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Λ-based cold dark matter universe

?

Large scale (> 1Mpc) 
  ⇒  Remarkable success! 

Small scale (<1 Mpc) 
  ⇒  What’s going on?

ESA and the Planck Collaboration (2018)

・The matter power spectrum inferred from different cosmological probes
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The  structures on small scales (<1Mpc):  
Milky Way and its neighbors 
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Milky Way and its neighbors 

Galactic Archaeology / Near Field Cosmology: 
Unveiling the nature of dark matter and its role in galaxy formation
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The  structures on small scales (<1Mpc):  
Milky Way and its neighbors 

Galactic Archaeology / Near Field Cosmology: 
Unveiling the nature of dark matter and its role in galaxy formation

Ursa Minor SculptorDraco Fornax
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dSphs: dark matter dominated system

視線速度分布
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DSphs are ideal sites for  
studying the nature of DM!

McConnachie (2012)
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Small scale challenges to ΛCDM paradigm

✦ Missing satellite problem (Moore+ 1999, Klypin+ 1999) 
  - Overabundance of CDM subhalos 
✦ Core-cusp problem (Moore 1994, Gilmore+ 2007) 
  - Cuspy central density in CDM halos vs. cores in observed galaxies 
✦ Too-big-to-fail problem (Boylan-Kolchin+ 2014)  
  - Most massive subhalos are more concentrated than observed satellites 
+ the other problems (satellite planes, shapes of dark halo…)

NFW cusp
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The core-cusp problem 
in dwarf spheroidal galaxies
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10Moore 1994, de Blok 2000, Gilmore et al. 2007, Oh et al. 2015, Read et al. 2017

The core-cusp problem: controversial issue on CDM theory

NFW cusp
Da
rk
 m
at
te
r d
en
sit
y[

M
⊙

/p
c3 ] Gilmore+ (2007)

Radius[kpc]



11 Bullock & Boylan-Kolchin (2018)

The core-cusp problem: controversial issue on CDM theory

Possible solutions: 
- Baryonic feedbacks  

Stellar feedback such as SNe can transform central cusp into cored dark matter profiles.    
- Alternative DM models 

The other dark matter models motivated by particle physics (SIDM, ultralight DM…) can 
create a cored density profiles without relying on any baryon effects.
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Core-cusp problem?

CORE CUSP

UNCLEAR

CORE OR CUSP?



Non-spherical models
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Sculptor

q’=b/a=0.68

Ursa Minor

q’=0.44

1. Observed dSphs are  
NOT spherical shape

2. DM models predict  
NON-spherical DM halo

3. 1D spatial information
credit: Aquarius project

Major systematic uncertainty: spherical symmetry
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Geringer-Sameth et al. 2015
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Sculptor
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3. 1D spatial information
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Non-spherical mass model

Geringer-Sameth et al. 2015
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Non-spherical dynamical mass models

Spherical Non-Spherical

Contours of line-of-sight velocity dispersion 
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Non-sphericity distinguish Cusp or Core

Hayashi & Chiba (2012)
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Non-spherical dark matter density profile

r2 = R2 +
z2

Q2
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Dark Matter profiles 
in the MW dSphs
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Draco

SDSS

M* = 3.5 × 105 M⊙ Fornax

ESO/DSS2

M* = 4.3 × 107 M⊙

Dark Matter Density Profiles of the biggest and smallest dSphs
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Dark Matter Density Profiles of the biggest and smallest dSphs

Draco

SDSS

M* = 3.5 × 105 M⊙ Fornax

ESO/DSS2

M* = 4.3 × 107 M⊙

cuspy less cuspy
γ = 1.03+0.14

−0.15 γ = 0.44+0.40
−0.29

Hayashi+ (2020, in prep.)
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γ = 1.03+0.14
−0.15

γ = 1.16+0.44
−0.66

γ = 0.45+0.41
−0.31

γ = 0.77+0.23
−0.27 γ = 0.73+0.44

−0.45

γ = 1.35+0.32
−0.61

γ = 0.99+0.38
−0.48 γ = 0.44+0.40

−0.29

less cuspy less cuspy

Diversity of DM density profiles of dSphs

Hayashi+ (2020, in prep.)



What’s the origin of 
the diversity?

24 Hayashi+ (in prep.)
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Inner DM density depends on stellar-to-halo mass ratio

Bullock & Boylan-Kolchin (2017)

What’s the Origin of the diversity?



26Hayashi+ (2020, in prep.)

What’s the Origin of the diversity?



Ultralight dark matter
Schive et al. (2014)

• The lightest particle among dark 
matter candidates (mψ~10-22 eV) 
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Ultralight dark matter
Schive et al. (2014)

• The lightest particle among dark 
matter candidates (mψ~10-22 eV)  

• Create a central soliton core           
+ outer NFW DM profile

ρsoliton(r) =
ρc

[1 + 0.091(r/rc)2]8

ρc = 1.9 × 1012(
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10−23 eV )
−2

( rc

pc )
−4

[M⊙ pc−3]
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Constraints on ultralight dark matter halo
Schive et al. (2014)

Non-spherical dark matter density profile

r2 = R2 +
z2

Q2

ρsoliton(r) =
ρc

[1 + 0.091(r/rc)2]8

ρc = 1.9 × 1012(
mψ

10−23 eV )
−2

( rc

pc )
−4

[M⊙ pc−3]

Hayashi & Obata (2019) 
1902.03054

Case for Draco
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Constraints on ultralight dark matter halo
Schive et al. (2014)

Non-spherical dark matter density profile
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Case for Draco
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• Draco has strongly elongated 
DM halo, Q~0.2, which means 
disky shape of DM halo(!!) 

• Ultralight DM theory predicts 
much more rounder DM halo.  

• To reproduce Draco’s stellar 
velocity, an unphysical 
ultralight DM halo should be 
required.

Schive et al. (2014)

Q ∼ 1.0

Draco
Q ∼ 0.2

Hayashi & Obata (2019) 
1902.03054

Constraints on ultralight dark matter halo
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Summary

• Revisit core/cusp problem using non-spherical mass modeling. 

• The classical dSphs have cusped (or less-cusped) dark 
matter density profiles. 

• The diversity of dark matter density profiles of the MW dSphs. 

• Considering non-sphericity of dark matter halo, ultralight dark 
matter model is inconsistent with the observational facts of 
dSphs. 

Kohei Hayashi


