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Illuminating Dark Matter

• Where is it?
• How much?
• In what form?

Why so important?
What’s unknown?



DM in our home, the Milky Way

Stars are gravitationally bound
⇒ Stellar motions tell us the Milky Way mass



Nearby stars in velocity space Searching for most likely M

Sakamoto, Chiba, & Beers 2003

Total mass    = 2.5 × 1012 Msun over ~200 kpc
Visible mass =            1011 Msun over ~  15 kpc
⇒We see only 10 % of the total mass



DM in the whole Universe

CMB map by WMAP

Cosmic energy is dominated by dark energy!
Cosmic matter is dominated by dark matter!
So, what do we know about the Universe?



Large-scale structure of DM

ΛCDM

http://www.hep.upenn.edu/~max/sdss/fluctuations.jpg


DM is “cold”, i.e. Cold Dark Matter
galaxy distributions in the sky

No way!
• Hot Dark Matter (HDM) e.g. neutrino

free streaming suppresses small-scale fluctuations
• Cold Dark Matter (CDM) e.g. neutralino

smaller scales form earlier



By A. Kravtsov, 140 Mly box



Bottom up process is 
essential
Essential for 
understanding

galaxy formation
galaxy dynamics
galaxy morphology 

Cold Dark Matter 

By B.Moore



What happens at small scales?

Here,
at galaxy scales

Seeds of visible units
in the Universe

first objects
galaxy formation

via hierarchical clustering



By A. Kravtsov, 14Mly box



Formation of the Milky Way

Bekki & Chiba 2001



Bekki & Chiba 2001



CDM crisis at a galaxy-sized scale? 

Moore

106~109Msun

• Many (several hundred)
satellite problems:
(too many “subhalos”)

• Central cusp problem:
Universal density profile  
ρ( r )∝ 1 / r in inner parts
(too cuspy)

Alternative non-standards
(self-interacting DM, WDM,
to suppress small-scale
power) seems unlikely



100 kpcMilky Way & satellitesMilky Way & satellites

only about a dozen
satellite galaxies!



Gravitational lensing at work 

Dark matter structure
Geometry of the Universe
Natural telescope



B1422+231 B1608+656 B1933+503 BRI0952+0115

H1413+117 HE1104-1805 HST14113+5211 HST14176+5226

MG0414+0534 PG1115+080 RXJ0911+0501B0712+472

World of multiply imaged QSOs



Mapping DM by gravitational lensing
(based on Subaru obs. + lens theory)

Flux ratios tell us 
mass substructure
(Chiba et al. 2005,
submitted)

Stellar dynamics + 
lens analysis tell us 
mass distribution 
(Hamana et al. 2005,
in preparation) 

Emission lines tell us 
mass substructure
(Sugai et al. 2005,
in preparation)

Subaru



Mystery in quadruple lenses
Flux anomaly unexplained by smooth lenses

PG1115+080
zs=1.72, zL=0.31

B1422+231
zs=3.62, zL=0.34

A1(1.00)

A2(0.59)

B(0.16)

C(0.24)

A(0.90)

B(1.00)

C(0.53)D(0.02)

CASTLESIwamuro et al. 2000
Model: A2/A1 ≈ 1 (fold caustic)
Obs (near-IR): ≈ 0.59 – 0.67

Model: (A+C)/B ≈ 1 (cusp)
Obs (radio): ≈ 1.42 – 1.50



Smooth lens model

B1422+231

source
caustic

critical curve

PG1115+080

source

caustic

critical curve

A2/A1 ≈ 1 (fold caustic) (A+C)/B ≈ 1 (cusp)

Anomalous flux ratios are caused by
CDM subhalos (Chiba 2002)



Limits on substructure mass
based on mid-infrared imaging obs

Inner part of an QSO

Lensing region
(Einstein radius)

star

CDM
subhalo

RE∝ M1/2

Dust torus, RS
(near-IR emission
in the rest)
⇒ mid-IR emission

Mid-IR flux ratios tell us
the mass M from
RS vs. RE



Subaru image@11.7μm
PG1115+080 B1422+231

A1

A2

B

C
A

B

C

A+B+C = 19.2 ± 2.9mJy
(A+C)/B = 1.51±0.06
A/B        = 0.94±0.05
C/B        = 0.57±0.06

A1+A2 = 14.6 ± 1.2mJy
A2/A1 = 0.93±0.06 ≈ 1
B/A1   = 0.16±0.07
C/A1   = 0.21±0.04



Limits on substructure lensing
(Ω, Λ, h) = (0.3, 0.7, 0.7)

Source size
radius Rs ~ 1 pc (PG1115), 2.7 pc (B1422)   

⇒ angle  θS ~ 1.0~3.7×10-4 arcsec
θS

θEEinstein angle
• θE ~ 8×10-7 (M / 0.1Msun)1/2 arcsec for a star 
• θE ~ 1×10-4 (M / 107Msun)2/3 arcsec for an SIS subhalo

PG1115+080 (A1, A2):
⇒ star (microlensing) or subhalo with M < 3×105 Msun
B1422+231 (A,B,C):
⇒ subhalo with M > 3×106 Msun



Stellar dynamics + lens analysis
HST14113+5211
zL = 0.47, zS = 2.8

Velocity dispersion = 179 km/s

Stars + DM with ρ( r ) ∝ r -γ, γ～1
Total density profile ∝ r -s,  s ～2



More direct technique
using future instruments



Direct lens mapping of substructure
using ALMA (Inoue & Chiba, 2005, submitted) 



Direct lens mapping of (Pop.III-origin) Black Holes
(Inoue & Chiba 2003)

Using VSOP-2



Prospects

Lens imaging and spectroscopy by Subaru
Theory of substructure lensing
Lens mapping by next-generation radio 
telescopes (VSOP-2, ALMA).

Substructure fraction in a galaxy-sized halo
Mass and spatial distributions of subhalos
⇒ P(k) at 106<M<109Msun, N(Pop III)
Substructure degree vs. galaxy morphology

Breakthrough for understanding galaxy formation



Conclusions

• CDM dominates cosmic matter
• CDM is successful at large

scales (> million light years)
• Explore smaller-scale CDM,
a key to understanding
the nature of galaxies and DM

• Explore the way of deciphering
the mass of CDM particles



The End
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