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Cold Dark Matter

galaxy formation
galaxy distribution
galaxy dynamics
galaxy morphology

+A\ A\ CDM

By B.Moore



Issues in A CDM-based galaxy formation

Downsizing Missing satellite problem
UV feedback
Over-merging
NFW profile

AGN feedback
Angular-momentum problem

Substructure
Central cusp problem
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— Kochanek 1996
— N\ 0.66 at 95% confidence !
— Type la
B
— Navarro, Frenk, & White 1996, 1997
— NFW profile
B

— Cf. Moore et al. 1999, Klypin et al. 1999
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1922: High velocity stars (Oort)
1923: M31 as an external galaxy (Hubble)
1944: Population I, Il (Baade)

1962: Galaxy collapse (Eggen, Lynden-Bell, Sandage)

— 1964: Density wave (Lin, Shu), 1966: Galactic shock wave
(Fujimoto)

1969: Simulation of galaxy collapse (Larson)
1978: Chaotic merging picture (Searle, Zinn)

1983: The thick disk (Gilmore, Reid)
— Cf. 1982: Yoshii

1993: MACHO (Alcock et al.)
1994: Sgr dwarf (Ibata et al.)

1997: Hipparcos Catalogue open to public
— 1998: MC & Yoshii, 2000: MC & Beers

2001: SDSS EDR



Oort, J. H. 1922: high velocity stars
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Eggen, Lynden-Bell, Sandage 1962

Metallicity | ) ] Free-fall
& .

collapse

Fii. 4.—The correlation between the ultraviolet excess, §(L7

our sample of 221 stars. The filled and open circles represent sta
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Larson 1969:

Mon. Not. R. astr. Soc. (1969) 145, 405—422.

A MODEL FOR THE FORMATION OF A
SPHERICAL GALAXY

Richard B. Larson
(Communicated by P. Demarque)

(Beceived 1960 March z4)

EUMMARY

Numerical caleulations have been made for a model representing the collapse of
an initially gasecus proto-galaxy and the concurrent transformation of gas into
stars, The assumed turbulent motions of the gas are represented by a simple
model consisting of discrete colliding clouds, and the star formation rate is
assumm:] to be given as a si.mp]t'e function of thr.! dnn r am?] turbulem velr‘ i

that, b} ASSITIITLT rt.J.‘-{lIld.b]L W ..-1[ur.5 f-}r thL various 1.h]1‘.1:m:'lf::1"L of 'Lh: m-:d .
iz possible in this way to reproduce reazonably well the observed properties of
spherical and nearly spherical palaxies.

I. INTRODUCTION

It is generally believed that galaxies form as the result of the gravitational
instability and collapse of condensations in an expanding umverse 1_Fteld 1969).

present investigation we adopt the basic picture of formation of laxies by L{]-”.aphl'_‘
and we consider the problem of treating this collapse numerically. A number of
calculations of the dynamnical collapse of a spherical gas cloud have recently been
made in connection with the problem of star formation (see for example Larson
1968, 196g); consequently it is of interest to see whether similar techniques might
pmhtabl;. be applied to the more difficult problem of galaxy formation,




Since ELS ...

galaxy formation ELS Galaxy formation

/

spherical galaxy

galactic wind merging
Larson, Tinsley slow Collapse
models of galaxy formation Searle & Zinn
. hierarchical clustering Vigrsinll & ehe
galaxy evolution CDM del Norris, Freeman
Arimoto, Yoshii MOoaels Carney ...
observational :
a Hipparcos
cosmology Katz & Gunn
Yoshii, Takahara Steinmetz & Muller
Bekki & Chiba
semi-analytic Abadi et al.

models ] '




Classical Pictures
* Monolithic, free-fall collapse
Eggen, Lynden-Bell, Sandage 1962 (ELS)
* Chaotic merging of numerous fragments
Searle, Zinn 1978 (SZ)

ELS SZ]
—_rapid collapse —— _merging

collapse)

Age spread among globular

y e f clusters
and metal abundances of stars (but how did the disk form?)

Correlation between kinematics



ELS 1962 Norris et al. 1985
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1993

19

1997

MC & Beers 2000

e: adiabatic invariant



—e— |Z|<4 kpec

—%— |Z|<1.8 kpc

—e—|Z|<1 kpe
discontinuity z

200 ~0.8=[Fe,/H]=—0.6

thick disk

—2.4%[Fe/H]£—1.9

H
o
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<V,> (km s71)
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~ halo 17 disk
7T<R<10 kpc
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[Fe/H]

100 =

MC & Beers 2000

» Halo formation is distinct from disk formation.
 Mean azimuthal rotation decreases with |z|.




Gilmore. G. & Reid, N. 1983

Mo, Wor, @ astr See (19ET)CBEZ, 1025 104T

MNew light on faint stars — 111, Galsctic structure
towards the South Pole and the Galactic thick disc
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Summary, We have dedved stsolute magmibades From photometric parallaoes
for & complete sample af - 13 500 stars brghter than /= 18 1= 18,24 square
degress iowards the South Galscrie Pole, From thess data we derive the
% bellar lamimasicy fanciion in &fealute visns magnifude, Balome s magni-
bode and s m the sodar neighboushood tos 8l abacdare magnicudes ghove
the thermonuclesr humsng [Bnin, The iodal mass in sgis-segoene Sram in e
solar neig
1,2 (R lyal

We have also derived che density laws with &siance from the Galacike
plane for each ahsolute magnitade, The sseflar lumincsity function shows a
systematic change |n shape, with stam with M < + 4 substancielly mone con:
ceniruied 1o the plane than faincer staes, The density bowa for stam with
M.z 44 follow a single exponencisl with scale Beight - 300p
100 % 7 % 100 pe, amd & secomd exponendial with scale height - E430pe for
rodistances froms ~ [0 10 a1 least 50 po. This second exponential comtains

2 per ceml of chee lar in (e godar fgigh b oo

We IIIEII'.Ir:| e MM pe sacale hedghl composend as ofd disc, @l the 13505
wale height component as & Galactic “thick dse’. The heminosity fonction
and density law of the ‘thick disc” are consssient with subsiantial Astening of
the spheraid isodensity cantours by the gravitational potential of the Gelactie
dise, in agreéEment with ecent chservations of wevers] exiemal palaxies
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Yoshil, Y. 1982:
signature of the thick disk

Publ. Astron. Soc. Japan 34, 365-379 (19E82)

Density Distribution of Faint Stars in the Direction
of the North Galactic Pole : model &

mesel B
. Cert (988
..
Yuzuru YoOsHII Weistrap (1972

Astronomical Institute, Tohokw University, Sendai, Miyagi 5980
{Received 1981 September 21; revised 1981 December 28)

Abstract

A method is proposed to separate density funetions along the line X hz_lgzopc
of sight for both disk- and halo-population stars with three-color photo-
metry. The observed star counts as a function of visual magnitode and
color are synthesized by an integral eguation, where the luminosity
funetion is assumed to be that of van Rhijn for the disk stars and
that of globular clusters M92 and M3 for the field halo stars, respectively.
Adopting the conventional exponential density law for both disk and
halo stars, we derive the density gradeint d log Dz)/dz (z in kpe) toward
the north galactic pole. The density gradient iz almost uniquely de-
termined to be —1.4 for the disk stars and —0.2 for the halo stars
with the hale density outnumbering the disk beyond z>2kpe. The 5 h |
halo mass density iz estimated to be (3-5)=<107*Mgzpe* in the solar not a O . m =
neighborhood.

Key words: Density function; Disk- and halo-stars; Local halo-mass — L L
density; MNorth galactie pole; Three-color photometry. ) z [kpcl 2
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Bekki & MC 2001

. z=12
o z=0
E
(green: M=108-101°M_ ., T>10%K)

Moore et al. 2005, astro-ph/0510370



Ibata et al 2004: Sgr dwarf
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“Field of Streams” in SDSS data (Belokurov et al. 2006)

Monoceros ring

Sgr Stream.
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Majewski et al.

Sgr stream

Stream is confined onto an orbital plane
round dark halo at 20 < r <50 kpc



- H |

@ Thick disk
: Thin disk
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Diemand et al. 2006
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A new, faint and old stellar system @ D=150kpc
Sakamoto & Hasegawa 2006
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e
Aesn Major

The number of newly found satellites is increasing

Insights on missing satellite problem
.



High Velocity Clouds

Accreting Low-Metallicity Gas

NASA and B. Wakker (University of Wisconsin-Madison) = STScl-PRC99-46



Helmi et al. 2006

Farnax

0.00
~35-30-25-2.0-15-1.0 ~-3.0-25-2.0-1.5-1.0-0.5
[Fe/H] [Fe/H]




Thick disk

-1 <[Fe/H] <-0.4
scale height ~ 1 kpc

Thick disk revealed from F- and G- stars in SDSS DR3
(Allende Prieto et al. 2006)

V., ! as|z|t (confirmed)
* no metallicity gradient




Thick disk

@ Dissipative collapse

— Burkert et al. 1992 = g e
— Thick disk X .
— X

@ Merging of luminous satellitels
— Quinn et al. 1993, Abadi et al. 2003 Feltzing et al. 2003
— [a /Fe] X

— X

@ Multiple mergers of building blocks
— Brook et al. 2004
i Vrot Z o

W Disk heating triggered by merging of CDM subhalos
— Hayashi & Chiba 2006



Dynamical effects of CDM subhalos
on a (pre-existing) galactic disk

Dlstrlbuu@n of ﬂbhalbsnn'é, gala‘tlc sfaie
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Numerical simulation of disk heating
(Hayashi & Chiba 2006)

aﬂ T I
o I Subhalo: M,
10

[}

10

Scale length: Ry | after ~5 Gyr

-20 - Mass: My 1 '
=30 1 | L | L J - L1 ] I
30 220 10 0 10 20 30 -30 -20 10 O 10 20 30

¥[kpe

Observed thin disks: Z,/ R, < 0.2
Sl (Kregel et al. 2002)
T accreted subhalo mass

0.01 0.1 <0.15 M,

Z (Msub,j / Md)2




z2<245pcatt=0 : z > 245pc at't = 0

No metallicity gradient

z>245pc at t=0
-30 -20 10 0 10 20 30 ) -30 -20 10 0 10 20 30
x[kpcl x[kpcl
220

model E ——+—

200 | * = model D ----—-

180
160
140
120
100

80

Vertical gradient
IN mean rotation

-w,:t,:b[kmfs]

More massive thick disk
for smaller V. disk system

CDM subhalos thick disk




o

Durrell (2001,2004)

Kalirai (2005)

(Tanaka, M. et al. 2006 in prep.)
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Color-magnitude diagram

Minor axis. :
35kpc from the {
(Fleld 4)




Getting metallicity distribution
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Field 4 (801 stars)
[Fe/H],yg=—0.53+0.20
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Mean metallicity along the minor axis

Milky Way halo

20 40 60 kpc
Distance (kpc[bottom],degrees[up]




HyperSprime Survey of the Andromeda Halo (down to HB)

Durrell {2001,2004)



@ CDM

@ RAVE, GAIA, JASMINE + HyperSprime,
WFEMOS on Subaru + ELT
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