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• We focused on a local high energy clump, oscillon, of Ultra-
Light Axion-like Particle (ULAP). 

• We confirmed that in a ULAP potential 
• oscillon is really produced, 
• produced oscillon is very long-lived .≳ 106 years
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• Oscillon is a pseudo soliton of a oscillating real scalar field 
localized by the self-interaction. 

• Oscillon is defined as the minimum energy state for a given 
adiabatic invariant  [S, Kasuya, et al. 2003] 

             

• Oscillon is meta-stable because the  
adiabatic invariance is only approximate. 

• The lifetime of oscillon depends on its  
potential.

I

I ≡ 1
ω ∫ d3x ·ϕ2 . (ω : oscillating frequency

overline : time average)

Oscillon: Introduction
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• Differentiating  by ,  must satisfy 

 

with boundary conditions  .

Eλ Φ Φ
d2Φ
dr2 + 2

r
dΦ
dr

+ d
dΦ ( 1

2 ω2Φ2 − V(Φ)) = 0,

Φ′�(r → 0) = Φ(r → ∞) = 0

Oscillon: Formation Conditions

• With Lagrangian multiplier, we can get the oscillon profile. 

 

where   and  .

Eλ = E + λ (I − 1
ω ∫ dx3 ·ϕ2),

= 1
2 ∫ d3x [ 1

2 (∇Φ)2 + V(Φ) − 1
2 ω2Φ2] + ωI .

ϕ ≃ Φ(x)cos ωt V(Φ) = 2V(ϕ)
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Oscillon: Formation Conditions

• Equation 
 

with  . 

• If , the equation is the same as EOM of 
Φ moving in the potential  
with time dependent friction. 

d2Φ
dr2 + 2

r
dΦ
dr

+ d
dΦ ( 1

2 ω2Φ2 − V(Φ)) = 0,

Φ′�(r → 0) = Φ(r → ∞) = 0

r → t
ω2Φ2/2 − V(Φ)

ΦO

t = 0

t = ∞

1
2 ω2Φ2

V(Φ)
friction

1
2 ω2Φ2 − V(Φ)

Φ′� = 0
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Oscillon: Formation Conditions

1
2 ω2Φ2 − V(Φ)

ΦO

t = 0

t = ∞

1
2 ω2Φ2

V(Φ)

• Equation 
 

with  . 

• For the solution existence, 

d2Φ
dr2 + 2

r
dΦ
dr

+ d
dΦ ( 1

2 ω2Φ2 − V(Φ)) = 0.

Φ′�(r → 0) = Φ(r → ∞) = 0

min [ V(Φ)
Φ2 ] < ω2 < m2 .
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• Two conditions for the oscillon formation 

1. The potential must be shallower than the quadratic. 

 

2. Fluctuations must be large as  . 

→  Initial large fluctuations or the fluctuation enhancement 
   mechanism (i.e.  resonance) is necessary. 

• Above two conditions are not sufficient just necessary, so we 
must perform lattice simulation to confirm the oscillon 
formation.

min [ V(Φ)
Φ2 ] < ω2 < m2 .

δϕ/ϕ ∼ +(1)

Oscillon: Formation Conditions
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• Ultra-Light Axion-like Particle (ULAP) is 
• Ultra-light: typically   
• Axion-like: coherently oscillating around the universe 

• Motivated as the solution to the core-cusp problem. [W. Hu, et al. 
2000, L. Amendola, et al. 2006] 

• Core-cusp problem: 
The tension of the density profile 
at the galactic center between 
ΛCDM model and observations. 

• ΛCDM: cusp (by simulation) 
• Observations: core

m ∼ 10−22 eV

11

ULAP: Introduction

log R

lo
gρ

observations: core

simulation: cusp
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• The attractive solution is ULAP. [W. Hu, et al. 2000, L. Amendola, et al. 2006] 

• De Broglie length of ULAP is almost the same size as the 
galactic core, 

  

• Quantum pressure smears 
out the central structure of  
galaxies.

λ = h
mv

≃ ( 10−22 eV
m ) ( 10−3

v ) kpc .

ULAP: Solution to Core-Cusp Problem

Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3− 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

[Schive, et al. 2014]
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• Often assumed the simple cosine potential 

  

• However, in the cosine potential, the resonance is too weak 
for the oscillon formation, and resultant oscillon is short-
lived. [B. Piette, et al. 1998, A. Vaquero, et al. 2018] 

• Then, we pick up the monodromy type potential with 
. [Y. Nomura, et al. 2017] 

 

V(ϕ) = m2F2 (1 − cos ϕ
F ) .

p > − 1

V(ϕ) = m2F2

2p
1 − (1 + ϕ2

F2 )
−p

.

ULAP Oscillon: Potential
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• Expand the potential with  , 

 

• Floquet index of instability band is 

                  

                   

• Larger  leads to the stronger 
instability.

ϕ ≪ F

V(ϕ) = m2F2

2p
1 − (1 + ϕ2

F2 )
−p

≃ m2F2

2 ( ϕ2

F2 − p + 1
2

ϕ4

F4 ) .

μmax
m

≃ 3(p + 1)
8 ( Φ

F )
2
,

at k
m

≃ 3(p + 1)
2

Φ
F

.

p

ULAP Oscillon: Formation Conditions

Φ/F

-1.5 -1 -0.5 0 0.5 1 1.5

p = 1 p = 3 p = 5
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• Simulations are performed in radiation dominated universe 
 ( : conformal time). 

• We set the fiducial initial condition 

    

where  is a random fluctuation with the size .

a ∝τ τ

ϕi

F
= 2

3 π(1 + ζ), ϕ′�i = 0,

ζ + (10−5)

ULAP Oscillon: Simulation Setup

p varying
Box size mL 8
Grid size N
Time mτ 1 - 51

2563
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ULAP Oscillon: Simulation Result ( )p = 3
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• Oscillon is produced when . 

• Smaller  can also lead to the oscillon formation when the 
initial amplitude  is larger because the number of 
oscillations in a Hubble time increases. 

  

• Therefore, ULAP oscillon is produced in almost all region of 
 if we set the appropriate (larger) initial amplitude.

p ≳ 2

p
ϕi

m /H ∼ m /meff ∼ (1 + ϕ2
i /F2)(p+ 2)/2 .

p

ULAP Oscillon: Simulation Result
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• We have analytically derived the oscillon lifetime in [M. Ibe, 
M. Kawasaki, W. Nakano, ES 2019]. 

• Decompose  into the oscillon profile  and fluctuations 
around it  as 

  
where . 

•  and  follow 

  

where the overline denotes the time average.

ϕ ψ(r)
ξ(r)

ϕ(x) = 2ψ(r)cos ωt + ξ(r),
|ξ(r) | ≪ |ψ(r) |

ϕ(r) ψ(r)

{( □ + m2)ϕ(r) = − V′�(ϕ),
( □ + m2)2ψ(r)cos ωt = − V′�(ψ) cos ωt .

ULAP Oscillon: Lifetime



21

• EOM of  becomes 

  

• Approximating  as 

  

we can solve the EOM of . 

• Decay rate  is derived from 

 

where .

ξ(r)
( □ + m2)ξ(r) = V′�(ψ) cos ωt − V′�(ϕ) .

V′�(ϕ)
V′�(ϕ) ≃ V′�(2ψ cos ωt),

ξ

Γ = ·E/E
dE
dt

= 4πr2T0r,

T0r = ∂0ξ∂rξ

ULAP Oscillon: Lifetime



• Lifetime  
  

• The Lifetime will be much longer, maybe the age of the 
universe, because of the poles.

Γ−1 ≳ 107m−1 ∼ 106 years ( 10−22 eV
m ) .

22

ULAP Oscillon: Lifetime

���� ���� ���� ���� ���� ���� ����
-��

-�

-�

-�

-�

-�

-�

ω /�

Γ/
�

�=���

���� ���� ���� ���� ���� ���� ����
-��

-�

-�

-�

-�

-�

-�

ω /�

Γ/
�

�=�

poles
poles

decay decay



Contents

1. Oscillon 

2. Ultra-Light Axion-like Particle (ULAP) 

3. Formation of ULAP Oscillon 

4. LIfetime of ULAP Oscillon 

5. Conclusion

23



24

• We investigated the oscillon formation in a ULAP potential. 

• We have confirmed the oscillon formation in almost all 
parameter regions of , depending on the initial amplitude. 

• The produced oscillon is quite long-lived and can live up to 
the present universe. 

• Such long-lived oscillon may affect some current ULAP 
constraints and structure formation.

p

Conclusion



Thank you :)
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