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N\ Cold Dark Matter model

Large scale (> TMpc)

= Remarkable success!

Small scale (<1 Mpc)
= What's going on?

Planck TT
Planck EE
Planck ¢¢
SDSS DR7 LRG

BOSS DR9 Ly-a forest
DES Y1 cosmic shear

palalealn ol o

0 . L] . L] . L]
1010'4 103 1072 101

Wavenumber k& [h Mpc ']

ESA and the Planck Collaboration




The core-cusp problem S
controversml |ssue on CDM fheory R e e

1()“'

Low Surface
brightness galaxy:
DDO126

?'"fossmle solut;ons _
e Alternatlve DM models (eg., SIDM FDM)

Baryonlc feed backs



Core=Cusp-Probbiem = Diversity Problem

Kaplinghat, Ren, Yu (2019)

100} . * Rotation curves of low-mass galaxies have a diversity.
* DM density profiles in dwarf spheroidal galaxies also
have a diversity.
10— I e . —_— - —T
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P KH. Chiba & Ishiyama (2020)
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Core=Cusp-Probbiem = Diversity Problem

Kaplinghat, Ren, Yu (2019)

100} | | | | | . * Rotation curves of low-mass galaxies have a diversity.
. * DM density profiles in dwarf spheroidal galaxies also
30k - have a diversity.
| ‘ 1010

l|||Hl| IIIIIII| TTTT] I IIIIIII[ I I

o How is dark matter actually dlstrlbuted in Iow -mass galames’?

L * What is the origin of these dark matter distributions?

S v & UV - : eo - : eo : . Cu ptor RN »‘na‘X :
& NGC1705 c«T 109; = 135*82%  g-owgal | p-oasd 7 = 0442535
$ UGC07603 S ' i ' ”
108k
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DDO064 = 107
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P KH. Chiba & Ishiyama (2020)
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How to get limits on DM distribution?

Local Volume: low surface brightness gals(€*10

Local Group: dwarf Irregular, M31 (< 1 Mpc

) L NGC5055 | 1c2574 B

*

BiNlclel:vy il  Spectfusespy/Radio
+ Hl/Ha gas rotation vel.
Photometry/Radio

MW dwarf spheroidal galaxies (D < 100 kpc)

-7 oz aad

Our@laxy (D < 20 kpc

or »
"
- >
te
\
N
CORY

- g s Projected position + line-of-sight vel.
N, - Photometry Spectroscopy

5D (position+proper motion) + radial vel.
Gaia Spectroscopy



Dark matter distribution
in the Milky Way




Dark matter virial mass & local density

Wang et al. (2020)
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Dark matter density profile

- Using old halo stars (outer regions)

- Data
a) Proper motions of RR Lyrae stars by Gaia EDR3

« Old halo stars
« Measure the distance by period-luminosity relation

b) Rotation curve + vertical force
~16,000 RR Lyrae stars

Dark matter

Baryon

— 95%

68%

0
kpc

N

0 5 10 15
R/

25
)

N

M Rotation curve & vertical force
¢ 3D positions of ~16,000 RR Lyrae stars

20 —15 —10 =5 0 5
y/(kpc)

x/(kpc) | y

Hattori et al. (2021, 2012.03908)

—95 —90 —15 —10 —5



Dark matter density profile

- Using old halo stars (outer regions)

- Data

a) Proper motions of RR Lyrae stars by Gaia EDR3
« Old halo stars

« Measure the distance by period-luminosity relation
b) Rotation curve + vertical force

- Model 2. Gravitational potential:
1. Parameterized distribution function for halo stars: - Baryonic components (spherical bulge, flattened
Fnain (> T J2) = J : Action variables stellar/gas disks)
Ca (h(J))"F | (g(J))‘ =B ( Jg ) |
1+ |—— 1 +«tanh | — .
rdo) \ 7o Jo | Tso) Spheroidal dark matter halo .
a
ppom (£, 2) = po
Possibility that a RRL star exists at the position (X, Vi) ( ’ ) mv(a + m)?’_V ’
in the 5D phase space 5 5 5
Pr(x;, vi) = f(xi,vi) = f(J[xs, vi]) m” = R"+(z/q)" q=1

+ observed errors + selection function

Hattori et al. (2021, 2012.03908)



Hattori et al. (2021, 2012.03908)

Dark matter density profile

- Using old halo stars (outer regions)

0.0
= Extrapolated (d) (a)
:”; —0.07 'Gaia RR Lyrae 501 Gaia RR Lyrae
& _10- (5D data) o (5D data)
= —15 |
§ 40 q = 0993f88% 0
= 20 _ 57
a _) 1 G=0.973 ;
> 68% 204 1% 1%
é —2.0" 059 G0, = 0.963
=30 T el 102 V000 002 004 006 008 100
r/(kpc) 1
3‘ - Favors an NF\W cuspy DM profile
LODM,@ = 0.342 £ 0.007 GeV/cm - Disfavor oblate shape
0.046 12 _ -
M. = ()731_ 150 X 10 M@I The local DM density can be narrow down




Dark matter density profile e
- Using 120,309 disk stars (Gaia DR3 + APOGEE DR17) 8 '

===+ All baryon = —:— Warm dust — Baryon + DM

-~ Bulge H1 gas ¢ Ouet al. 2023 (this work)
Disk —=— Hy gas {  Eilers et al. 2019

—-:=— (Cold dust —— Best Fit DM: Einasto

Decline!?] o Exponential drop-off such as the cored
' Einasto profile, can explain the decline
outside of 10 kpc.

* Estimated virial mass of the MW is
~ 1.8 x 101 M ., which is overall lower
than the previous estimates.
¥* The local DM density is
0.447 +0.004 [GeV/cm’].

Ou et al. (2023,2303.12838)



Core or cusp?
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300‘

Cored Einasto preferred

/’__‘5
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> The DM density inner slope and the virial mass still depends largely on data

properties and modelings.

» Gaia, the optical astrometry satellite, cannot obtain the astrometry data toward the
Galactic center due to the dense interstellar dust.



Core or cusp?

Cusped NFW preferred 200 Cored Einasto plrelfelrreld_

0.0 I

S Extrapolated (d) ExtE"a polatec :
= i A 250F ;
1 =00 Wi Gaia RR Lyrae : et oeneey o 3
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» RN
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JASMINE will provide detailed information on stellar
motion in the interior of the Milky Way, and | - —
expected to greatly improve the determination of A — 4
the dark matter distribution in the central region. astic @~ P
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Dark matter distribution
In the dwarf spheroidal galaxies




Non-spherical dynamical mass models

Non-spherical dark matter density profile
Ps

Ppom(r) =

2
2 _p2, % DM halo axial ratio
r<-=R Qz/

u_zzz 1 Va_(bdZ9
I/(R, Z) Z 82

L L 2
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1 — u2 /u?, : velocity anisotropy (unknown)
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Dark matter density profiles: Classicals

, KH, Chiba & Ishiyama (2020) (O°O Sy S 2'0)

Sextans
y = 0.73%5%5

Ursa Minor Carina

_ 0.44
= 1.167 ¢

Cusp

_ 0.23
y = O.77J_r0_27

Fornax

_ 0.40
y = O.44f0.29

Mild Cusp

Sculptor

_ 0.41
y = 0.454_r0_31

Mild Cusp

0.1 10 100 0.1 1.0 100 0.1 1.0 100 0.1 1.0 100
Major Axis [kpc|]  Major Axis kpc]  Major Axis kpe|]  Major Axis |kpc]



Dark matter density profiles: UFDs & UDGs
KH, Hirai, Chiba & Ishiyama (2023) (0.0<Ly<L2.0)

Bootes 1 = (Canes Venatici I = Coma Berenices

.

I I I I I B B B B B S B S S S B B e - 4

0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0

Major Axis kpe|]  Major Axis [kpe|]  Major Axis |kpe|]  Major Axis [kpc]|



Diversity of the DM distributions?

CORE

— — N
— — — @ CN
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©'9 Y
10~ 10~

NIHAO

4 (Classicals

Leol
NFW.(at 1.5% i)

FIRE-2

KH, Chiba & Ishiyama (2020)
KH, Hirai, Chiba & Ishiyama (2023)

Prediction from LCDM based

N-body+hydro sims.

Prediction from LCDM based
pure N-body sims.

® Several dSphs (Dra, UM, Seg1,
Will1) favor cusped DM central
profiles

® The diversity of the DM
density profiles in the dSphs.

® [here are still large
uncertainties on their inner

slopes.



Uniqueness of Subaru-PFS

o Keck: DEIMOS
Gemini: GMOS 16.7 x 5.0 arcmin

5.5 x 5.5 arcmin

||

VLT: FLAMES
25 arcmin diameter

Subaru: PFS 1.3 deg diameter

Subaru Telescope
-

Wide Field of View

|
Wide and Deep
spec. survey



Uniqueness of Subaru-PFS -

69.0 A
PFS pointing Ursa Minor: HSC data
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Wide & deep PFS survey:
Huge number of stellar kinematics out to the

outskirts of the Galactic dSphs.
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Dark matter distribution
In the low surface
brightness galaxies




Diversity of the DM distributions? L Hin G & e 022,
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Low surface brightness (LSB) galaxies

* Most LSBs are bright dwarf galaxies, and most
of their baryonic matter is in the form of neutral

gaseous hydrogen, rather than stars. NGC5055

* They appear to have over 95% of their mass as
dark matter.

*

i
o~ il
: "o

el

S

» Fe) -
g L -

e

.. m& .
* Rotation curves can be measured by HI or Ha %
observations. 1C4202

* There are a variety of rotation curves.

[C2574 1C4202 NGC5055
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j_}:v'O'II

50
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Rotation velocity [km /5]

Non-spherical dark matter density profile

ps )
— V —
Pom(7) (r/r)"[1 + (r/r)*]P—1a / CHC( )
2 _ p2 i i
72 = R2 Q2A/ alo axial ratio

* Free parameters

O = (Oé, 6, Vs Pss Tsy T{disk,bulge}v D7 7’)

[C2574

Rotation velocity [km/s]

1C4202
| |

| | | | | | | L
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Radius [kpc]

Deriving nhon-spherical DM profiles in the LSBs

» Circular velocity fromm DM density profile
— Vo

PDM (R, ~ = O)

= —2rGQaj R / dr
0 (T

- Total circular velocity
Vet = Vom + Taisk Vi + Tloulgevbulge +V;

Spitzer Photometry & Accurate Rotation

27+ QP

gas

N

From 12 Al U

@ obs.

Rotation velocity [km/s]

NGC5055

s

inz}:j_}:#v}:

Disc

10 20 3IO
Radius [kpc]

50

KH Kaneda, Mori (in prep.)



KH, Kaneda, Mori (in prep.)

Best-fit rotation curves of 115 LSB galaxies
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Diversity of the DM distributions?
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New indicator to distinguish between core and cusp
Kaneda, Mori, Otaki (2024)

- Dark matter surface density at 0.017y,
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When ry, is adopted, it is hard to distinguish between core and cusp. .
max See also KH & Chiba (2015a), KH et al. (2017)



Take Home Message

» Galaxies on the small scales are ideal target for studying the basic
properties of dark matter.

» [he central dark matter density in the Milky Way is still completely unknown.
The kinematic information toward the center region should be needed.

« We found the diversity of dark matter density profiles in the dSphs, even
though there are still large uncertainties. For DM studies in the dSphs, deep
and wide spec. survey by Subaru-PFS should be essential.

» We try to detect the cusp-to-core transition phase by using low surface
brightness galaxies.



