oscillon/I-ball of ultra-light axion-like particle
• Oscillon lifetime [ Γ : decay rate ]


Classical decay rate is estimated by solving eom of 
fluctuations around the theoretical oscillon profile


ULAP Oscillon is stable at least for 


Some ULAP oscillons have longer lifetimes and live in the 
present universe

𝒪(107m−1
a )
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Figure 2. The decay rate of oscillon. The left and right figures show the case of p = 2.5, 4
respectively. For ! & 0.98 the oscillon does not satisfy the stability condition @!

@I > 0 [52]. Larger !
means the smaller oscillon by definition, so the minimum lifetime is O(107)m. In addition, if larger
osillons (e.g., ! . 0.96) are formed, the lifetime may be much longer because the decay rate becomes
much smaller there.

where  (r) obeys the oscillon profile equation Eq. (2.8) 3. With the use of the equation of
motion of � and Eq. (2.8), the equation of motion of ⇠ is solved and the energy loss rate of
oscillon

dE

dt
= 4⇡r2T 0r

, (4.2)

where T0r = @0⇠@r⇠ denotes the Poynting vector can be calculated.
The derived decay rate � = |Ė|/E is shown in Fig. 2. Since the larger ! corresponds

to the smaller oscillon (see Sec. 2.1 for the definition of !), the decay rate of a large oscillon
evolves following the curve in Fig. 2 from left to right. From Fig. 2 it is found that the pro-
duced oscillon is stable at least for O(107)m. For the typical ULAP mass m ⇠ 10�22 eV, the
minimum lifetime is about 108 years. Thus, they may a↵ect the cosmic evolution, particularly
structure formation.

In addition, the lifetime of oscillon may become longer because its lifetime depends on
its size. As shown in the figures, the decay rate has a lot of poles where the decay rate is
extremely small. At these points, oscillon hardly evolves to the smaller one, which results in
a longer lifetime (& 1010 years). Therefore, if the large oscillons are formed, ULAP oscillons
may still live in the present universe.

5 Conclusions

In this paper, we have examined the oscillon formation in a ULAP potential, Eq. (2.1).
We have shown that oscillons are really produced when the potential index is p > 2 with
h�ii/F = 2⇡/3. Their lifetime is at least O(107)m, which equals to 108 years with m ⇠

10�22 eV. Because such long lifetime objects survive until the structure formation, they may
a↵ect dynamical history of the universe.

Moreover, the lifetime could be much longer if large oscillons are formed because the
decay rate of the oscillon extremely decreases in the specific profiles. In either case, a deep
understanding of the evolution of ULAP oscillons is indispensable to consider e↵ects on
cosmology. Detailed study should be discussed in the future work.

3 We impose the spherical symmetry on the system because we focus only on the lowest energy state.

– 6 –

Ibe, Kawasaki, Nakano, Sonomoto arXiv:1901.06130

de Broglie wavelength
Solution for core-cusp problem⌧ ⇠ 108years for ma ⇠ 10�22eV
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Detection



Dwarf spheroidal galaxies are dominated by dark 
matter, and so, they are good targets to look for DM 
annihilation/decay signatures. 



2020/2/13Kaz Kohri (KEK)

N.Hiroshima, M.Hayashida, and KK, arXiv:1905.12940 [astro-ph.HE]

wino

BBN

CMB
Fermi+ Magic

NFW
Burkert
Core (flat)

Big uncertainties due to a variety of density profiles
↑ canonical cross section

Forecasts of upper bounds on annihilation cross section from 
gamma-ray observations by CTA towards Dwarf Spheroidal 

Galaxies

CTA can resolve the spatial structure much 
better in future, e.g., in 0.03° x 0.03°



DM = inflaton?



Low-scale axion inflation can be realized with at least two 
cosine terms:  “Multi-natural inflation”

•Axion hilltop inflation
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CMB normalization:
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Low-scale axion inflation can be realized with at least two 
cosine terms:  “Multi-natural inflation”

•Axion hilltop inflation
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g��� = O(10�11)GeV�1

Inflaton = DM = ALP 

within the reach of future 
axion helioscopes and laser  
experiments.
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*Plus, there is a preference for extra cooling of HB stars

Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02 

g��� = (0.29± 0.18)⇥ 10�10 GeV�1

“An ALP miracle”



Dark Matter
Inflation

Dark energy

Ultimate theory

Early 
Universe

Late 
Universe

Present 
Universe

Ultimate analysis



Back-up slides



What is the cosmological role of ALP?

1. Dark matter Misalignment mechanism ✓⇤ = O(1)?
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Bunch-Davies distribution.

String and wall evolution depends on the UV completion:
e.g. clockwork axion model
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•Phase transition takes place at lower T ∼ f ≪ fa
•Strings and walls form complicated network

Kim, Nilles, Peloso, hep-ph/0409138See also Sikivie `86 Choi, Kim, Yun, 1404.6209, Higaki, FT, 1404.6923
Harigaya and Ibe, 1407.4893, Choi and Im, 1511.00132, Kaplan and Rattzzi, 1511.01827, Giudice and McCullough 

1610.07962 

strings/walls?

http://arxiv.org/abs/arXiv:1610.07962

