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Small-scale issues in ΛCDM
• Missing satellite problem

– Overabundance of dark subhalos (vs. ~50 MW satellites)
• Too big to fail problem

– Too concentrated massive subhalos
+ other issues (anisotropic distribution, core/cusp)

Dwarf spheroidal galaxies (dSphs) in the Local 
Group provide clues to these issues

Solutions ・ Other DM models?
・ Baryon effects?
・ Limitations in observations?
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Dwarf spheroidal galaxies (dSphs)

• Dominant satellites in the Milky Way and M31 
– No gas, diffuse and faint stellar system

• Dark matter dominated
– (M/L)tot = 10 ～ a few thousands
– Ideal site for studying DM ⇒ more details, Kohei’s talk



This talk

• M. Chiba: recent progress on dwarf galaxies
– Discovery of new dSphs in the Milky Way halo 

from Subaru/HSC survey
– Discovery of a dusty dark dwarf galaxy with 

ALMA in a quadruple lens system
• K. Hayashi: models for getting J-factor 



HSC Subaru Strategic Program (SSP)

• Wide, Deep, Ultra-deep layers
– dSphs search from 1st 2 year data of Wide layer

(~ 300 deg2 / 1,400 deg2)



A new dwarf galaxy: Virgo I discovered
Homma, Chiba, et al. 2016, ApJ, 832, 21

10′ × 10′ g r i image of Virgo I

𝟓𝟓.𝟓𝟓𝝈𝝈

Coordinates                 : 𝛼𝛼, 𝛿𝛿 = 180°. 04,−0°. 68
Absolute magnitude   :     𝑀𝑀𝑉𝑉 = −0.33 mag
Heliocentric distance :  𝐷𝐷 = 87−8+13 kpc
Half light radius          :       𝑟𝑟ℎ = 38−11+12 pc

point sources
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10.8σ overdensity
MV = -0.33 mag (faintest dSphs) 

Stars passing the Isochrone filter
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Many media over the world
reported our discovery



One more: Cetus III discovered
Homma, Chiba, et al. 2017, in prep

Coordinates                 : 𝛼𝛼, 𝛿𝛿 = 31°. 331,−4°. 270
Absolute magnitude   :     𝑀𝑀𝑉𝑉 = −2.45 mag
Heliocentric distance :  𝐷𝐷 = 251−11+24 kpc
Half light radius          :       𝑟𝑟ℎ = 90−17+42 pc

10.𝟕𝟕𝝈𝝈



HSC-SSP is powerful 
to identify very faint

dwarf satellites.

Virgo I and Cetus III 
have larger sizes than 

globular clusters.
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Will be happy if you would approve
just one (Gemini) night…



N = 9 +15
-5

MV<0.0

Expected number of dSphs in HSC-SSP
based on ΛCDM

HSC-wide survey over ~1,400 deg2

• ~ 9 new UFDs @ Mv<0.0
• 2 new UFDs over ~ 300 deg2

Error from
Abundance matching

Expected number

So far
ΛCDM looks okay



Discovery of a dusty dark dwarf galaxy    
with ALMA      (Inoue, K.T. et al. incl. MC 2016)

MG0414+0534

A2/A1 (Mid-IR) = 0.90±0.04
A2/A1 (smooth lens model)  = 1.063 ±0.001
⇒ Anomalous flux ratio

due to dark satellites (subhalos)?

Subaru/COMICS
(Minezaki et al.)

ALMA image (λ=0.88mm)

Image Y (dusty dwarf galaxy)
can yield the observed A2/A1

zL=0.96
zS=2.64



Discovery of a dusty dark dwarf galaxy    
with ALMA      (Inoue, K.T. et al. incl. MC 2016)

Mass density
(Convergence κ) κ from Y only

Image Y is a dark subhalo with 109 Msun
and an ellipticity of 0.7 at z = 0.5~1.0



Summary

• We have discovered new MW satellites from 
HSC-SSP data
– This discovery rate so far is in agreement with ΛCDM 

models.
– Further search will increase this statistical significance.

• We have discovered a dusty dark satellite with 
ALMA in the quadruple lens showing anomalous 
flux ratio
– Further search of dusty dark satellites with ALMA is 

important.
• TBTF problem ⇒ Subaru/PFS will be important.
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