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2Main question

A geometrical setup of the gravitational lensing event 
is shown. A light ray (the red color line) is deflected 
by the lens (the pink colored circle) and reaches to 
the observer (the blue colored human).

Gravitational Microlensing Setup

Can QCD axion stars explain Subaru HSC data? 

(Sugiyama, Takada, and Kusenko, 2021) 



• A wide range of astrophysical observations are well

explained by including cold dark matter (CDM) (Peebles, 2015).

• A popular dark matter candidate is the QCD axion: PG-boson

associated with SSB of 𝑈 1 𝑃𝑄, which was introduced as a

possible solution of the strong CP problem (Peccei and Quinn, 1977) .

• The axion field acquires a mass after the QCD phase transition,

and then begin to act as a form of CDM (Preskill et al. 1983).

• Extensively axion searching

3
QCD-Axion in a nutshell

(Pagner, 2019)

• Ground based experiments as ADMX (Asztalo et al. 2010)

• FRB and axion miniclusters (Tkachev 2015)

• Transient radio emission from axion photon conversion during neutron
star-ultracompact minihalo encounters (Nurmi, Schiappacasse, Yanagida, 2021)
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Axion Stars

𝑖 ሶ෨𝜓 = −
1

2
෩∇2 ෨𝜓 + ෨𝜓 ෨𝜙𝑁 −

෨𝜓∗ ෨𝜓2

8
,

෩∇2 ෨𝜙𝑁 = 4𝜋ห ห෨𝜓
2

• In the effective theory for axions, they can be described by a
real scalar field 𝜙 𝑥, 𝑡 with a small potential 𝑉(𝜙) coming
from nonperturbative QCD effects:

ℒ = −𝑔
𝑅

16𝜋𝐺𝑁
+ 𝑔𝜇𝜈𝛻𝜇𝜙𝛻𝜈𝜙 − 𝑉(𝜙)

𝑉 𝜙 =
1

2
𝑚𝜙
2𝜙2 +

𝜆

4!
𝜙4 + 𝒪(𝜙6)

Axion stars are ground state 
(or higher eigenstates) 

solutions of the Schrodinger-
Poisson equation

𝜙 𝒙, 𝑡 =
1

2𝑚𝜙

𝑒−𝑖𝑚𝜙𝑡𝜓 𝒙, 𝑡 + 𝑒𝑖𝑚𝜙𝑡𝜓∗(𝒙, 𝑡)

4

(Hertzberg and Schiappacasse 2018) 
Nonrelativistic approximation
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Gravitational Condensation in the early Universe

• If the PQ symmetry is broken after inflation, large amplitude
axion field fluctuations and topological defects are found on size
scales of order the horizon at the time of the SSB.

5(Schiappacasse and Yanagida 2021) 

Number of axion
within a typical
correlation length
in the early Uni-
verse

QCD-AXION

𝒎𝒂 = 𝟔𝝁𝐞𝐕
𝟏𝟎𝟏𝟐𝐆𝐞𝐕

𝒇𝒂

Kawasaki et al. 2015 

Hoof et al. (2021) Group KHSSYY

Hoof et al. (2021) Group GHV
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(Dmitriev et al. 2021;
Hertzberg et al. 2020) 

¿Does it possible?



Nucleation in axion miniclusters

• The large axion field fluctuations produced by the SSB
remain smooth up to scales of order the horizon size at the
time when the axion acquires its mass.

• Density perturbations may grow under gravity as usual to
collapse into gravitationally bound DM substructures known as
miniclusters at around matter-radiation equality.

• Because of the randomness of the initial axion overdensity
fluctuations and the subsequent evolution of the minicluster
halo mass function via hierarchical structure formation during
matter domination

6

Axion stars are surrounded by pronounced density waves.

The axion stars form roughly during a few free-fall times
after the collapse of the minicluster.

The density profile of the incoherent halo decay as 𝑟−9/4

Axion Stars Nucleation

10−19𝑀⨀ ≲ 𝑀𝐴𝑀𝐶 ≲ 10−5𝑀⨀
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Axion Stars Nucleation in axion minihalos around PBHs
7(Schiappacasse and Yanagida 2021) 

𝑑2𝑟
𝑑𝑡2

=−
𝐺𝑁 𝑀𝑃𝐵𝐻+𝐷𝑀

𝑟2
−
8𝜋𝐺𝑁𝜌𝑟𝑟

3 +
8𝜋𝐺𝑁𝜌Λ𝑟

3

• Since PBHs are local overdensities in the DM distribution,
they act as seeds for DM structure formation.

• Evolution of a DM spherical layer around a central PBH
(theory of spherical gravitational collapse)

• The kinetic formation of axion stars in dark mini-halos depends on the
halo energy density,  axion mass and velocity

𝜏𝑔𝑟~𝑚𝑎
3𝑣𝑎

6𝜌ℎ𝑎𝑙𝑜
−2

(Levkov, Panin and Tkackev, 2018)

(Mack, Ostriker and Ricotti, 2007)

(Levkov, Panin and Tkackev, 2018)

Magnification is shutted-off
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Conclusion
8

1. The known mechanisms for QCD axion clump formation in the pre- and postinflationary
PQ symmetry-breaking scenario are not able to explain the microlensing event reported by
the Subaru HSC observation.

2. In the postinflationary scenario, the needed mass for axion stars is larger than the allowed
maximum mass for a stable configuration. Since the QCD axion mass is strictly bounded
from below due to the axion decay of topological defects, the typical axion star masses
are 𝑀∗ ≲ 10−13𝑀⨀.

3. In the preinflationary scenario, the nucleation of axionclumps within axion self-similar
minihalos around PBHs produce axion stars within the lightest part of the credible region
associated with HSC data. However, such stars are very diluted having radii larger than
their associated Einstein radius.

4. Axion clumps with sufficiently heavy masses to explain the Subaru HSC observation could
be formed in some nonstandard cosmologies, but their nucleation is highly model
dependent.
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34

FURTHER DISCUSSION
(On Merger of Axion Dark Matter Clumps and Parametric Resonance of Photons)

FURTHER DISCUSSION

ENRICO D. SCHIAPPACASSE – PARTICLE PHYSICS DAY 2021–Annual meeting of the Particle Physics Division of the Finnish Physical Society



• In the effective theory for axions, they can be described by a real scalar field 𝜙 𝑥, 𝑡 with a small
potential 𝑉(𝜙) coming from nonperturbative QCD effects:

ℒ = −𝑔
𝑅

16𝜋𝐺𝑁
+ 𝑔𝜇𝜈𝛻𝜇𝜙𝛻𝜈𝜙 − 𝑉(𝜙)

• Expanding around the CP preserving vacuum: 𝑉 𝜙 =
1

2
𝑚𝜙
2𝜙2 +

𝜆

4!
𝜙4 + 𝒪(𝜙6)

• For the standard QCD axion (Weinberg, 1978) :

𝑚𝜙 𝑚𝑢,𝑑,𝜋, 𝑓𝜋, 𝑓𝑎 ⋍ 10−5eV
6 ∙ 1011GeV

𝐹𝑎

AXION FIELD THEORY

𝛾 = 1: 𝑉 𝜙 = 𝑚𝜙
2 𝑓𝑎

2 1 − cos( Τ𝜙 𝑓𝑎)

𝛾 = 1 − 3𝑚𝑢𝑚𝑑/ 𝑚𝑢 +𝑚𝑑
2 ≈ 0.3 (Grilli et al., 2016)

𝜆 = −𝛾
𝑚𝜙
2

𝐹𝑎
2
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• In the non-relativistic regime we can rewrite the real axion field in terms of a complex Schrodinger field
𝜓 (slowly varying) :

𝜙 𝒙, 𝑡 =
1

2𝑚𝜙

𝑒−𝑖𝑚𝜙𝑡𝜓 𝒙, 𝑡 + 𝑒𝑖𝑚𝜙𝑡𝜓∗(𝒙, 𝑡)

• Using the weak field approximation, we obtain the non-relativistic lagrangian for 𝜓 as

ℒ 𝑛𝑟 =
𝑖

2
ሶ𝜓𝜓∗ − 𝜓 ሶ𝜓∗ −

1

2𝑚𝜙
∇𝜓∗ ∙ ∇𝜓 − 𝛾

𝜓∗2𝜓2

16𝐹𝑎
2 −𝑚𝜙𝜓

∗𝜓𝜙𝑁(𝜓
∗, 𝜓)

• By performing Legendre Transformations, the dynamics of 𝜓 is given by the standard non-relativistic Hamiltonian:

𝐻𝑛𝑟= 𝐻𝑘𝑖𝑛 + 𝐻𝑖𝑛𝑡 + 𝐻𝑔𝑟𝑎𝑣

• 𝐻𝑛𝑟 carries a global U(1) symmetry 𝜓 → 𝜓𝑒𝑖𝜃 associated

with a conserved particle number 𝑁 = 𝑑3𝑥׬ 𝜓∗ 𝒙 𝜓 𝒙

𝐻𝑘𝑖𝑛 =
1

2𝑚𝜙
𝑑3𝑥׬ ∇𝜓∗ ∙ ∇𝜓 , 𝐻𝑖𝑛𝑡 =

𝜆

16𝑚𝜙
2 𝑑׬

3𝑥𝜓∗2𝜓2,

𝐻𝑔𝑟𝑎𝑣 = −
𝐺𝑚𝜙

2

2
න𝑑3𝑥න𝑑3𝑥′

𝜓∗(𝒙)𝜓∗(𝒙′)𝜓(𝒙)𝜓(𝒙′)

𝒙 − 𝒙′

(Guth, Hertzberg, and Prescod-Weinstein, 2015;  Schiappacasse and Hertzberg, 2017)

𝜙𝑁 = −𝐺𝑁𝑚𝜙 𝑑׬
3𝑥′

𝜓(𝒙′) 2

𝒙−𝒙′
is Newtonian potential
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• From Hamilton equation Equation of motion of the field in the non-relativistic regime

𝑖 ሶ෨𝜓 = −
1

2
෩∇2 ෨𝜓 + ෨𝜓 ෨𝜙𝑁 −

෨𝜓∗ ෨𝜓2

8
,

෩∇2 ෨𝜙𝑁 = 4𝜋ห ห෨𝜓
2

• All quantities have been re-scaled for numerical purposes as

𝑥 =
𝑚𝑝𝑙𝛾

1/2

𝑚𝜙𝐹𝑎
෤𝑥, 𝑡 =

𝑚𝑝𝑙
2𝛾

𝑚𝜙𝐹𝑎
2

ǁ𝑡

𝜓 =
𝑚𝜙

1/2𝐹𝑎
2

𝑚𝑝𝑙 𝛾
෩𝜓, 𝜙𝑁 =

𝐹𝑎
2

𝑚𝑝𝑙
2𝛾

෨𝜙𝑁

෨𝜙𝑁= ෨𝜙𝑁( ෨𝜓
∗, ෨𝜓)

is the dimensionless (non-dynamical) 
Newtonian potential
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• The true BEC ground state is guaranteed to be spherically symmetric: 𝜓 𝑟, 𝑡 = Ψ(𝑟)𝑒−𝑖𝜇𝑡

• The time independent field equation for a spherically symmetric eigenstate is

𝜇Ψ = −
1

2𝑚
Ψ′′ +

2

𝑟
Ψ′ − 4𝜋𝐺𝑁𝑚

2Ψන
0

∞

𝑑𝑟′𝑟′2
Ψ(𝑟′)2

𝑟>
+
1

2

𝜕𝑉𝑛𝑟
𝜕Ψ

𝜇Ψ = −
1

2𝑚
Ψ′′ +

2

𝑟
Ψ′ −

𝐺𝑁𝑚
2𝑁∗
𝑟

Ψ

SPHERICALLY SYMMETRIC CLUMP CONDENSATES Ψ(𝑟) describes the radial profile
𝜇 describes the correction to the frequency

Near field region (𝒓 → 𝟎) :Corrections from self-
interactions become important. There are no 

know full analytic solutions.

𝑉𝑛𝑟 = −𝛾
Ψ4

16𝐹𝑎
2

Far field region (𝒓 → ∞) 
• Ψ → 0 as 𝑟 → ∞
• At large distances we may ignore the self-interactions
• In the gravitational term we may replace 𝑟> → 𝑟 in the far 

region.
• Identical to the structure of the time independent Schr ሷodinger 

equation for the hydrogen atom under replacement G𝑚2N→ 𝑒2

(far region)
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• axion-gravity-self- system

෩𝐻 ෨𝑅 = 𝑎
෩𝑁∗
෨𝑅2
− 𝑏

෩𝑁∗
2

෨𝑅
− c

෩𝑁∗
2

෨𝑅3

R is the effective radius of the 
solution (variational parameter)

𝑁∗ =4𝜋 0׬
∞
|𝜓 𝑟, 𝑡 |2 𝑟2𝑑𝑟

Any localized anstaz of a
single parameter R • 𝑯 =

𝑭𝒂
𝟑

𝒎𝒑𝒍𝒎𝝓𝜸
𝟑/𝟐

෩𝑯

• 𝑹 =
𝒎𝒑𝒍𝜸

𝟏/𝟐

𝒎𝝓𝑭𝒂
෩𝑹

• 𝑵∗ =
𝒎𝒑𝒍𝑭𝒂

𝒎𝝓
𝟐𝜸𝟏/𝟐

෩𝑵∗

• 𝑴∗ = 𝒎𝝓𝑵∗

• Apply 
𝑑 ෩𝐻

𝑑 ෨𝑅
= 0 to obtain conditions for stationary solutions

• For any value of ( ෤𝑎, ෨𝑏, ǁ𝑐) there ate two branches of solutions

෨𝑅 =
𝑎 ± 𝑎2 − 3𝑏𝑐 ෩𝑁∗

2

𝑏 ෩𝑁∗

(Schiappacasse and Hertzberg 2018 )

State of minimum energy at fixed ෩𝑁∗ (spherically symmetry) 

Stable Branch for axion clumps
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• axion-gravity-self- system Time evolution of a clump 
that lives exactly on the 
stable branch solution .

We perturb the stable and unstable solutions

as   ෨𝜓𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ǁ𝑟 = 1 + 𝜖 ෩Ψ( ǁ𝑟)

• We numerically solve the full equation of motion of the
axion field within the spherically symmetric anstaz:

𝑖 ሶ෨𝜓 = −
1

2

𝜕2

𝜕 ǁ𝑟2
( ǁ𝑟 ෨𝜓) + ෨𝜓 ෨𝜙𝑁 −

෨𝜓∗ ෨𝜓2

8
1

ǁ𝑟

𝜕2

𝜕 ǁ𝑟2
( ǁ𝑟 ෨𝜙𝑁) = 4𝜋 ෨𝜓

2

±2% perturbation 
(Stable Branch)

(Schiappacasse and Hertzberg 2018 )
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• axion-gravity-self- system
−2% perturbation 
(Unstable Branch)

(Schiappacasse and Hertzberg 2018 )
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• We compute the maximum number of particles, the maximum mass, and the minimum clump size
for axion clumps as follows:

𝑀∗,𝑚𝑎𝑥~2.4 × 1019 kg
10−5eV

𝑚𝜙

𝐹𝑎

6∙1011GeV

𝛾

0.3

1/2

𝑅∗,𝑚𝑖𝑛
90 ~80 km

10−5eV

𝑚𝜙

6 ∙ 1011GeV

𝐹𝑎

0.3

𝛾

1/2

• A simple manipulation allows us to express (𝑀∗, 𝑅∗) of any clump as

• s system 𝑀∗ 𝑅∗ = 𝛼𝑀∗,𝑚𝑎𝑥 𝑅∗,𝑚𝑖𝑛
90

𝑅∗ = 𝑔 𝛼 𝑅∗,𝑚𝑖𝑛
90 =

1+ 1−𝛼2

𝛼
𝑅∗,𝑚𝑖𝑛
90

Physical Parameters for Axion Clumps

𝜶 ∈ [𝟎, 𝟏]
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• Clump condensates with non-zero angular momentum have a larger𝑁∗,𝑚𝑎𝑥 (and field amplitude).

• We take the field profile to be 𝜓 𝑥, 𝑡 = 4𝜋Ψ(𝑟)𝑌lm(𝜃, 𝜑)𝑒
−𝑖𝜇𝑡

• We look for states which minimize the energy at fixed particle number and angular momentum (𝑙 = 𝑚 )

• As usual we make an ansatz for the radial profile Ψ(𝑟): For non-zero l, the structure for small r behavior
drastically changes in comparison to the l=0 case

𝜇𝑒𝑓𝑓 Ψ ≈ −
1

2𝑚𝜙
Ψ′′ +

2

𝑟
Ψ′ +

l(l+1)

2𝑚𝜙𝑟
2Ψ (near region)

CLUMP CONDENSATES WITH ANGULAR MOMENTUM

It includes the gravitational term These terms blow up when 𝑟 ⟶ 0

We need Ψ 𝑟 = Ψ𝛼𝑟
l −

1

2
Ψ𝛽𝑟

l+2 +⋯(near region)

Ψ(𝑟) =
𝑁

2𝜋 l+
1

2
!𝑅3

𝑟

𝑅

l
𝑒−𝑟

2/(2𝑅2)

MODIFIED GAUSSIAN ANSATZ

H 𝑅 = 𝑎lm
𝑁

𝑚𝜙𝑅
2
− 𝑏lm

𝐺𝑚𝜙
2𝑁2

𝑅
+ 𝑐lm

𝜆𝑁2

𝑚𝜙
2𝑅3

The Hamiltonian is a generalization of the previous one for the
𝑙 = 0 case: constant coefficients (𝑎, 𝑏, 𝑐) become {l,m}-dependent

The angular momentum is 𝐋 = 0,0, 𝑁m with 𝑁 = 4𝜋 ׬
0

∞
𝑑𝑟 𝑟2 Ψ(𝑟)2
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Field ෩Ψ𝑅 = Ψ𝑅 𝑅3/𝑁∗ versus radius ෤𝑟 = 𝑟/𝑅 in the
modified Gaussian ansatz for different values of spherical
harmonic number 𝑙.

We plot 𝑅90 (0.9𝑁 = 4𝜋 0׬
𝑅90 𝑑𝑟′𝑟′

2
Ψ(𝑟′)2), where

෨𝑅90 = 𝑚𝜙𝛿
1/2𝑅90 and ෙ𝑁∗ = 𝜆 𝛿1/2𝑁∗.

Energy of clump solution versus number with non-zero angular
momentum parameter 𝑚 = 2 for different values of 𝑙. At a
fixed number N and angular momentum 𝐿𝑧 = 𝑁𝑚, this
illustrates that the configurations that minimizes the energy has
spherical harmonic number 𝑙 = 𝑚 (whenever the solution

exists). Here ෩𝐻 = 𝜆
3

2/ 𝑚𝜙
2 𝐺 𝐻 and ෩𝑁∗ = 𝑚𝜙 𝐺 |𝜆|.

𝑁∗,𝑚𝑎𝑥 ≈
10.52

𝜆 𝛿

𝑙3/2

(ln 𝑙)1/4
; 𝑅𝑚𝑖𝑛 ≈

0.141

𝑚𝜙 𝛿

𝑙1/2

(ln 𝑙)1/4

At high 𝑙 = 𝑚 ,

(Hertzberg and Schiappacasse, 2018 )

𝛿 ≡
𝐺𝑁𝐹𝑎

2

𝛾
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• The kinetic regime is where
the field coherence length
is much smaller than the
characteristic scale of density variations

• The condensation time scale is
proportional to the inverse kinetic
relaxation rate

• Lattice simulations performed by Levkov, Panin and 
Tkachev (2018) show axion stars may nucleate kinetically in 
virialized dark matter halos/axion miniclusters through 
gravitational BEC.

𝑚𝑎𝑣𝑎 × 𝑅ℎ𝑎𝑙𝑜 ≫ 1

𝑚𝑎𝑣𝑎
2 × 𝜏𝑔𝑟 ≫ 1

Occupancy number related to Bose enhancement

Gravitational Cross Section

Coloumb logarithm

• The Wigner distribution 𝑓𝑊 for 𝜓 is shown to
obey a kinetic equation sourced by the Landau 
scattering term ~𝑓𝑊/𝜏𝑔𝑟, when ℏ(𝑚𝑣)−1≪ 𝑅.

AXION STARS NUCLEATION IN VIRIALIZED HALOS
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• Initial Conditions: lattice simulations of the axion field evolution throughout the QCD phase
transition including formation of strings and domain walls.

• With their large numerical simulations it is possible to analyze the small scale structure of the axion
density field and its collapse into axion miniclusters.

• Outside of the axion stars, the miniclusters consist of incoherent granular density fluctuations
produced by wave interference.

Axion stars are surrounded by pronounced density waves.

The axion stars form roughly during a few free-fall times
after the collapse of the minicluster.

The density profile of the incoherent halo decay as 𝑟−9/4
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• After nucleation, axion star masses increase by ~15% with a time dependence consistent with

the mass growth of Bose Stars in the kinetic regime

The saturated mass follows the core-halo mass relation 𝑀∗~𝑀ℎ𝑎𝑙𝑜
1/3

(Levkov, Panin and Tkachev 2017)

The saturated mass is obtained by equating
the axion minicluster virial velocity with the
virial velocity in the gravitational potnetial of
the axion star

(Eggemeier and Niemeyer, 2019) 
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AXION STAR NUCLEATION IN DARK HALOS AROUND PBHs
Dark minihalos

Assuming stationary and isolated PBHs, and DM background is 
initially in the Hubble flow, numerical calculations show PBH 

dark mini-halos mainly grow during the matter-dominated era
reaching up to  ~102𝑀PBH

• Codark matter scenario: 
AXIONS (mass 𝑚𝑎) + PBHs

PBHs behave as a cold dark matter.

Their possible existence has been strongly revitalized since
the first detection of GWs by the LIGO-Virgo collaboration

(Hertzberg, Schiappacasse, Yanagida 2020).

𝑑2𝑟
𝑑𝑡2

=−
𝐺𝑁 𝑀𝑃𝐵𝐻+𝐷𝑀

𝑟2
−
8𝜋𝐺𝑁𝜌𝑟𝑟

3 +
8𝜋𝐺𝑁𝜌Λ𝑟

3

• Evolution of a DM spherical layer around a central 
PBH (theory of spherical gravitational collapse)

(Abbott et al., 2016)

𝑀PBH > 1015gr do not evaporate but 
begin to form compact dark matter 
halos by accreting the surrounding

• Since PBHs are local overdensities in the DM distribution, they act as seeds for DM structure formation.

• The kinetic formation of axion stars in dark mini-halos depends on the halo energy density, 
axion mass and velocity

Where the axion field coherence length
is much smaller than the halo radius

𝜏𝑔𝑟~𝑚𝑎
3𝑣𝑎

6𝜌ℎ𝑎𝑙𝑜
−2

(Levkov, Panin and Tkackev, 2018)
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These relations hold until the time of first
galaxies formation at 𝑧~30, when dressed PBHs
begin to interact with non-linear structures.

After the 𝑧𝑒𝑞 the mass of the dark halo surrounding 

PBHs grows proportionally to the cosmic scale parameter

• Cuspy profile with a density
running with the radius as 

𝜌~𝑟−9/4

• Such a steep profile was 
confirmed by N-body numerical 
simulations performed in 
Adamek 2019.

(Bertschinger 1985)

The efficiency of the minihalo formation will depend
on the particle-nature of the axion DM.

• Here 𝜆𝐷𝐵 =
ℎ

𝑚𝑎𝑣𝑎
as the De 

Broglie axion wavelength with

𝑣𝑎 ∼ ( 𝐺𝑁𝑀ℎ𝑎𝑙𝑜/𝑅ℎ𝑎𝑙𝑜 )
1/2

• .

(Mack, Ostriker and Ricotti, 2007)
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(Hertzberg, Schiappacasse, Yanagida 2020)
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• So, we expect star nucleation mostly occurs

in inner shells of PBH mini-halo at radius 𝑟ℎ𝑎𝑙𝑜,

such that 𝑀ℎ𝑎𝑙𝑜 𝑟ℎ𝑎𝑙𝑜 ≫ 𝑀𝑃𝐵𝐻

𝑟ℎ𝑎𝑙𝑜
𝑅ℎ𝑎𝑙𝑜

~
𝑘𝑀𝑃𝐵𝐻

𝑀ℎ𝑎𝑙𝑜

4/3

• Take 𝑘~10 as an example. Since nucleation of stars occurs at 30 ≲ 𝑧∗ ≲ 115, we may
expect nucleation occurs in spherical shells at a distance from the central PBH

0.05𝑅ℎ𝑎𝑙𝑜(𝑧∗ ≃ 30) ≲ 𝑟ℎ𝑎𝑙𝑜 ≲ 0.28𝑅ℎ𝑎𝑙𝑜(𝑧∗ ≃ 115)

Fraction of the mini-halo radius which
encloses 𝑘 − 𝑡𝑖𝑚𝑒𝑠 the central PBH mass

Levkov, Panin and Tkackev
(2018) reported axion 
star nucleation in the 
center of axion 
miniclusters. 

Eggemeier and Niemeyer 
(2019) reported axion 
star nucleation in local 
density maxima of axion 
minicluster

ENRICO D. SCHIAPPACASSE – PARTICLE PHYSICS DAY 2021–Annual meeting of the Particle Physics Division of the Finnish Physical Society



• Suppose that at redshift 𝑧 , the dark mini-halo

satisfy conditions for axion star nucleation with 𝜏𝑔𝑟 𝑧

• Axion stars after nucleation continue capturing axions from the halo until the growth rate
slows down and saturates.

• By equating 𝑣𝑎~( 𝐺𝑁𝑀ℎ𝑎𝑙𝑜/𝑅ℎ𝑎𝑙𝑜 )
1/2 to the virial velocity in axion star potential:

Ω∗,0 needs to be taken as an upper bound (we are not considering disruptive
events acting on axion stars after their formation)

𝑀∗ is the characteristic mass 
of axion stars

𝑁∗ is the average number of 
axion stars per halo after 

nucleation 

Up to a numerical factor od order one, the same scaling 
relation was found for solitonic cores in halos of fuzzy DM

(Schive et al. 2014)
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(Hertzberg, Schiappacasse, Yanagida 2020)

Values for 𝑀∗ are far away to reach or overpasses 
the maximum mass allowed for a stable axion star 

configuration

Collapse and explosion in relativistic 
axions is unlikely 

(Levkov, Panin and Tkachev 2017)
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(Hertzberg, Schiappacasse, Yanagida 2020)

• Thus, we may express the current parameter density for axion stars in function of the PBH and axion
masses as
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• Some axion stars may leave mini-halos
• Some axion stars may remain within mini-halos.
• An eventual merger between axion stars and the

central PBH is also possible

• Suppose conditions in dark mini-halos for formation of
axion stars are satisfied such that they are formed before
first galaxies formation.

• Tidal forces coming from the mean field potential of the
dressed PBH will try to disrupt axion stars after formation

• Take a typical QCD axion star with 𝑀∗~10
−18𝑀⨀ and

𝑅∗~2 × 10−9pc which was nucleated within a dressed PBH
with 𝑀𝑃𝐵𝐻~2 × 10−16𝑀⨀, 𝑀ℎ𝑎𝑙𝑜~6 × 10−15𝑀⨀ and
𝑅ℎ𝑎𝑙𝑜~3 × 10−6pc .

Fate of Axion Stars 

Mass of the dressed PBH inside the radius r

We may apply the distant tide approximation so long 𝑟𝑡𝑖𝑑𝑎𝑙 ≪ 𝑟

ൗ
𝑟𝑡𝑖𝑑𝑎𝑙

𝑅∗ ≃ 30 at 𝑅0~0.28𝑅ℎ𝑎𝑙𝑜
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• The likehood of a merger between the nucleated axion star and the PBH may be estimated by
calculating the free-fall time

• In any case, we expect galactic halos at the
time of formation around 𝑧~6 would be composed by

• The total local number of axion stars can be expressed as

For a typical QCD axion star, we have 𝑡ff~Myr,
which is a long time.

• Isolated and clustered dressed PBHs (with axion stars)
• Naked PBHs
• Axion stars
• Smooth axion dark matter background

Taking a 0.5% in the fraction of DM in axion stars, we have  
for a typical QCD (string) axion stars ~1017(109) axion stars 

around our Sun in a radius of 100 PC

if a non-negligible number of axion stars 
survive tidal disruptions, then their 
presence today within the Milky Way halo 
would enhance DM indirect detection
experiments.
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• The time independent field equation for a spherically symmetric eigenstate is

𝜇Ψ = −
1

2𝑚
Ψ′′ +

2

𝑟
Ψ′ − 4𝜋𝐺𝑁𝑚

2Ψ0׬
∞
𝑑𝑟′𝑟′2

Ψ(𝑟′)2

𝑟>
+

1

2

𝜕𝑉𝑛𝑟

𝜕Ψ

• We may replace 𝑟> by 𝑟′ in the gravitational

term and then move the integral to the right to define

• By now, just let me drop the self-interacting

term to obtain:

Near Field Region

Here the chemical potential is
positive and solutions are spherical
Bessel functions.

Including self-interactions the shape is corrected but the salient but the
salient feature that survives is that the solution is an inverted parabola
centered at r = 0, plus higher order corrections
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• The ground state is well described by the weak field gravitational approximation:

𝑹

𝑹𝑺
> 𝑅𝑚𝑖𝑛

2𝐺𝑁𝑀𝑚𝑎𝑥
≈4×1012

6×1011GeV

𝐹𝑎

2

• Strong fields effects can emerge if one were to move away

from the tradicional QCD axion and investigate

extremely high values of 𝐹𝑎 .

lf-interacting system

SPHERICALLY SYMMETRIC CLUMP CONDENSATES
Black  Holes Formation

So there is no possibility of black hole formation 
of these low-density objects when 𝐹𝑎 ≪ 𝑀𝑝𝑙 .

(Helfer et al., 2017)

Collapsing axion stars by using full non-
linear Einstein equations of general 

relativity and the full non-perturbative 
cosine potential 
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DENSE BRANCH AND AXITONS

• We need (ω ≈ 𝑚) to trust non-relativistic approximations (𝜙 ≪ 𝑓𝑎). For the stable branch this condition
is always satisfied. For the unstable branch this condition is broken when ෩𝑁 ≲ 𝜗(10−5) for the QCD axion.

• We drop gravitational corrections and take an approximate periodic clumps solution as

• We insert this into the relativistic Hamiltonian (ignoring gravity but including the full cosine potential) and

average over a period of oscillation 𝑇 = 2𝜋/𝜔 as 𝐻 =
1

𝑇
𝑂׬
𝑇
𝑑𝑡 𝐻

• To specify the condition

for ω, we take the time average of

equation of motion and integrate over space.

𝜙 𝑟, 𝑡 = Φ 𝑟 cos(𝜔𝑡)
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• We expand the Bessel function to evaluate the Hamiltonian

With the exponential profile to find

• We extremize 𝐻 at a “fixed” number of particles by

using 𝑁 = ׬ 𝑑3𝑥𝜔 𝜙2

Generalized Hipergeometric functions

• We use an exponential ansatz for the radial profile:
Φ 𝑟 = 2𝜋𝜀𝑓𝑎𝑒

−𝑟/𝑅, where 0 < 𝜀 < 1 ↦ 𝜙 < 2𝜋𝑓𝑎

( Schiappacasse and Hertzberg, 2018 )

• Axitons: relativistic solutions with frequencies
of oscillations far from m (Kolb & Tkachev, 1993)

• Such solutions are quasistable since they radiate
relativistic axions at an appreciable rate.
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Axion Stars Nucleation in Dark Minihalos around PBHs
Further discussion

• The number of encounters between the Earth and an axion star per unit of time is calculated as

Taking a conservative 0.5% of DM in axion stars and 𝑣𝑟𝑒𝑙~3 ×
102km/s , chances of direct detection of DM by the Earth passing
through an axion star is extremely small.
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