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1. Axion

• Axion is predicted in PQ mechanism which solves strong CP 
problem in QCD


• Axion is the Nambu-Goldstone boson associate with U(1)PQ  

breaking and  can be identified with the phase of PQ scalar


• Axion acquires mass through QCD non-perturbative effect


• Axion is a good candidate for dark matter of the universe
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1. Axion
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• Cosmological evolution of axion (PQ scalar)


PQ symmetry breaking after inflation   


Formation of topological defects


PQ symmetry breaking before inflation  


Isocurvature perturbations

Domain wall problem

Isocurvature  perturbation 
problem

scenario A

scenario B



Today’s Talk

• Introduction


• PQ symmetry breaking after inflation


Cosmological evolution of axion


Comic axion density


Non-topological objects of axions


• PQ symmetry breaking before inflation


Isocurvature perturbation problem


Suppression of Isocurvature Perturbations 


• Conclusion
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scenario A

scenario B



2. Cosmological Evolution of Axion (PQ after inflation)

• UPQ(1) symmetry is broken


Axion is a phase direction of PQ scalar 
 and massless 

Formation of Cosmic Strings 

• Axion acquires mass  
through non-perturbative effect 


UPQ(1) is broken to ZN


Coherent oscillation 


Formation of Domain Walls  5
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• Domain walls attach to strings 
 
  NDW ≥ 2                                                 NDW=1 
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string

Collapse 

wall NDW=3

Stable and dominate the universe 

Domain Wall Problem  Axion overproduction

Virenkin Everett (1982) 

Barr Choi Kim (1986)  



3. Cosmic Axion Density 

• Axion field starts to oscillate at 


• Coherent oscillation of axion field gives a significant 
contribution to the cosmic density (                          )
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H � ma(T�)
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a0 2πFa 

NDW = 1
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3.1 Coherent axion oscillation

spatial average 

⌦a,osch
2 ' 0.12 if Fa ' 2⇥ 1011 GeV

�CDMh2 � 0.12

T = T⇤



3.2 Axions from strings
• Axionic strings are produced when U(1) PQ symmetry is 

spontaneously broken


• Numerical Lattice Simulation 


• String network obeys  
scaling solution


• Scaling solution is established by emitting axions


• Emitted axion energy ρa, str  is estimated from ρstring


• If we know average energy         we can estimate the present 
axion density  as 
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Hiramatsu, MK, Sekiguchi, Yamaguchi, Yokoyama (2010)
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Figure 5: Time evolution of the scaling parameter ξ obtained by averaging over 20 re-
alizations. [Note that data points are not homogeneously placed in t, but in
τ ∝

√
t.]

4.2 Net energy spectrum of radiated axions

Figure 6 shows the energy spectra of radiated axions at t1 = 12.25tcrit (left) and t2 = 25tcrit
(right), that are estimated from the 20 realizations used in Section 4.1. The amplitude
of energy spectrum at t1 is about (t1/t2)2 ≃ 0.24 times that at t2. This is because the
energy density of free axions scales as R(t)4, without emission or absorption. We see a
clear exponential behavior at large k after the removal of the contamination from strings.

As we see in Section 4.1, the system of axionic strings are already in the scaling regime.
Most of axions at this epoch are however emitted before the settlement into the regime. In
order to extract the energy spectrum of axions radiated during the scaling regime, we need
to differentiate the energy spectra at different times. We define the differential spectrum
of radiated axion between t1 and t2,

∆Pfree(k; t1, t2) ≡ R(t2)
4Pfree(k, t2) − R(t1)

4Pfree(k, t1). (25)

If there are no emission nor absorption of axions, the energy density of axion scales as
R(t)4. Therefore, ∆Pfree(k, t) is the net energy spectrum of axions radiated from strings.

14

⇢string = ⇠
µ

t2
(µ ⇠ ⌘2 : string tension)

� = 1.0± 0.5

!̄a

⇢a = ma(⇢a,str/!̄a)

MK, Saikawa, Sekiguchi (2014)



Density of Axions from Strings

•  Energy Spectrum 

peak at low k ~ (horizon scale)-1 ~1/t  

suppressed at higher k


• Average energy parameter


•Cosmic density of produced axion 
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Figure 7: Differential energy spectrum of radiated axions between t1 = 12.25tcrit and
t2 = 25tcrit. Errors shown are estimated from the quadrature of those shown in Figure 6.
Green (red) bars correspond to statistical errors alone (statistical and systematic errors).
Note that the scale in y-axis is arbitrary since the scale factor R(tcrit)/R0 is not well-
defined.

just before tw. After tw, axions becomes non-relativistic due to the finite mass. Today,
axions exist as CDM in the Universe.

In Appendix B, we give a detailed derivation of the density parameter of CDM axions
radiated from axionic strings, adopting the axion mass at finite temperature from recent
studies [6, 31]. By substituting Eqs. (24) and (27) obtained from our simulation into Eq.
(50), we obtain

Ωaxionh
2 = 1.66 ± 0.25 γ

(g∗w
70

)−0.31
(

Λ

400MeV

)(
fa

1012GeV

)1.19

, (28)

where γ, g∗w and Λ are the dilution factor, the number of relativistic d.o.f. at tw, and the
scale of the QCD phase transition, respectively (See Appendix B).

Ωaxionh2 should be smaller than the observed ΩCDMh2. Recent cosmological observa-
tions [26] give ΩCDM = 0.11 (assuming flat power-law ΛCDM model). Therefore we can
translate Eq. (28) into constraint on fa. Assuming no entropy dilution (γ = 1), we obtain
fa ≤ 1.3 × 1011 GeV at 2 σ level. By taking account of uncertainties in the QCD phase
transition, a conservative constraint would be

fa ≤ 3 × 1011 GeV. (29)

16

(horizon scale)�1 � 5

MK, Saikawa, Sekiguchi (2014)
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• Axion energy density from collapsing 
domain walls can be  estimated in the 
same way as strings


• Simulation of string-wall network


Lattice simulation with N(grid) = (512)3  


Scaling property


Average energy


• Axions from collapsed domain walls
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 = ⇤QCD/Fa

⌦a,wallh
2 =(5.4± 2.1)⇥ 10�3

⇥
✓
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1010GeV

◆1.19

3.3 Axion from Domain Walls (NDW =1)



Cosmic Axion Density (NDW =1) 

• Total cosmic axion density


• Constraint on Fa 
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3.4 Axion from  Walls (NDW ≥ 2) 
• Wall-string networks are stable and soon dominate the universe


                    Domain Wall Problem 


• The problem can be avoided by introducing a “bias” term 
which explicitly breaks PQ symmetry


•
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• Bias term lifts degenerated vacua 
and leads to DW annihilation         

Vbias = ���3
�
�e�i� + h.c.

�

Sikivie (1982)⌅ : bias parameter

• Bias term shifts the minimum of the potential              and  spoils 
the original idea of Peccei and Quinn             small bias is favored 

h✓i 6= 0

large bias is favored

More stringent constraint on Fa

Axion can be dark matter for smaller Fa

� : phase of bias term

MK, Saikawa, Sekiguchi (2014)

Ringwald, Saikawa (2015)



3.5 Summary: case of symmetry breaking after inflation

• Axion can be dark matter of the universe for Fa ~ 109 GeV or  
~5X1010 GeV and can be probed by the next generation experiments

 13

108 109 1010 1011 1012

10-510-410-310-2

parameter ranges 
where axion can 
be dark matter

MK, Saikawa, 
Sekiguchi (2014)



3.6 Recent Progress
• Axion emission from defects heavily 

depends on scaling behavior


• scaling behavior on longer time scale?


• We have updated our simulations  
( from Ngrid=5123  to 40963 )
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• scaling parameter ξ  increases 
logarithmically in time


• consistent with another recent 
simulation

MK, Sekiguchi, Yamaguchi, Yokoyama (2018)
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Figure 3: The growth of ⇠(t) with time (log(mr/H)) for di↵erent initial conditions using the
fat string trick (left) and in the physical case (right). The black curves correspond to the initial
conditions that are the closest to the attractor solution.

scaling solution, rather than the sign that the attractor has not yet been reached.

The behaviour shown in Figure 3 is compatible with the asymptotic form

⇠(t) = ↵ log
⇣
mr

H

⌘
+ � . (12)

In particular, at late times � is subleading, and the value of ⇠(t) is dominated by the logarithmic
term. From Figure 3 it can be seen that the coe�cient ↵ is universal, independent of the initial
conditions. Indeed, the derivatives t ⇠0(t) = @⇠/@[log(mr/H)] of the curves tend towards a common
value ↵ more rapidly than ⇠ itself.

We can use the convergence of the slopes to a constant value to select the optimal initial
conditions, i.e. those for which the scaling regime is reached the earliest. The corresponding lines
are those plotted in solid black in Figure 3, and curves starting from di↵erent boundary conditions
reach the same constant slope at later times. Considering only simulations that reach the scaling
regime (i.e. those that show a su�ciently large region of constant slope) we extract estimates
for ↵

↵fat = 0.22(2) , ↵phys = 0.15(5) . (13)

Here the errors clearly have no statistical significance, but rather they represent our educated,
conservative, guesses about the uncertainty. Plots showing the behaviour of the slope for di↵erent
boundary conditions, and more details about the fit, can be found in the Appendices D and E.
We do not report the values of �, since the uncertainty on these from di↵erent initial conditions
is larger, and they are irrelevant for the physically interesting values of the log.

As mentioned, a logarithmic violation of the scaling behaviour is not completely unexpected,
since several properties of the string network, including the string tension and coupling to axions,

12

Gorghetto, Hardy, Villardoro (2018)

⇠ / log(t/d)
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3.6 Recent Progress
• Energy spectrum has  a peak 

at low k


• power law  


• average energy


• However, Gorghetto et al 
obtained


Large uncertainties in the  
previous estimation ?


• We need to understand more 
about underlying physics 
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MK, Sekiguchi, Yamaguchi, Yokoyama (2018)
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4. Non-topological objects of axions

• Axion fluctuations can form scalar lumps like


Axiton (= I-ball/Oscillon) 


I-balls/oscillons are non-topological soliton solutions 
existing for scalar potential flatter than    


Axion minicluster 


dense axion dark matter halo


Axion star


star made of axions


• They could affect cosmological evolution of axion field 
and  enhance or suppress detectability
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gravity

axion self-interaction



4.1 Axiton and axion minicluster

• Axion field has large fluctuations at QCD phase transition
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Figure 17: Evolution of an axiton chain from the first overdensity showing an increasing number of members.
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Vaquero, Redondo, Stadler (2018)

�a/a ⇠ O(1)
<latexit sha1_base64="ztYMtSuVHl08ylTSB4l6Bcw5BP8="></latexit><latexit sha1_base64="ztYMtSuVHl08ylTSB4l6Bcw5BP8="></latexit><latexit sha1_base64="Ittm8A+TcYaD03vY9Hb0hQaNlEo="></latexit><latexit sha1_base64="Ittm8A+TcYaD03vY9Hb0hQaNlEo="></latexit><latexit sha1_base64="Ittm8A+TcYaD03vY9Hb0hQaNlEo="></latexit><latexit sha1_base64="Ittm8A+TcYaD03vY9Hb0hQaNlEo="></latexit>

• Axion potential has an I-ball/oscillon 
solutions (= axitons)


Fluctuations form axitons


Axitons decay into axions


Seeds for large density 
perturbations?


• Large over-density regions


                                                


             mini halos (=axion minicluster)

Figure 21: Variance of the density fluctuations in regions of width �, defined by a Gaussian window function.
Only the biggest physical boxes L = 12, 20 enter into the 1/�3 region where one averages over many patches.
Our extrapolation at large � is marked as a gray band.

6 Minicluster seeds

To predict the properties of axion miniclusters, we want to study their spatial clustering beyond the power
spectrum because we observe non-Gaussian correlations in the density. Commonly the average length scale of
fluctuations is estimated as L1, and the corresponding mass in such a fluctuation would be ⇠ L3

1 %̄A. Interpreted
in a model of spherical collapse [23], one of such regions featuring an overdensity �, would su↵er gravitational
collapse at a redshift ⇠ zeq/� and relax to a density % ⇠ 140 ⇢eq �3(� + 1) after virialisation. Early simulations
broadly confirmed that picture [22, 71]. However, these works presented only the distribution of overdensities
on a point-by-point basis –similar what we have done in our Fig. 7, while their clustering was not quantified.
More importantly, in all these works the axion density field was obtained from initial conditions which prohibit
the formation of cosmic strings and domain walls. These objects are highly non-spherical by themselves, and
the typical scales associated with them, the thickness of a string (/ f�1

A
) and a domain wall (/ m�1

A
), are much

smaller than L1. Certainly, our final density maps show very characteristic interference patters, axiton fossil
rings and axiton chains, which pertain to scales smaller than L1. These density patters become frozen in the
axion DM distribution due to the extremely fast increase of the axion mass with time. Hence it is interesting
to investigate how our more physical initial conditions, including the dynamics of topological defects, a↵ect the
density contrast and to which extent the conclusions drawn from the spherical-collapse model remain valid.

6.1 Analysis on basis of the power spectrum

As benchmark, a first estimate of the mass fluctuations in clumps of a given radius can be obtained from the
power spectrum. We define ��(x0) as the density contrast averaged over a spherical radius � centred at point
x0. We use a Gaussian window function, W / e�|x�x0|2/(2�

2). The variance of �� can be obtained from the
power spectrum

h�2
�i =

Z
dk

k
�2

k
e�k

2
�
2
, (6.1)

41

Vaquero, Redondo, Stadler (2018)
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Kolb, Tkachev (1994)

comoving horizon at H (T1) = ma (T1)

scenario A

z ~ zeq



4.1 Axiton and axion minicluster

• Axion minicluster


density 


size 


mass
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size and using the extrapolated number counts of source
stars (this is the most optimistic constraint).
It is the short cadence that gives HSC access to low

PBH masses, and for our purposes will allow constraints
on the minicluster fraction for the QCD axion. This is
because low mass objects create lensing events on shorter
time scales due to the smaller radius of the microlensing
tube. Thus detecting microlensing events by such objects
requires large efficiency on small time scales, i.e. a short
cadence.
HSC use pixel lensing and image subtraction to select

microlensing candidates. Using this technique, they identify
a large number of variable stars, eclipses, and other transient
events. They find a single event with a light curve consistent
with a PBHmicrolensing event, though the genuine nature is
not confirmed. Thus, the Poisson statistics 95% C.L. upper
limits on the expected number of microlensing events are

Nexp ≤
!
3 with out the PBH candidate

4.74 with the PBHcandidate
: ð51Þ

We takeNexp ≤ 3 as the conservative limit on theminicluster
lensing events. A dedicated analysis of theHSC datawith the
minicluster light curvewould be required to bemore precise,
and this is beyond the scope of the present work.

C. Results: Expected number of microlensing events

In Fig. 15 we show the expected number of microlensing
events in various minicluster scenarios as a function of M0

for HSC and EROS assuming fMC ¼ 1. The number of
events in HSC is generally far larger than for EROS due to
the huge volume of DM between the Earth and M31
leading to a larger optical depth to microlensing for HSC
[37]. In order to understand the effects of our modeling we
show four different calculations of Nexp for HSC.

In the first (solid gray line in Fig. 15), we compute the
event rate for pointlike objects (i.e. PBHs) of fixed massM0

(i.e. Dirac-delta-function mass distribution) to normalize
the exposure and efficiency.
We then compute the case of isolated miniclusters

(Dirac-delta-function mass distribution but nonpointlike
objects), with density profiles determined by dn=dδ
extracted from Fig. 2. This corresponds to the red solid/
dashed line in Fig. 15 for the HSC/EROS survey. This
additional treatment reduces the number of events by a
factor ofOð102Þ due to the requirement of large δ such that
R > 0. We consider this scenario as the most conservative:
miniclusters are too dense to suffer much disruption on
mergers, and MCHs are likely to be a “plum pudding” of
objects of massM0. In this case, the modulating role of the
MCH mass function is not relevant for the HSC cadence
and QCD axion.
The dense MCH case includes in addition the effects of

dn=dM i.e. an extended mass function. A microlensing
survey is sensitive to objects of fixed mass M. The mass
function spreads the MCHs to M > M0 (with more total
mass at largerM), shifting the centralM0 to smaller values.
The density profiles of the dense MCHs are also computed
using dn=dδ i.e. mergers forming MCHs are assumed to
preserve the distribution of halo concentrations. This
treatment corresponds to the blue solid/dashed line in
Fig. 15 for the HSC/EROS survey. This scenario is more
conservative for the HSC survey and the QCD axion since
it reduces the number of events by moving mass out of the
central region of sensitivity.
Finally, the diffuse minicluster case uses dn=dM, but

assumes that all MCHs with M outside the small window

FIG. 15. Expected microlensing events. Here we assume that all
the DM is composed of miniclusters on small scales. Lines show
the effects of our modeling of the minicluster mass function and
density profile for HSC and the EROS survey.

FIG. 16. Limits on the fraction of DM collapsed into mini-
clusters. The model adopted is for isolated miniclusters, which
we consider the most realistic. The shaded region shows the
allowed mass for the QCD axion with miniclusters. Where the
n ¼ 3.34 lines intersect this region, fMC is constrained for
the QCD axion. The inset shows a zoom-in. The magenta (blue)
line in the inset shows a hypothetical improved observation by
HSC of ten nights with an efficiency ϵ ∼ 1 in the case of isolated
miniclusters (dense MHCs).
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• Axion miniclusters could be 
detected by microlensing

fMC = (minicluster fraction

of axion density)
<latexit sha1_base64="BzJTRdVa7++TJtcd6IybmirrI/M="></latexit>

Fairbairn et al.  (2018)

⇢c = 140�3(1 + �)⇢a(1 + zeq)
3

<latexit sha1_base64="HWM6NG6M7Q26CQ/o6ptJp2jvx1I="></latexit>

M ⇠ 10�13M�
<latexit sha1_base64="pq34uK6Kw0KSB3oLkn9OheT9t7s="></latexit>

L ⇠ 0.1L1 ⇠ 0.01pc
<latexit sha1_base64="jMi3+ckx1PkfHw6eA8JZME3yuoY="></latexit>

• If fMC ~1 direct detection is 
difficult since encounters 
with minicluster are very rare



4.2 Axion star

• If gravitational interaction is included , non-relativistic axion field 
has a stable spherical clump solution  
= axion star 
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Figure 1: Two branches of solutions when the system is treated in the non-relativistic regime for
dimensionless radius R̃90 (defined as the radius that encloses 90% of the mass) versus dimensionless
particle number Ñ . The upper blue curve corresponds to stable solutions, while the lower red curve
corresponds to unstable solutions. Solid curve is the exponential approximation, dotted curve is
the sech approximation, and the individual dots are the exact numerical values. The condition for
validity of the non-relativistic treatment is that one stays above the dashed curve (see ahead to
Eq. (54)) this is valid for almost all points here, except in the very far left lower corner, which shall
be treated in Section 6, whose zoomed in behavior can be seen in Fig. 7.

3.3 Stable and Unstable Branches

Extremizing the Hamiltonian H̃ with respect to R̃, we obtain the condition for stationary solutions

R̃�
5

16
ÑR̃

2
�

3

128⇡
Ñ = 0 , (28)

whose solutions are simple

R̃ =
8

5Ñ
±

p
512⇡ � 15Ñ2

10
p
2⇡ Ñ

. (29)

In Fig. 1 we plot these solutions. We have introduced a re-scaled value of R̃, called R̃90, which
is defined as the radius at which 90% of the mass is enclosed, i.e.,

0.9N = 4⇡

Z
R90

0
dr

0
r
02 (r0)2 . (30)

For the exponential ansatz, one finds R90 ⇡ 2.661R.
There are two branches of solutions: the stable one (blue line) is given by the dominance of

gravity over the self-interaction and the unstable one (red line) is given by the opposite situation.

9

Schiappacasse, Hertzberg (2017)

R = 388km R̃

M = 3.5⇥ 1021g (Fa/10
12GeV)2Ñ
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• Recent simulation implies axion stars 
are produced in DM halos and 
miniclusters 


formation time

numerically evolve Eqs. (2) using an exceptionally stable
3D algorithm; see Supplemental Material, Sec. S2 and
movie [19], and Refs. [20,21]. Apart from the erratic
motion of ψ peaks and depths, nothing happens for a long
time t < τgr, where τ̃gr ∼ 106 for the solution in Fig. 1.
Then a coherent, compact, and spherically symmetric
object appears at t > τgr; see Fig. 1(b). With time, the
object grows in mass and moves in a Brownian way due to
the interaction with the fluctuating environment.
To explain what happens, we recall that any interaction

between the bosons should lead to thermal equilibrium and
in the case of large occupation numbers to the formation of
a Bose-Einstein condensate. Gravitational interaction is not
an exception, as pioneering works [11,16] argued. But then
the condensate cannot appear in a homogeneous state [17].
Rather, it should fragment due to Jeans instability into a set

of isolated Bose stars (cf. [8]), which is therefore the actual
end state of the condensation process.
The field profiles of the isolated Bose stars are found

by solving Eqs. (2) with the stationary spherical ansatz
ψ ¼ ψsðrÞe−iωst,U ¼ UsðrÞ at each ωs < 0; see, e.g., [22].
We computed them using a separate code. Results coincide
with the profiles of condensed objects on the lattice [see
Fig. 1(c)], thus proving that we indeed observe the
nucleation of Bose stars. We performed simulations for a
large set of parameters, for δ- and θ-like initial distribu-
tions, jψpj2 ∝ δðjpj −mv0Þ and θðmv0 − jpjÞ, in addition to
the Gaussian. Every time, we observed the formation of a
Bose star with correct profile ψ sðrÞ, UsðrÞ correct mass
Ms ∝ ψ1=2

s ð0Þ, and correct size proportional to M−1
s ; see

[22]. Note that the Bose stars nucleate wide and rarefied,
then shrink, and become dense as they accumulate bosons.
Unlike in other studies, no “seed” Bose condensate was
present in our simulations at τ < τgr; otherwise, it would
grow above the background in a short time—see Fig. 1(d).
The spectrum.—To look deeper into the initial, seem-

ingly featureless stage of gas evolution, we compute the
distribution Fðt;ωÞ ¼ dN=dω of bosons over energies ω.
This quantity equals the Fourier image of the correlator

F ¼
Z

dt1
2π

d3xψ$ðt; xÞψðt þ t1; xÞeiωt1−t
2
1=τ

2
1 ð3Þ

in the kinetic regime ðmv20Þ−1 ≪ τ1 ≪ τgr; see Supplemental
Material Sec. S1 [19] and Ref. [23]. In dimensionless
calculations, we use F̃ ¼ mv20F=N normalized to unity:R
F̃dω̃ ¼ 1, where ω̃ ¼ ω=mv20.
Figure 1(e) shows that the spectrum (3) completely

changes during evolution at t < τgr. It starts from a wide
bell F̃ ∝ ω̃1=2e−2ω̃ corresponding to Gaussian distribution in
momenta in Fig. 1(a). As time goes on, F develops a peak at
lowω and becomes close to thermal at intermediate energies,
F ∝ ω−1=2; see the graph at t ∼ τgr in Figs. 1(e) and 1(f). At
high ω, it still falls off exponentially, as high-frequency
modes thermalize slowly [24]. Once the Bose star nucleates,
a small δ peak appears in the distribution. With time, this δ
peak grows in height and shifts to the left; see the spectrum
1b in Fig. 1(e). It explicitly shows condensed particles of
the same energy ωs < 0 inside the growing Bose star.
Below, we use the δ peak at ω < 0 as an indicator of

Bose star nucleation: We define τgr as the moment when the
peak is twice higher than the fluctuations in Fðt;ωÞ.
Condensation time.—In the kinetic regime, evolution of

Fðt;ωÞ is described by a kinetic equation—this fact can be
proven by solving Eqs. (2) perturbatively and using approx-
imations (1); see Supplemental Material Sec. S1 [19] and
cf. Refs. [23,25]. One therefore expects that the time of Bose
star formation τgr is proportional with some coefficient b to
the kinetic relaxation time: τgr ¼ 4b

ffiffiffi
2

p
=ðσgrvnfÞ, where

σgr ≈ 8πðmGÞ2Λ=v4 is the transport Rutherford cross

FIG. 1. Formation of a Bose star from a random field with
initial distribution jψ̃ p̃j2 ∝ e−p̃

2
and total mass Ñ ¼ 50 in the box

0 ≤x̃; ỹ; z̃ < 125. These values correspond to the center of the
axion minicluster with Mc ∼ 10−13 M⊙ and Φ ∼ 2.7 in the
discussion at the end of this Letter. (a),(b) Sections z̃ ¼ const
of the solution jψ̃ðt̃; x̃Þj at (a) t̃ ¼ 0 and (b) t̃ > τ̃gr ≈ 1.08 × 106.
(c) Radial profile jψ̃ðr̃Þj of the object in (b) (points) compared to
the Bose star ψ̃sðr̃Þwith ω̃s ≈ −0.7 (line). (d) Maximum of jψ̃ðx̃Þj
over the box as a function of time. (e) Spectra (3) at times of
(a) and (b) and at the eve of Bose star nucleation, t̃ ¼
1.05 × 106 ∼ τ̃gr. (f) The spectrum at t ∼ τgr (dashed line) versus
the solution of Eq. (5) (circles) and thermal law F̃ ∝ ω̃−1=2 (dots).
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5. Axion in the Inflationary Universe (PQ before inflation)

• If PQ symmetry is broken during or before inflation


Strings and domain walls are diluted away by inflation 
       No domain wall problem


Only coherent oscillation gives a significant contribution to 
the cosmic density  

    becomes almost homogeneous by inflation  (      is a kind 
of free parameter )


Isocuravture perturbation problem 
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5.1 Axion Isocurvature Fluctuations
• Axion acquires fluctuations during inflation


• After axion obtains mass, axion fluctuations produce 
density perturbations 
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• Axion fluctuations contribute to CDM isocurvature  density 
perturbations 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5.1 Axion Isocurvature Fluctuations

• Isocurvature perturbations lead to      
CMB angular power spectrum which 
is different from adiabatic one


• Stringent constraint on amplitude of 
isocurvature perturbation

 22

adiabatic

isocurvature

‒ 56 ‒

CMB angular Power spectrum

k0 = 0.002 Mpc�1

PLANCK 2015

�iso �
PS(k0)

P�(k0) + PS(k0)

�iso < 0.033 (95% CL)



Axion isocurvature fluctuations
• Stringent constraints from CMB  

• Only low energy scale inflation models are allowed   
High scale inflation ( Hinf >1013GeV ) inconsistent with axion


•  If  axion is dark matter
 23

Hikage, MK, Sekiguchi, T.Takahashi (2012)
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5.2 Suppressing Isocurvature Perturbations

• Observationally high scale inflation is favored because it is 
testable by observing B-mode polarization of CMB 


        Tensor mode (gravitational wave) produced during inflation


              r  :  tensor-to-scalar ratio


              r ~ 0.01 by experiments on the earth


              r ~  0.001 by satellite experiments


• Can we suppress isocurvature perturbations?


PQ scalar has a large field value during inflation 


         Isocurvature perturbations  suppressed by  
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Hinf = 8.6⇥ 1013 GeV (r/0.1)1/2
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• Assuming PQ field has a large field value                   during inflation 
and axion is dark matter
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|�| ' Mp

• Dark matter axion is consistent with high scale inflation whose 
tensor mode is detectable in future 


MK Sonomoto Yanagida  (2018)
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• Are there concrete models which make PQ field value 
large during inflation?


• Successful models exist


Sextet potential


SUSY axion model
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Axion-like particle

• Physics beyond the standard model like string theory 
predicts many axion-like particles (particles similar to axion)


• mass ma and axion scale Fa are independent theoretical 
parameters


• Many of cosmological implications of QCD axion apply to 
axion-like particles changing mass and axion scale 
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V ⇠ m2
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2
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6. Conclusion

• If PQ symmetry is broken after inflation, topological defects 
are formed and axions from them give a significant 
contribution to the CDM density


• However, recent simulations imply larger uncertainties in 
estimation of the present axion density


• Fluctuations of axions leads to formation of axitons, axion 
miniclusters and axion stars


• If PQ symmetry is broken before or during inflation,  axion 
has isocurvature density perturbations which are  stringently 
constrained by  CMB observations. 


• Isocurvature perturbations are suppressed if PQ scalar has a 
large field value during inflation                      

 28
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“ A decades long search for WIMPs in direct detection experiments and 
colliders in the most obvious regime of parameter space has so far been 
unsuccessful (although interesting parameter space remains available). 
While the most highly motivated regime of the QCD axion’s parameter 
space has yet to be fully probed experimentally ”.   
      
                                     —  E. D. Schiappacasse and  M. P. Hertzberg (2018)
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