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The Strong CP Problem
• CP-violating phase in the SM

•A measurement of the neutron electric dipole moment

Why  is tiny? (strong CP problem)θ̄
3
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Gluon field strengthGμν :

[Baker et al. (2006)]

Naive expectation:
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QCD axion (1)
• Peccei-Quinn Mechanism

• Suppose that  is anomalous under   U(1)PQ SU(3)C

4

Introduce an additional (global)  symmetry 

which is spontaneous broken at some scale .

U(1)PQ

Fa

Nambu-Goldstone boson  is called “(QCD) axion”a(x)
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QCD axion (2)
Below the QCD scale , the axion acquires 

potential by non-perturbative effects!
ΛQCD ∼ 100 MeV
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Observable CP-violating phase
The potential minimum is CP symmetric! 

(Strong CP problem can be solved!)



QCD axion (3)
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The axion mass:

Attractive self-coupling:
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Dark matter axions (1)
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The QCD axion can be dark matter candidate!
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The axion starts to oscillate at .H(T*) ∼ ma(T*)

Displaced from the 
minimum!
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Dark matter axions (2)
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T ⇠ ⇤QCD Coherent oscillation of the axion 
behave like cold dark matter.
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: initial misalignment angleθ*

Coherent oscillation of generic light scalar fields (axion-like 
particles) can be DM! 

[Kawasaki, Nakayama (2013)]

[Svrcek, Witten (2006)]
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The QCD Axion Window
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109 . Fa/GeV . 1012
Dark matter overproduction Energy loss rate of supernova

[Hertzberg, Tegmark, Wilczek (2008)]
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FIG. 1: Naive expectations for the energy scale of inflation
EI and the axion PQ scale fa. For EI & 2.4 ⇥ 1016 GeV,
the inflaton must undergo super-Planckian excursions in field
space (in single field models). For EI . 6.7⇥1015 GeV, generic
inflation potentials fail to reproduce the observed nearly scale
invariant power spectrum. For fa & 2.4 ⇥ 1018 GeV, the PQ
breaking scale is super-Planckian. For fa . 1015 GeV (and
fa �TeV), the PQ breaking is in the “desert” of particle
physics and non-trivial to achieve in string theory. This leaves
the region labeled “naive window”.

plained, defines the strong P and T problem (a.k.a. “CP
problem”). After introducing a new asymptotic (or al-
ternatively, classical) Peccei-Quinn (PQ) symmetry [13]
which is spontaneously broken, the e↵ective ✓ becomes a
dynamical variable, and relaxes toward extremely small
values. The consequent approximate Nambu-Goldstone
boson is the axion [14, 15].

The simplest axion models contain only one phe-
nomenologically significant parameter: fa, the scale at
which the PQ symmetry breaks. The zero temperature
Lagrangian for the complex field � = ⇢ e
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(⇤ ⇡ 78MeV, ⇢ is irrelevant at low energies). Acceler-
ator bounds require fa to be well above the electroweak
scale, and stellar astrophysics constraints place consider-
ably higher limits. Given that electroweak values for fa

are ruled out, economy suggests that fa could be asso-
ciated with unification or Planck scales, rather than the
“desert” of particle physics or super-Planckian scales, as
indicated by the horizontal regions in Fig. 1. This intu-
ition for fa seems borne out in string theory, where fa
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FIG. 2: Observational constraints on the energy scale of infla-
tion EI and the axion PQ scale fa are shown in the top (bot-
tom) panel for ine�cient (e�cient) thermalization at the end
of inflation. The thick red diagonal line is fa = Max{TGH =
HI/2⇡, Tmax = ✏eff EI}, (✏eff ⇡ 0 in top, ✏eff = 10�3 in bottom,
with ✏eff = 10�1.5, 1 indicated). Above this line is the infla-
tionary anthropic scenario and below this line is the classic
scenario. The region in which there is too much isocurvature,
↵a > 0.072, depends on the axion fraction Ra ⌘ ⇠a/⇠CDM of
the CDM; the purple region applies for any Ra, the blue region
is for Ra > 0.25% (which is expected at 95% confidence), and
the cyan region is for Ra = 100%. The green region has too
much axion CDM: ⇠a > 2.9 eV. Each constraint is divided into
two parts: the darker part is for a conservative value � = 1/20
and the lighter part is for a moderate value � = 1. The or-
ange region has excessive GWs amplitude: Qt > 9.3 ⇥ 10�6.
The yellow region has too much axion interaction in stars
(darker is firmly ruled out, lighter is for some analyzes). The
brown region is excluded by the laboratory ADMX search.
The dashed cyan, orange, and brown lines are future targets
for isocurvature, GWs, and ADMX searches, respectively.
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Axions in the early Universe
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✔ Non-relativistic axions are produced with high occupancy.
Small velocity dispersion: Occupancy number:
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Axions in the early Universe
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✔ Non-relativistic axions are produced with high occupancy.

✔ Axions are bosons and no number violating process.

Small velocity dispersion: Occupancy number:
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Axion-photon coupling is suppressed by .Fa



Axions in the early Universe
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✔ Non-relativistic axions are produced with high occupancy.

✔ Axions are bosons and no number violating process.

✔ Thermalization of axions (?) 

Small velocity dispersion: Occupancy number:
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ngal =
⇢gal

ma
⇠ 1014 cm�3

[Sikivie, Yang (2009)] [Erken, Sikivie, Tam, Yang (2011)] [Saikawa Yamaguchi (2013)] [Noumi, Saikawa, Sato, Yamaguchi (2014)]

[… and so many works…]
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Axions in the early Universe
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✔ Non-relativistic axions are produced with high occupancy.

✔ Axions are bosons and no number violating process.

✔ Thermalization of axions (?) 

Small velocity dispersion: Occupancy number:
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ngal =
⇢gal

ma
⇠ 1014 cm�3

[Sikivie, Yang (2009)] [Erken, Sikivie, Tam, Yang (2011)] [Saikawa Yamaguchi (2013)] [Noumi, Saikawa, Sato, Yamaguchi (2014)]

[… and so many works…]
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Bose-Einstein condensate.
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When Bose-Einstein condensate takes place, many axions 
are in the ground state labeled by wavefunction !ϕBEC(x, t)

Claim: “Localized clumps” made of axions bounded 
by gravity (axion stars) are formed.

A consequence of Bose-Einstein condensate

[Guth, Hertzberg, Weinstein (2014)]



The Ground State of Axions
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• Non-relativistic effective field theory of a real scalar field:
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r (x, t) ⌧ ma (x, t),  ̇(x, t) ⌧ ma (x, t) Number densityn(x) ≡ ψ*(x)ψ(x) :
[Salehian et al. (2021)]
[Eby et al. (2021)]
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The Ground State of Axions
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• Non-relativistic effective field theory of a real scalar field:

• The equation of motion of non-relativistic field  with gravity:ψ

Gravity Self-couplingPressure
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[Salehian et al. (2021)]
[Eby et al. (2021)]
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The Ground State of Axions
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• Non-relativistic effective field theory of a real scalar field:

• This equation is similar to the Schr dinger equation 
of a hydrogen atom (when we forget about )!

··o
λ

• The equation of motion of non-relativistic field  with gravity:ψ

Gravity Self-couplingPressure
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r (x, t) ⌧ ma (x, t),  ̇(x, t) ⌧ ma (x, t) Number densityn(x) ≡ ψ*(x)ψ(x) :
[Salehian et al. (2021)]
[Eby et al. (2021)]
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Axion Stars (1)
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Let us find the ground state for fixed particle number  
by using variational principle.

N
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Ansatz of configuration
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Figure 3. Field  ̃ versus radius r̃ for the ground state at a fixed number of particles (Ñ = 3.565) on
the stable (blue) branch of figure 1 in the non-relativistic theory. Blue is the exact numerical result,
green is the exponential approximation, and orange is the sech approximation.

can be a few percent worse. The exact numerical result for the phase diagram is indicated by
the individual dots in figure 1. For the blue stable branch, the sech does considerably better
than the exponential; while on the red unstable branch, the exponential does marginally
better than the sech. In section 6, we will study the lower left corner of the phase diagram,
and exploit the exponential ansatz to obtain some understanding of its behavior.

4 Numerical solution for time evolution

In this section we would like to compute the full nonlinear evolution of the axion field numeri-
cally (within the spherically symmetric phase space). We will demonstrate that by perturbing
away from the above clump solutions, there is indeed a “stable” branch and an “unstable”
branch, in agreement with the above descriptions.

4.1 Numerical recipe

We would like to solve the full equation of motion for the axion field, eq. (2.13), within the
spherically symmetric ansatz. For gravitation it is useful to make use of the Poisson equation
for the Newtonian potential. Working with dimensionless variables, this pair of equations is
given by

i
@ ̃

@ t̃
= �

1

2r̃

@
2

@r̃2

⇣
r̃  ̃

⌘
+ �̃N  ̃ �

1

8
| ̃|

2
 ̃ , (4.1)

1

r̃

@
2

@r̃2

⇣
r̃ �̃N

⌘
= 4⇡| ̃|2 , (4.2)

where  ̃(r̃, t̃) and �̃N (r̃, t̃) are the axion field and the Newtonian potential, respectively, and
r̃ and t̃ are the radial and time coordinates, respectively, all in dimensionless variables.

– 11 –
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[Schiappacasse, Hertzberg (2017)]

Blue: Exact numerical calculation
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Axion Stars (2)
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Figure 2. A plot of the dimensionless energy H̃ versus variational parameter (clump radius) R̃ for
a fixed value of particle number Ñ = 9, within the exponential ansatz (other ansatzes look similar).
The local maximum is associated with an unstable solution and corresponds to a point on the red
curve of figure 1, while the local minimum is associated with a stable solution and corresponds to a
point on the blue curve of figure 1.

presentation, let’s ignore the self-interaction term temporarily, and then the equation becomes

µe↵  ⇡ �
1

2m

✓
 00 +

2

r
 0

◆
(near region, ignoring Vnr) , (3.19)

where

µe↵ = µ+ 4⇡Gm
2

Z 1

0

dr
0
r
0 (r0)2 . (3.20)

It is anticipated that this µe↵ is positive and then the solutions of eq. (3.19) are spherical
Bessel functions. The ground state is the Bessel function of order 0

 (r) / j0(
p

2mµe↵ r) =
sin(

p
2mµe↵ r)

p
2mµe↵ r

(near region, ignoring Vnr) . (3.21)

Including self-interactions, this shape is corrected, but the salient feature that survives is
that the solution is an inverted parabola centered at r = 0, plus higher order corrections

 (r) =  0 �
1

2
 2 r

2 + . . . (near region) , (3.22)

where the values of  0 and  2 are actually sensitive to the full shape of the potential and
so are not easily obtained.

A better ansatz than the above exponential is one that carries both of these features:
exponential decay at large r and inverted parabola around r = 0. A couple of neat examples

– 9 –

JCAP01(2018)037

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. (6.2)) 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 figure 7.

situation. This dominance is parametrically more pronounced as Ñ decreases. By contrast,
when Ñ increases the gravitating and self-interacting terms become comparable.

The solutions are restricted to the region

Ñ < Ñmax =

r
512⇡

15
⇡ 10.36 , (3.18)

because for larger values of Ñ , the square root in eq. (3.16) becomes imaginary.

In figure 1 we have labelled the upper (blue) curve as stable and the lower (red) curve as
unstable. This is because the upper one corresponds to a local minimum of the Hamiltonian
as a function of radius (at fixed particle number), while the lower one corresponds to a local
maximum of the Hamiltonian. This is shown in figure 2, where we plot H̃ = H̃(R̃) with Ñ

fixed at Ñ = 9.

3.4 Other ansatzes

The above analysis used an exponential ansatz for the radial profile, which of course is not
exact. Although an exponential fall o↵ is correct at large r (albeit with a modified fall-o↵
rate), it is not true at small r. In the small r regime, we can replace r> ! r

0 in eq. (3.6),
which changes the structure of this term to modify the e↵ective chemical potential. For ease of

– 8 –
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(Gravity + pressure)
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Unstable branch 
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 the breaking scale of axionFa :

 the axion massma :

 the clump densityα :

 Fraction of dark matter collapsed into clumps 

(Generically,  ( axion energy density)

Ωclump/ΩDM :
Ωclump ≤ Ωa Ωa :

 for the 

QCD axion 
(For axion-like particles, 

there is no relation.)

ma = Λ2
QCD/Fa

<latexit sha1_base64="9P6iNfABdg+tr0DC3WTkOOAw930="></latexit>

fN = ↵fNmax, eR =
1

↵
eRmin

⇣
1 +

p
1 � ↵2

⌘
<latexit sha1_base64="TIzX0T5lt9sUPlpHXrg9MPW2HlM="></latexit>

0  ↵  1



Axion Stars (3)

23

<latexit sha1_base64="eHWRWs239vCPHreyfHncLqUCBfA="></latexit>

N ' 1.7 ⇥ 1060 ⇥ ↵

 
10�5eV

ma

!2

⇥
✓

Fa

1012GeV

◆

<latexit sha1_base64="fJ5BHtP7/ZwYzSeHc/UU5YYEj5o="></latexit>

R ' 1.8 ⇥ 104 m ⇥
 
1 +

p
1 � ↵2

↵

!
⇥
 
10�5eV

ma

!
⇥
✓
1012GeV

Fa

◆

<latexit sha1_base64="eDU/AJJ9b73mdymstntPJF1WEiA="></latexit>

Mclump = Nma ' 1.5 ⇥ 10�11M� ⇥ ↵

 
10�5eV

ma

!
⇥
✓

Fa

1012GeV

◆

Typical radius and mass of (QCD) axion stars



Content

•Microlensing Constraints on Axion Stars

•Introduction

•Axion Stars

24



25

<latexit sha1_base64="eDU/AJJ9b73mdymstntPJF1WEiA="></latexit>

Mclump = Nma ' 1.5 ⇥ 10�11M� ⇥ ↵

 
10�5eV

ma

!
⇥
✓

Fa

1012GeV

◆

Heavy.  
Is it possible to constrain the axion star by 

observation of microlensing events?



Gravitational lens
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•Image of a background source star 
is distorted when massive object 

pass close to its line-of-sight.

• One can observe time varying 
amplification of the source star.

(Microlensing events)

• Massive compact objects are 
constrained by microlensing events!



Microlensing by a point mass lens 
(e.g. PBHs)
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Setup (Compact Massive Object)
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Microlensing event occurs when the 
DM crosses microlensing tube! 
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 The (point-like) Einstein ring radiusRE :
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Microlensing event occurs when the 
DM crosses microlensing tube! 

<latexit sha1_base64="eztEgTiQL/bb8Bm9KxWXYHXAhKk="></latexit>

Rtube ⌘ uTRE ⇠
s

GMclump

✓
DL(DS � DL)

DS

◆

 The (point-like) Einstein ring radiusRE :

<latexit sha1_base64="kIlUJ2XSXzAtdZCBP1T9JKKpYhc="></latexit>

Rtube(DL)
<latexit sha1_base64="kIlUJ2XSXzAtdZCBP1T9JKKpYhc="></latexit>

Rtube(DL)

<latexit sha1_base64="/vfcS79KVLD3O6BsYQQEO2xVHJc="></latexit>

µ < 1.34

<latexit sha1_base64="ilD2Re3x18Z7D/YAD0KGrGgBum4="></latexit>

µ > 1.34

For given , DM halo model, DM velocity, observation 
time,… etc, one can calculate expected number of events.

uT

<latexit sha1_base64="mH+QJLV/F74g6LDT2Md0bszK6zI="></latexit>

Nexp = Nexp(uT ,Mclump, ⇢DM, fDM(v), Tobs)



Microlensing Constraints

32

If ,  is excluded at 
95% confidence level.

Nobs = 0 (1) Nexp > 3 (4.74)
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 Expected number of eventsNexp :
 Observed microlensing eventsNobs :

Assumption: Microlensing events follow Poisson distribution.
The probability to observe microlensing event:
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Figure 25 The solid curve shows the 95% C.L. upper bound when ignoring the wave optics effect or equiv-
alently taking into account only the effect of finite source size on the event rate of microlensing, assuming a
solar radius for stars in M31. For comparison, the dotted curve shows the result for a point source, i.e. when
ignoring both effects of the finite source size and the wave optics, while the dashed curve shows the results
including both the effects, which is our default result shown in Fig. 5.
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Microlensing constraints on compact object

33
[Niikura et al. (2017)]
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•  Search*for*gravitational*lensing*
effect*by*PBH,*a*candidate*of*dark*
matter*(or*put*constraint*on*the*
abundance*of*PBH.*)*

•  The*wide*and*deep*imaging*with*
Hyper*Suprime\Cam;*HSC*
! Can cover the entire disk and 

bulge regions of M31 with its 
one pointing 

! 90sec exposure can reach to 
~26mag depth for a star 

•  Observation for 7-hours, taking 
images every 2 minutes at M31-
disk region (r-band) 
*
*

Observation: wide field survey of PBH 
microlensing events using HSC 

~7 hours
197 frames 

~2 min

t 
1.5 deg

M31 of Hyper Suprime Cam 

~1011 stars
~25mag 

5 

Detection time scale  mass of constrained compact objects∼
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Figure 25 The solid curve shows the 95% C.L. upper bound when ignoring the wave optics effect or equiv-
alently taking into account only the effect of finite source size on the event rate of microlensing, assuming a
solar radius for stars in M31. For comparison, the dotted curve shows the result for a point source, i.e. when
ignoring both effects of the finite source size and the wave optics, while the dashed curve shows the results
including both the effects, which is our default result shown in Fig. 5.
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Microlensing constraints on compact object
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•  Search*for*gravitational*lensing*
effect*by*PBH,*a*candidate*of*dark*
matter*(or*put*constraint*on*the*
abundance*of*PBH.*)*

•  The*wide*and*deep*imaging*with*
Hyper*Suprime\Cam;*HSC*
! Can cover the entire disk and 

bulge regions of M31 with its 
one pointing 

! 90sec exposure can reach to 
~26mag depth for a star 

•  Observation for 7-hours, taking 
images every 2 minutes at M31-
disk region (r-band) 
*
*

Observation: wide field survey of PBH 
microlensing events using HSC 

~7 hours
197 frames 

~2 min
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1.5 deg

M31 of Hyper Suprime Cam 
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Detection time scale  mass of constrained compact objects∼
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How about axion stars?
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Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].
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One can consider microlensing 
constraints with replacements:
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Axion Stars may not be “compact”

Naive argument:
If radius of the axion star is shorter than the (point-like) Einstein 
ring radius, microlensing constraints would be same as the PBHs. 

We find that this argument works well!
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Gravitational lens with finite extent
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Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].
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One can consider microlensing 
constraints with replacements:
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Very roughly speaking, this is conclusion of our paper.
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I would like to show you results obtained by 
detailed numerical calculations.

We focus on EROS-2 (and Subaru HSC) 
observations.

 the breaking scale of axionFa :
 the axion massma :
 the clump densityα :
 Fraction of dark matter collapsed into clumpsΩclump/ΩDM :

Free Parameters:



Result1 (EROS-2 survey)
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Result4 (EROS-2 survey)
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Result5 (EROS-2 survey)

47

Fa=1012.5[GeV]

Fa=1013[GeV]

Fa=1013.5[GeV]

Fa=1014[GeV]

QCD axion

10-15 10-13 10-11 10-9
0.01

0.05

0.10

0.50

1

ma[eV]

Ω
cl
um
p/
Ω
D
M

α=1

Fa=1014.5 [GeV]

Fa=1015[GeV]

Fa=1015.5[GeV]

Fa=1016[GeV]

QCD axion

10-16 10-14 10-12 10-10
0.01

0.05

0.10

0.50

1

ma[eV]

Ω
cl
um
p/
Ω
D
M

α=10-2

Constraint with fixed α, Fa



Conclusions

•We give microlensing constraints on axion stars 
including a finite lens size effect.

•The QCD axion can solve strong CP problem 
and be a good dark matter candidate!

• In the early Universe, axions may form 
localized clumps called axion stars.
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•Unfortunately, the QCD axion window cannot be 
constrained even if axion stars are plentiful.



Thank you!
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Figure 25 The solid curve shows the 95% C.L. upper bound when ignoring the wave optics effect or equiv-
alently taking into account only the effect of finite source size on the event rate of microlensing, assuming a
solar radius for stars in M31. For comparison, the dotted curve shows the result for a point source, i.e. when
ignoring both effects of the finite source size and the wave optics, while the dashed curve shows the results
including both the effects, which is our default result shown in Fig. 5.

43

Subaru HSC observation
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A finite source size effect becomes important for Subaru!
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Mclump < 10−8M⊙



A finite source size
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An “effective” impact parameter is 
determined by a source radius. 

Naive expectation:

When a radius of source star is longer 
than the Einstein ring radius, 

magnification is strongly suppressed.

Radical Case RS ≫ RE

This naive expectation is also correct. 

Point source



A finite source and lens size effect
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We solve lens equation including both 
of finite lens and source size effects!

 Source star radiusRS :
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RS/RE

No microlensing events for . 
(A finite source size effect)

RS > 2.3 × RE

No microlensing events for . 
(A finite lens size effect)

R > 0.6 × RE



Result1 (Subaru HSC)
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For , the Einstein 
ring radius is shorter solar radius.

Mclump < 10−8M⊙

The detection time scale:

A finite lens 
size effect

Significant suppression from a finite 
source size effect for a light mass region!



Result2 (Subaru HSC)
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Result3 (Subaru HSC)
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Result4 (Subaru HSC)
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Result5 (Subaru HSC)
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Result1
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Subaru HSC EROS-2
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Result2 (1)
with fixed .Ωa/ΩDM, α
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Result2 (2)
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Unfortunately, classical QCD axion window cannot be constrained.

Subaru HSC EROS-2


