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ΛCDM

But what’s up 
on small scales ?
(λ < 1 h-1 Mpc)

i.e., galactic and
sub-galactic scales

Tegmark+ 2004

Success and problem of ΛCDM
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Issues in ΛCDM on small scales

• Missing satellite problem
– Overabundance of dark subhalos

• Too big to fail problem
– Too concentrated massive subhalos

+ several other issues (anisotropic distribution of 
satellites, cusp/core halo center, global halo shape) 

All of these issues are realized in the Local Group,
for which detailed data for DM tracers can be available. 

Solutions ・ Baryonic effect, such as feedback?
・ Yet incomplete observational data?



Sculptor Carina Fornax Leo II Leo I

Galactic dwarf spheroidal galaxies (dSphs) 
as a probe of DM
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dSphs:  Faint, no gas, diffuse stellar system



Galactic dSphs: largely dark-matter dominated
~ideal sites for studying dark matter~

Velocity dispersion profile, 
σ(r), of member stars

Massive dark halo required
⇒ mass profile from fitting

(Walker+ 2009)
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This σ(r) is much larger than 
that provided by the stellar 
system itself.



(old data)

Mass enclosed within stellar extent (~ 4 x 107M)
in dSph galaxies
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(M/L) = 101 ~ 103

dSphs are largely
DM dominated!

Gilmore+ 2007

dSphs are ideal sites for
studying the nature of DM

Total
(M/L)

V-band absolute magnitude



Local Group
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Milky Way
Andromeda



Merging of Andromeda and MW

Credit: van der Marel



New constraints on structure and
evolution of dark halos in dSphs

K. Hayashi & M. Chiba, 2015a, b
Y. Okayasu, Master thesis, in prep

In prep.



M(r<300pc) = const. in dSphs?
Strigari+ 2008, Nature paper

But:
・UFDs (red marks) are smaller than 300pc

M300 is based on an extrapolated mass profile
・Mass models are spherically symmetric



NFW halos with M(r<300pc) = const.
Maccio +2009

Evolution of NFW halos

Milosavljevic & Bromm 2014
NFW halos with M300=107 Msun

M300

M300 weakly 
depends on
Vcirc at z=0

MTT

1+zTT

c

Vmax

δ/σ

MTT:
Mass of tidally
truncated halos 
(when they are
bound to a host 
halo at zTT, i.e.
when mass 
accretion is 
stopped)

Mass growth
stopped

Host halo

Formation of
dwarf galaxies

Tvir>104K



Leo IScl Car For

More realistic limits on the DM distribution

DSphs are actually
largely deviating from
spherical symmetry

Spherical model

Non-spherical model
Hayashi & Chiba 2012

M300 is NOT
constant

A more flattened halo
yields larger velocity
dispersion of stars
for given M300



New relation for the DM in dSphs

rmax: Vcirc is max (Vmax)
Mean  density  inside rmax

Σvmax = const. for all halos !
・Independent of DM profiles
・If NFW, Σvmax ∝ ρ0 rS

Hayashi & Chiba (2015a, b) based on axisymmetric mass models

dSphs

Σvmax is insensitive to baryon effect
compared to M300

ρcenter (& Vcirc at inner r) ↓
⇒ more extended rmax ↑
⇒ Σvmax ~ const.



Evolution of NFW halos
Okayasu, Master thesis, in prep

Redshift evolution of
collapsed NFW halos
in log ΣVmax vs. Vmax

Log Σvmax is remarkably
close to constant (=1.3),
but not exactly.
(but more likely constant
than M(r<300pc)) log Σvmax = 1.3

from dSphs only

To exactly follow log Σvmax = 1.3,
halos must stop growing at zTT,
once they are bound to their host halo Hayashi & Chiba 2015a



NFW halos with log ΣVmax = 1.3 
1+zTT c

Vmax δ/σ

MTT MTT

MTT MTT

Milosavljevic &
Bromm 2014

M300=107 Msun

Lower zTT
than M300

Okayasu, Master thesis, in prep



Star formation history under log Σvmax = 1.3

And V

Leo I

And VII

Leo II

And I

Sex
Car

And III

Dra

Scl And II

For

F=1

F=0.1

F=0.02

F=0.002

Fornax dSph
Observed
star formation history

Fornax dSph
Predicted
gas infall history

Okayasu
Master thesis
in prep

F = Mstar/Mbaryon
Star formation
efficiency

Log Σvmax = 1.3
consistent with SFH

Good match!

Look back time Look back time

log Mstar

Vmax

Preliminary



Comparison with numerical simulation

Dots: Illustris simulationOkayasu
Master thesis
in prep

log Mstar

Vmax
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Prospects



What’s to be done? (I)
• True LF of Galactic dSphs?

Large areas unexplored

g - r

r
Isochrones
at D ~ 200 kpc

HSC wide-field survey
1,400 deg2

Selection
filter for dSph

Searching for new distant dSphs



Search for new dSphs in HSC data

RA deg

DE
C

de
g

AB

New dwarf galaxies??

In XMM field, there are two strong signals at 400kpc.

Artifact …

Globular cluster system
around an elliptical gal.

But work is
in progress!

with D. Honma +



What’s to be done? (II)
On the “too big to fail” problem (Brook+2014)

Mstar

Mhalo

theory

NFW DC14

Vcirc

Vcirc at half-light radius of stars
DC14 profile: 
NFW + baryon effect
yielding a larger Mhalo estimate

DC14
yields
no TBTF
problem

Outer mass
is crucial for
Mhalo estimate

Mhalo



What’s to be done? (II)
• True MF & DM profiles of Galactic dSphs?

DM is more extended but outer parts are unexplored

Previous
measurements
of radial velocities

R (pc)

（km/s）

Outer parts
are largely
unexplored

PFS pointings
σ(R)

Direct identification of rmax
Correct DM profile
Total DM mass



Name Short exposure (RGBs) Long exposure (~ MSTO) Note

g i NB515 g i NB515

Draco (2 fields) F1, F2 F1, F2 F1, F2 F1, F2 F1, F2 F1, F2

Sculptor (4 fields) F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

S15B

Fornax (4 fields) F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

S15B

Ursa Minor (4 fields) F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

F1, F2,
F3, F4

S15A

Leo I

Sextans (19 fields) F1 –
F19

F4, 5, 
6, 
12,13, 
14,18

F1 –
F19

Not required Short exposures for (g, i) 
were made during M31 
halo run in 2014 Nov

Draco Sculptor Fornax Ursa Minor Sextans

Field number
Red: done
Black: not yet

HSC imaging campaign of Galactic dSphs
international team (Japan + Caltech & JHU)



And more from TMT

• Proper motions of stars in dSphs
～ 0.03 mas/yr for stars of 10km/s at D=70kpc
Measureable with TMT/IRIS
⇒ velocity anisotropy of stars
⇒ ultimately very precise DM profile



What’s to be done? (III)
• True baryonic process in Galactic dSphs?

Outer parts unexplored

Previous
measurements
[α/Fe]

Outer parts
are largely
unexplored

PFS pointings

Global star formation
Relation with DM structure

Modelling star formation history
and chemical evolution of dSphs
under realistic dark halo evolution



Supplementary files



Milky Way sized dark halo

CDM WDM
2 keV

Rotation curves
in most massive
12 subhalos

Anderhalden+12

Bright dSphs
@half-light radii

Too many
subhalos

subhalos are
Internally too
concentrated



Too big to fail problem

Bright dSphs
@half-light radii



Tollerud +08

HSC wide-field survey 
Search for new satellites

Single LSST:
rlim = 24.5

Co-added LSST:
rlim =27.5

Subaru/HSC:
rlim~26 (g,r,i)
~1400 deg2

~ 20 new UFDs
with Mv<-3

3~4 new streams
with µlim~34

mag/�”



NB515 filter for HSC

g - i g - i g - i

i g – NB515 i

(32% remained as RGBs)

RGBs

dwafs

Tanaka+ in prep

NB515 (CW: 515 nm, FWHM: 8nm) (from S15A)
Separation of RGB stars in M31 + MW satellites

from the foreground MW dwarfs
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