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ΛCDM is awesome!



The missing satellite problem 
Klypin et al. 1999, Moore et al. 1999

Moore et al. 1999

Too Big To Fail



The cusp-core problem

Oh et al. 2011 ρNFW(r) =
ρs
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ΛCDM is awesome!
in large scale. But there is a “small scale crisis”.



Wave Dark Matter 
(ψDM)



ψDM: Wave Dark Matter
• Scale Field Dark Matter without self-interaction 

(fuzzy dark matter) 

• consists of extremely light bosons (~10-22 eV)  

• The corresponding Compton wavelength 
becomes galactic scale (~kpc) 

• T < Tc, dark matter particles must be condensed 
into the Bose-Einstein state and described by a 
coherent wave function.



Equation
• Schrödinger equation 

• Poisson equation

ψ = wave function 
mB= particle mass ~ 10-22 eV 
Φ = self-gravitational potential 
ρ = the mass density

density = Re2+Im2

Re
Im

(Schive et al. 2014 )
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• Uncertainty principle counters gravity: 

1.compressing small scale structures 

2.flattening a central core 

• Simulation is very expensive.  

→ GAMER (Schive et al. 2009)



High-z mass fluctuation
GAMER ΛψDM simulation (Schive et al. 2015)

Potential solution to: 
the missing satellites problem



Density Field
GAMER ΛψDM simulation (Schive et al. 2014)

Potential solution to: 
the cusp/core problem



 ΛψDM predicts

M sol ∝M halo
1/3

granule’s size ~ soliton’s size

what if there are baryons?

Msol ⋅rsol = const.



DM + stars
• ψDM halos (grid-base) evolve with stars (particle-

base), using GPU 

[pix = 0.17 kpc/h, boxsize = 87.5 kpc/h]  

• ψDM halos are from ΛψDM cosmological 
simulations (GAMER). 

• Stars are formed cold in a star burst in the inner 
halo. Gases are a negligible component. (particle 
mass ~40 M̥)



DM Stars

MDM = 3.3 × 108M⊙ MStars = 109M⊙ 



DM Stars

MDM = 3.3 × 108M⊙ MStars = 109M⊙ 



102

103

104

105

106

107

108

 0.1  1  10

ρ(
r)

/ρ
bg

r [kpc]

single soliton + stars

(t=0) DM
Stars

(t=tH) DM
Stars

(t=2tH) DM

• the soliton responds to the environmental gravity by adjusting its size and shape.  
• but the soliton is no longer satisfied with the universal profile (Msol‧rsol = const.) 
• the soliton responds to environmental changes time-reversibly

Soliton+Stars
tH→2tH:  
remove stars



DM Stars

MDM = 5.0 × 109M⊙ MStars = 109M⊙ 



DM Stars

MDM = 5.0 × 109M⊙ MStars = 109M⊙ 
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• The peak of solitonic core increases around an order of magnitude. 
• Unlike the previous single soliton test, the soliton manages to preserve the 

scaling relation, by absorbing the mass from halo.

tH→2tH:  
remove stars

Halo+Soliton+Stars
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Granules



rsol∝λ/4∝1/k

k ~ 0.2
k ~ 0.6

P(
k)

k3

Granules’ size



soliton granules

non-isothermal



Result of “addition of stars”

• The solitonic core becomes more massive. 

• Dark matter halos become non-isothermal.

arXiv:1712.01947



Connect to real world:

ψDM CDM

Flux Anomalies 
in Gravitationally Lensed Quasars



Future Prospect

• Galaxy-scale halos 

• Other baryonic effects 

• Black hole in soliton 

• Application to strong gravitational lensing, such 
as flux anomalies or lensed arc reconstruction.


