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Scientific goal

@ Astrometry with 10y arcsec. accuracy between
background object and galactic object within 2.2
degree separation
— Proper motion and parallax measurements

m 3D map and velocity field of the Galaxy

m Detailed 3D velocity structure of molecular gas around
evolved stars and star forming regions

@ Phase referencing to improve sensitivity with
long integration




VERA scientific goal

@ Measurements of determimatign with VERACO. a6
distance and proper Tetera mtion Wi HIPPARCOS(Tma
motions of galactic \\
maser objects

@ Dynamics of the Galaxy
Maser object:
luminous point-like
objects
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Specifications

@ Antenna diameter ; 20m
— surface accuracy ;250 4 m
@ Observing bands ; 2GHz, 8GHz,
22GHz 43GHz
@ Tape recording rate  ; 1Gbps
@ 2 beam system for phase referencing
™ Path error between 2 beam; 100y m

| RERAE

o

R DVLBLD s VERADEEES




Recelver platform for 2 beam

Target source Reference source ) .
(maser saurce) (QS0) Sectional view of the center hub

&

Subreflector
Receiver

Stewart platform

qunatiely,
Topr view of

th ter hub i
e center hu nsgsar:_aabisu

ConcepT Of The dut]l-be(]m Receiver-A Receiver-B
receiving system




Radiator for 2 beam phase
correction on the surface
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resicual phase (deg)

Irst phase variations between 2
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coherence factor
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VLBA PHASE FITTING AT 15 GHz by E.B.Fomalont(2006)

Observed phase Residual phase after fit
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gradient in sky. Phase gradient is is the residual temporal clock
caused by the sum of many error.  Relative position error
effects but dominated by the error About . (Structure effect
in the zenith path delav. has been removed|)
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VERA future timeline

OScientiﬁc Goal
a. Annual parallax and proper motion

measurements { within 1kpc)
3D structure of nearbt Giant Molecular
Period-luminosity relation of Mira variables

b. Annual parallax and proper motion
measurements( within 3kpc)
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c. Annual parallax and proper motion
measurements( W|th|n 10kpc)
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Feature of East Asia VLBI array

@ Dense station distribution
total effective aperture :
5600 m?@ GH

4,400 m? @22GH

@ Wide band observation
— Wide band recording
— Optical fiber link
@ Phase referencing
— VERA : 2 beam
— KVN : multi-frequency

@ VERA reference

VLBI
July 7th @NAOJ

Park(KASSI) Kaifu(NAQJ)




Summary

@ VERA is a unique VLBI array with 2-beam
system

@ System implementation was finished

M@ Usual operation (250 days,4,200 hours per
year) was started

@ Annual parallax may be detected, but the
accuracy still must be investigated more.

@ East Asia VLBI network is organizing with
Japanese, Korean and Chinese stations.
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Photometry , Spectroscopy
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Astrometric eye
(Astrometry:
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Reflex motion

o angular semi-major axis(as)
Mp : planet mass

M :parent star mass

d: (pc)
a:Mp M (AU)

(Mp<<M , Lp<<L )

M, a
a=———
M, d
M =1MsuN, Mp=MJ=0.001Msun,
a=5AU,d=100pc a P as

21

50 50mas year 1
Mp=1 My e=0.2 a=0.6AU

30

150 —

100

50 -

Declination (milliarcsec)

Right ascension (milliarcsec)

L L L L 1 L
50 100
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o Jupiter mass planet
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Sun Jupiter system 100pc
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Nano-JASMINE
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KatZ & Gunn 199]
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Proper motions of stars near the gaseous
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Peculiar motion of the Sgr A* on the NIR images
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Proper motions of stars near the gaseous
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Object 2 May 0l Jul 01 Oct 01 Jan 03 Mar 03 Oct 03 Mar 0da  Mar 04b

IRS 10EE 1 wes ves no ves ves ves ves ves -27m/s
2 yes ves no yes ves ves e

IRS 12N 1 no no no o . -63km/s
2 no no no s

IRS15NE 1 no no no no ves no ves no -12km/s
2 no no no no ves no .

IRS O 1 s no no  -340km/s
2 ..

IRS 7 1 no no no no no -120km/s
2 no no no .

IRS 28 1 no no no no no  -55m/s
2 no no no

510 6 1 no no no no yes no o +52kmis
2 no no no no ves no .

510 8 1 no no no no no no © +72km/s
2 no no no no no no .

IRS 17 1 no no no - +75km/s
2 no no no s

S0 12 1 no no no - +82km/s
2 no no no

—

"yes” represents detection.
"no” represents nondetection. Upper limits are shown in Table 5.1.
represents out of observed band.
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e Star Formation Rate (SFR)
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BH

BH (SgrA*)
Mgy~ 2.6 X 106 M
massive young stars (<10pc) (Mezger et al. 96)
(4x108M, in < 120 pc)
BH




Mass distribution from the galactic center
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distance from SgrA* (pc)

X-ray image around Sgr A* by Chandra

lobes of hot gas (2x107K)
- pe,

time scale 10%yr

X-ray jet, size ~ 0.5pc

sz.Lobe of hot gas >

(Baganoff et al)

=\Lobe of hot gas --
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A
\ 4

A
\4

8.4 arcmin 1.23 arcmin




NH; and HCN gas 2pc ring

NH, (1,1)

SgrA*

pc

2001)

NH, (contour, Wright et al.

around SgrA*

NH, (2,2)

HCN (color, Jackson et al. 93)

CO and bar

CO -
~ e .
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g e T .z 4 s
K W "*v:g:ﬁ.pv'
v ot e
W ¥

....................

Dame et al. (2001)

Bar

In our galaxy

@
* [hex]

r ( co-rotation) ~ 3.4kpc,
Q p ~ 60km/s/ kpc

Bissantz et a. (2003)




face on view of GC

Gas bar
(CO)

CO
OH

(Sawada et a 2004)

B

v [pe]

20N

-400

400

e 2 mass data
2001)

bar (inner bar)

inner bar

100pc

(Alard,




main and inner bars e

in our galaxy 8 &
(Alard, C. A&Ap, v.379, .L 44, :
2001)

the COBEV near infr&r

main bar (3.5kpc)

A view at

inner bar (130pc)

image after subtraction of the density
associated with the first Galactic bar

http://www.obspm.fr/actual /npuvelle/novl/alard.en. shiyal I

BH
7 BH
—>
[xpe) o e e g Ay
(Fukuda, Wada and Habe 99, 00, Ann and Thakur 05)




potential model

. potential

— Bissantz et a. (2003)
* CO position-velocity diagram

 Stellar disk + major bar + spiral arms + dark halo

. (r<500pc) potential

— Launhardt et al. (2002)
¢ 2massdata
¢ Supermassive BH 2.6 x10° M
e inner bar
— Alard, C. A&Ap, v.379, .L44, 2001
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method and inner bar model

AUSM code

r log mesh) 240 ¢ 310
inner bar

280[km/g/kpc]
) 3.0d0
200[pc] 66[pc]
non-homogenous bar Model : index=1.0d0
1.0"8[Msun]
2.6 x106 [Msun]

ocity[kmis]

Bissantz et al. (2003)
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In the potential

of

Bissantz et al. +Launhardt et al.+SBH
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result in the potential of Bissantz
eta.+Lau '

e noinner bar

3kpc x 3kpc

no-inner bar with inner bar

500pc x 500pc 500pc x 500pc




BH

inner bar+ BH

— innerbar Alard (01)

- Launhardt et al. (02)

- major bar + stellar disk potential  Bissantz et al. (03)

— inner bar gasridge
— inner bar




SOrA*

Makoto Miyoshi
NAOJ

S A* isnow the most

convincing super massive . 10 light days .
black hole in the universe
(Shen et a.05).

Themass *  Msun .

The 1Rs 9.8u as

QPO P=16.8min is .
detected at IR and Xray at
its short time flaring( IDV).

Motions of Stars around

SgrA*
(Genzel et d03)




Detection of IR flaring. 20 light daya
(Genzel et a. 03)

- 7 . Periodicity was aso found from NIR
flaring of SgrA*
P=16.8+ 2.0 min.(1008% 120 sec.
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al.: Mass and angular momentum of the GC black hole

QPO at X ray too.

J——

T

sractaftin o}

RE11I e

L 1 1 L L L 1
EE 1 08 21 ns i\ A
heaw

Pi.g.l PFIC]ght sssss (MOS 1+MOS 2+PN) of the XMM-Newton  Fig2. ACIS-1 light curves of the Chandra  obscrvation of
October 3, 2002 (upper panel, Fig. la) and the October 26, 2000 {upper panel. Fig. 2a) and the May 25, 2002
Fel brlls.ry 26. _DD ohservation (lower three panels, Fig. 1b). Ermor  observation (lower three panels, Fig. 2b). Error bars indicate
bars indicate 1o~ uncertaintics. The horizontal line in the lower three o uncertaintics
e level. Arrows mark peaks

Periodicity isalso found from X ray flare. P~100s, 219 s, 700 s,
1150 s, and 2250 s (analysis by Achenbach et a 2004)

* At millimeter wave we have
also detected short time flaring
(ex. Miyazaki et a.04),
TRl Ve can expect to detect similar
BRI =  kinds of QPO in radio too!

New detection of SgrA* flaring (IDV)
by Miyazaki in this October using the AT.

» Following the idea we have been checking the data of
SgrA* obtained VLBA since the end of 2001.

» We detected the spatially resolved QPO from the
VLBA datataken at 8" March 2004 at 43GHz.

(1.5 days after the millimeter wave short time flare.)




VLBI gives us high spatial
resolution( 0.1lmas .

So we can investigate the
differences of QPO  between
small regionsin the SgrA* image.
First, we check whether the QPOs
are concentrated at the center or
ubiquitous around the whole disk?

(2) 213.3Rsx 121.9Rs

L7

(1) 216.3 Rsx 4236 Rs

213.3Rsx 121.9Rs
TS -

(1) 216.3 Rsx 423.6 Rs
(2) 213.3 Rsx 121.9Rs
(3) 106.7 Rsx 60.9 Rs
(4) 71.3Rsx 40.8Rs

3mas 305Rs, AUI (5) 475Rsx 26.8Rs
(6) 23.8Rsx 134Rs

assumption Dcec=8KpC,Ms « (7) 158Rsx 9.0Rs
(8) 79Rsx 45Rs




(1) 2163 Rsx 4236Rs  (2) 213.3Rsx 121.9Rs (3) 106.7 Rsx 60.9Rs (4) 71.3 Rsx 40.8 Rs

158Rsx 9.0Rs

¥ oute tegls WLBA-RE1 31 tharto—ext=-ESHluvs 05031 Taflant ixt

Srmin

THEWAREE( 05, 1004 )

(1) 2163 Rsx 423.6Rs  (2) 213.3Rsx 121.9Rs (3) 106.7 Rsx 60.9Rs (4) 71.3 Rsx 40.8 Rs

VSPCTC3A2(05.09.17)

(5) 475Rsx 26.8Rs (7) 158Rsx 90Rs (8) 7.9Rsx 45Rs

imaint wmie? amas? et

oty

w0 ?

v individual auto scale

3

Bricd (i) . Biod frin i

QPO spectra become very spiky as the region limited to the center.




0.1mas 10Rs) 0.15mas 15Rs)
x  grids the center

Time variations of intensity in the grids ( red line; noise level)

661-05min
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Every grids show something. Here we look carefully at the central 3
grids because those of SNR are higher than

mEEmggEEEm
ol LT

e et

T

0.0065 Period ( minute)




P=17; common all around the disk(?), come from outer edge of disk?
The strongest peak; large difference in periods.

VJJ\_/L o

Fansd (el

center AT —

mmmmmm

QPO Periods

0.1mas west

0.1mas west

P/P=
V=
R=3.3Rs(if Keplerian)




Intensity M aps of the Periods
P=62.15min(

P=131.6min

P=224.8min

The Peak Position Moves
Towardswest as Periods
Become long.

Rotation




wideband periods
(from the top)
P= 5- 80min
P= 80-160min ¢ ; P= 80-160min
P= 160-240min
P=240-320min

The Peak Position M oves

p-160200min [N ‘ Towardswest as Periods
Become long.

P= 240-320min

It must be due to Rotation!

% Reidetal 99

-Rotation of the Sun
(Galactic Rotation)

-10

The Accretion Disk of SgrA*
Shows Counter-Rotation ]
Against the Galactic Rotation.

[
(<]
|

(=]

(A

The Galactic Rotation
Becomes Random
At GC?

Genzel et .03




Thereis one thing to be discussed.
“The scale” seems inconsi stent.

*From the velocity derived from the shift of spectra
0.1 mascorrespondsto  3Rs M=1.2 x Mg

*From the distance (8kpc) and the mass of SgrA* (4x Mg
0.1 mas correspondsto  10Rs i

>The derived velocity iswrong?

---- Then check the possible theory to sit them well.
Something to change the scale of 0.1mas 10Rsto 3 Rs.

——

Self gravitationa lensing effect of black hole
will play an role of magnifying glass. Q

2r Rs

Intrinsic Radii(Rs)

Apparent Radii(Rs) from infinite direction

Calculation by Takahashi R.




How the Scattering acts as
magnifying glass on SgrA*?

A7 mm

A 14 mm Theintrinsicimageis
obscured and broadened
5@ A 20mm because of scattering
effect by circum-nuclear
% 36 mm or inter stellar plasma
( A .
N, A O0mm Shen et al.(05), Bower et
al(04) investigated the

Figure3. VLBA images of Sgr A* at wavelengths 60, 3.6, 20, 1.35 effect .
mnd?mm}hw‘l{t:;hnfsgagémimmmmmmn
circolar beam of =2 mas as showi ol bottom. .
Sormet o each Imago. At 7 mm, FWEM beim = L5 mas  ttan Theratio --
synthesis beam size; sud at 6 cm FWHM beam = 38 mas that is close

to the mean seattering sive at this wavelength. The contours are 2 m)y
beam™1 % (-2, 2, 4. & 16, 32, 64, 128, 256).

VLBI images of the SgrA* (Lo et

TheS A*

A obs
From Shen et al. Nature05
Bower et al (Science 04) —similar result

* major oxis of 0.0 & O.3% em (iha work)
B major axia al 135 em (Bewer st al)

T iower timits ot 0.08 & 0,15 cm (Gainn et o1)

Intrinsic size 0.28mas

Scattering& Broadening
Magnification Ratio
GH




Considering only the mass(400million solar mass) and distance
(8kpc):
0.1mas(EW)x 0.15mas NS)
9.7 RS(E-W)x 16.2Rs(N-S)

magnification ratio

1)self gravitational lensing effect/@l r =3Rs

2)scattered& broadening effect by iftervening plasma
Total 1.23x 26 3

Considering also the total magnification ratio 3.12 3.7
0.1mas(EW)x 0.15mas NS)
1-2.6 RS(E-W)x 5.2-4.4R(N-S)




X fully obscured
No information on fine structure

R L

partially obscured
with some information

Spatial resolution  Rs

Future prospect
As the accepted theory

says,.SgrA*is obscured by
broadening and scattering below 1
mm wave length.
But there remain some pieces of
information of the intrinsic structure!
Because The scattering effect and
self gravitational lensing work as
magnifier of SgrA*, we can get the
spatial resolution detection the 3Rs.

VLBI observations of QPO inradio
continuum will give usthe chanceto
investigate the line of sight velocity
and the structure of the inner
accretion disk of SgrA*

Amplitude

T T

100
T

mas)

ks

Peak Position Center of Distribution

JEARA

[T P2 §

eriod (minute)




P 56min
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Future prospect

As the accepted theory
says,.SgrA*is obscured by
broadening and scattering below 1

X fully obscured mm wave length.
No information on fine structure But there remain some pieces of
information of the intrinsic structure!
Because The scattering effect and
self gravitational lensing work as
partially obscur ed magnifier of SgrA*, we can get the

with some information spatial resolution detection the 3Rs.
VLBI observations of QPO inradio

continuum will give usthe chanceto
\ “ investigate the line of sight velocity
and the structure of the inner
— accretion disk of SgrA*

Spatia resolution  Rs
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SNR & QPO spectra: The double refraction in plasma ?
There exist plausible spectra on the quite low SNR data set(SNR<3)
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Orion KL HH1 Mon R2 OMC-2(
NGC1333 HH7-11( )




S269

S269

JHK images with IRSF of Nagoya Univ.
(Jiang et al. 2003)

Hundreds of infrared sources (Y SO)




S269

» S269 : high-mass star forming regions toward anti-
center, with ~200 Jy H20 masers

 Paired with J0613+1305, 0.7 deg seperation

Maser map for r05073a
Linear aignment in 0.4 mas
scale

Simple velocity gradient

Could it be related to accretion
disk ? (c.f. Monitor by L ehkt)

Spot position for 5 epoch spanning ~300 days (since Nov 2004)

spot motion for V_LSR = 19.5 km/s
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S269

o Parallax versusfitting residiuals

5269 position fit residuals

RMS residual
red X
green Y

RMS residuals (micro-as)

L L L L
0 100 200 300 400 500
parallax (micro-as)

m 220y as D=45kpc! c.f.commonly assumed : 4 kpc

» Parallax measurements since 1838 (S/N > 5)

Parallax Measurements (S/N > 5)
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~20 year monitoring of S269
» Single dish H20 maser flux (1980-2001, Lehkt et al.)
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VLBI

Gwinn et al. 1986

Arecibo, North American VLBI 1.66GHz
PSR0950+08 7.9(0.8)mas
PSR0823+26 2.8(0.6)mas

2006
21

Brisken 10

Chatterjee 5

100u

PSR J0030+0451 3.4(0.6)mas Lommen et al. 2005

PSR B0329+54  0.94(0.11)mas Brisken et al. 2002
<1.5mas Chatterjee et al. 2004

PSR B0355+54 0.91(0.16)mas  Chatterjee et al. 2004

PSR B0656+14

w

.47(0.36)mas

Brisken et al. 2003
Golden et al. 2005

PSR B0809+74 2.31(0.04)mas  Brisken et al. 2002

PSR B0823+26 1.8(0.4)mas Gwinn 1984
2.8(0-6)mas Gwinn et al. 1986

VELA pulsar 3.4(0.7)mas Caraveo et al. 2001 HUBBLE
3.5(0.2)mas Dodson et al. 2003

PSR B0919+06 0.31(0.14)mas  Fomalont et al. 1999
0.83(0.13)mas  Chatterjee et al. 2000

PSR B0950+08 7.9(0.8)mas Gwinn et al. 1986
3.6(0.3)mas Brisken et al. 2001
3.82(0.07)mas  Brisken et al. 2002

PSR B1133+16 2.80(0.16)mas  Brisken et al. 2002

PSR B1237+25 1.16(0.08)mas  Brisken et al. 2002

PSR B1451-68 2.2(0.3)mas Bailes et al. 1990

PSR B1508+55 0.415(0.037)mas Chatterjee et al. 2005

PSR J1713+0747 0.89(0.08)mas Splaver et al. 2005 timing

PSR J1744-1133 2.8(0.3)mas Toscano et al. 1999 timing

PSR B1857-26 0.5(0.6)mas Fomalont et al. 1999

PSR B1929+10 21.5(8.0)mas Salter et al. 1979,

<4mas Backer & Sramek 1982

3.02(0.09)mas  Brisken et al. 2002
2.77(0.07)mas  Chatterjee et al. 2004

PSR B2016+28 1.03(0.10)mas  Brisken et al. 2002

PSR B2020+28 0.37(0.12)mas  Brisken et al. 2002

PSR B2021+51 0.95(0.37)mas  Campbell et al. 1996
0.50(0.07)mas  Brisken et al. 2002

PSR J2145-0750 2.0(0.6)mas Loehmer et al. 2004 timing
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30% Tsys=200K 48MHz

-41

80mJy /7 (@) 25mJy 19 10014 6)
B0329+54 200mJy 2d 250mJy B0355+54 25mJy 1d 250mJy
J0437-4715 90mly @ 2d ICRF B0628+21 25mly @ 3d 120mdly
B0736-40 80mlJy @ 1d 200mJy :gg;‘gi ;:””V ggg ;zgmjy

° - m. m
B0833-45 1100mly  1dICRF . % 30m§ i 600”3;
B0950+08 85mJy  2d 100mJy B1556-44 40m)y @ 5d 380mly
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B1641-45 310mly @ 7d400mJy °* B1929+10 40m)  2d 150mdly
B1933+16 40mly @ 1d 360mJy

B2016+28 30mly  1d 240mly
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37 25 B2021+51 25mly  1d 150mly
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model IV

M51 VLA 6.2cm PI HPBW=
) jfe >

Distance from the Sun: ¥ (kpo)
5

D-S- -jj‘ GIGC’oz -*f:
-6 0
Distance from the Sun: X (kpe)

M51 (Neininger & Horellou, 1996) ] Our Galaxy (Han et al., 2002)
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ARPS
platform

physical main program
+
data structure | | |

ARPS (Astrophysical Coordinated Astronomical
Rotating Plasma Numerical Software(CANS):
Simulator, Matsumoto product of ACT-JST project
et al. 1999) (2000-2002)

Formation of an Accretion Disk

Initial state t=26350 unit time to=rg/c

- 6




Dziourkevitch et al. 2004)

1kpc < r < 5kpc

[kpe]

-1kpc< z < 1kpc

buoyancy

Parker (1966), Matsumoto et al. (1988)
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Nishikori et al. 2006, ApJ in press)

Miyamoto 1980)

— 10kpc

(B =100,1000,10000)

— T=10"5K
« r=0.8kpc 250%64*319 mesh
* 9

models Bo A@ | phao | DM
model I 100{0<¢@<2.0mn| n/32 | 1073 | x
model II 100|0<@<2.0m| n/32 | 1073 | x
model Illa (b) | 100|0<@<2.0n| w/32 |1073| o
model ITIb 10000 <@<2.0m| n/32 | 10| o
model Illc 10000 |0 < ¢ <2.0m| /32 [1073 | o
model VI 100|0<@<2.0r| n/32 [1072| o
model Va 100{0<¢@<0.57|7/128 | 10| o
model Vb 1000 <@ <0.57| n/64 | 10| o
model Vc 100{0<¢@<0.57| n/32 |1073]| o

10




Numerical Results (3 =100)

7 w ﬁd Mean field 1

-060 t=3.8Gyr
12
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Azimuthal field at t=3.8Gyr at z=0.25Kpc

Distance from the Sun: Y (kpc)
"~ = T

Distance from the Sun: X (ipe)

Galactic magnetic field
obtained by Rotation Measure

(Han et al. 2001)
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Spacial and Temporal Reversal
of Azimuthal Magnetic Fields

 —— model 117
T "7 i =826

Azimuthal Magnetic Field at t=3.1Gyr

0 400

800 1200
time

Time variation of mean azimuthal
field at 5kpc < r < 6kpc and

0<z<1kpc
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1.500 2 dreveral2 L
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.20

0.150
2

0.015

0
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B =1000

. — o del IV
[ R T v

0.15 T T
after 7 [-Z 0.1kpe < z < 1.0kpe
0.10 | = 1.0kpe < z < 3.0kpe
leI’... —— 0.1kpe <z < 3.0kpe

1- B I R R del v
| ] I e mL_Tus

0 400 800 1200
time

Time variation of mean
azimuthal magnetic field

At 5kpc < r < 6kpc
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Dependence on Azimuthal
Resolution and Simulation Region

@ 4o\ (b)

{(B/8T)/Py)

log {

time time
Model 1lI: Full Circle Simulation with A @ =21 /64
Model V-VII: ¥ Circle Simulation (0 < ¢ < 11 /2) with
V:A@=m/128 VI.A @ =mt/64 VII:A ¢ =1/32
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Motion of the Wavefront of Rising

Magnetic Flux

10

height (kpc)
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1. Introduction
Two Body Problem (in Newton Grav.)
Kepler, Newton, I

All historical issues.




Observational 2-body Problem:
How to determine a orbit and mass
from observation 7?7

The inclination of the orbital plane
w.r.t. the line of slight.

Positions of stars are projected.




Partly solved I

O Visual Binaryl
(Both stars can be observed)

— Thiele-Innes (1883)

Not vet completely solved [




O Astrometric Binaryll — 777

Primary Star and Unseen Companion

such as Black Hole, Neutron Star, (I

Orbital Elements
— Total Mass Determination

Hipparcos (19890)

SIM, GAIA, JASMINE projects
(< 10kpcO 2010s0)

Doppler Method (Mpsini)
VS
Astrometry (M, and 9)




It has been believed impossible to
analytically determine the orbit (and
mass) in general.

Because
The coupled equations are nonlinear,
Kepler Eq. is transcendental.

However, this belief is not true.
Exact solution (expressed only by

elementary fn.) was found!

HA, Akasaka, Kasai, PASJ 56, L35 (2004)

10




r1 —

yl --n,
T .

t1 = 1o + —(ul — e sin ul),
27

T2
y2 --n,
T .
to = to+ ~—(uz2 — e sinuz),
21

11

2. Apparent ellipse

Five Obs. (z;,y;) for i=1,--.

Standard Form 0 (z,vy)

:132 y2_1
a2 p2

ellipticity e¢= 1 -12/42.

12




3. Orbital Elements

Four obs. at time t;, (:=1,---,4)
P; = (:EZ,yZ) = (CL COSUZ',bSin ’U,Z)

To avoid Kepler Eq.

Time Interval t;;, =¢t;, —t

1) — Je

13

Original Keplerian orbit specified by
Ay EKH T.

Importantll

Position of Projected Common
Center of Mass (Focus)
($eyye)-

14




15

Even after projection,
areal velocity is constant,

where the area is swept around
projected COM.

16




17

S = mab — Total area

S;; — Area swept during t;;

1
Sij = 2ab [ u; — U

Le , . .
—a(sm u; — Sinu;)

Ye
—I—b(cos u; — COSu;)].

18




Az _xeAl +y6A2 = 0,
a b

B3 — CIjeB]_ -+ yeB2
a b

19

The solution is

A>B3 — A3B>
Te = —a :
A1By — AxBy
A3B]_ - A]_B3
Ye = b

Aq1B> — AQBl.

20




Solved geometrically or algebraically.

2 2
e = | € 4 Je
a? b2

21

02 + D2
a =
K 1+ cos?i
C?2 — D?
COS 2w = ——,

22




where

23

4. Data with observational errors.

AAK formula assumes no errors.

In practice, least square method needs

numerical calculations.

Is AAK formula practically useful?

24




Yes!

It is extended to a lot of observations
with errors.

HA, Akasaka, Kudoh, submitted to Cel. Mech.

2 is square in the parameters
[ easily solved!

25

5. Generalized AAK formula

a_ o PGt = GiFin
nCaj EjF;41— FiEjyq
b ZGJEJ-I-l EJGJ+1
nCaj EjFjt1— FiE;i4q1’

Le — —

Ye —

er, COSt, ag, COS2w remain same.

26




6. Concluding Remarks

1. Complete Exact Solution to
Observatinal two-body problem.

2. Extended Solution to
Realistic observational data.

27

3. Generalized to
parabolic and hyperbolic orbits.

HA, submitted to Cele. Mech.




[A] Planet Mass Kepler’'s 3rd law

. A472q3

 G(ms + mp)

Here, separation between star and
planet

T2

a = as + ap,

AgMMg — apmp

28

For stellar msss ms >> mp planetary
mass,

N 47r2ms =
TP G2

2a3)1/3

29
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. IRSF/SIRIUS '
IRSF/SIRIUS 2MASS
(100 ) (100 )
IRSF I2MASS IRSF 2M ASS
J|1l/1 15.8 J | 170 155
H | 16.6 15.1 H | 16.0 13.0
Ks| 15.6 14.3 Ks| 14.0 11.0

5°(1) x 2°(b)
8x 8




IRSF/SIRIUS '

-

(Nishiyama et al. 2006)
Ksvs. (H-Ks) CMD
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. IRSF/SIRIUS ’

 Field VLT source
A Infrared match to X-ray position IRSF/SIRIUS
MS4Giant Ay =0 T
o MS+GantAy=10 -
o MS4Giant Ay =20
o MS+Giant Ay =30
4
2
0
o y . 2
Aﬂ“ Bandyopadhy?y etal. | | ‘ | ‘ ‘
-2 (AHU:)‘) 2 4 \\.1\I\\DI\\I1\\\\2\\\I3\II\4I\II5
H-Ks H-Ks
. r
) The Distance to the GC
=
- W A
o Ks HKs 8§ 8 8 8
Voo ( 05 M) ¥ f
101
v (Z/z 0.1) :
4 He 3
12F
(] Alves 2000, Bonatto et al. _ 7
2004 Mks= 159+ 0.03 14- -
3
® 161
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The Distance to the GC
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Frogel et al. (1999)

1. -_HlIIII!H\IHIlIHE
(Noguchi 1998) = _ :
: i §H°\||||'\|H|||H§
1 -5 0 5 1
[Fe/H]
Ksvs. (JKs) CMD
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Macro lens toward the Galactic Center

Kouji Ohnishi

Nagano National College of Technology
Mizuhiko Hosokawa '
Mt
f’"—r@ﬁlo > JFukushi

1. Introduction
Detection of Galactic Rotation of Solar System
phase-referenced to QSOs J1748-291(W109) J1745-283(W56)
¢ Reid et al. 1999 VLBA 43GHz,2yr
e Backer & Sramek 1999 VLA 4.9GHz, 17yr
* Reid et al. 2004 VLBA 43GHz,9yr
° GC441
) \/“JS SgrA I 0.7° =100pc
SgrA* L] L)
1 e
° ,
8kpC W109 1-1°
6mas/ yr = 220km/ s
\ 8kpc
VLBI observation of SgrA* =>6mas/y




1. Introduction
Various effect in the apparent motion

Table 1. Various effects in the apparent motion
Sgr A* QS0s
Nature Secular Periodic Secular Random
Magnitude 6 mas/yr 250pas/yr 0.6pas/yr 10pas/yr
Cause Galactic Rotation ~ Annual Parallax Macro Lens  Microlensing

1. Introduction
Gravitational Lens effect to the G.C.

Micro Lens effect | Macro Lens effect

of reference QSOs of reference QSOs
by the star near the line of by galactic potential
sight to G.C near the line of sight to G.C

Individual Star Group of Stars
(1) SgrA* (Massive BH)
(2) Core

3) Bulge
Astrometric (3) Bulg

Microlensing | Macro Lens

(Hosokawa,et al 2002 ) (Ohnishi, et al. 2003)




2. Astrometric Macro-lens

1. Column density A

2. Column Total Mass within L

3. Gravitational Deflection

9=
L

Pass of ray

2. Astrometric Macro-lens

o ="
L

AB

AO(L) = [27;2(L) _m(L) )AL

LZ

If=  Constant AQ(L) = 72,AL




2. Astrometric Macro-lens
Illustration of Shift by Bulge Motion

Lens Plane ¥

3. Astrometric Macro-lens in our Galaxy
Adopted Galactic Model

Alexander & Sternberg (1999) CO re + B U I g e + D iS k

Characteristic Length Scale

Core Bulge disk
3Kkpc

_ P i
pcore(r) - 1+3(r/rc)2 Po :4X106MSJM pC 3’rc =038pc
r, =3000pc

Disk and Halo contribution is negligible




A. Astrometric Macro-lens in our Galaxy
Column Density of Core and Bulge

Lo SEEiEE
Msun/pc™2 PE0TN CO re
\
Log 2 . 100pc
. 50000 N
Column density [
"Bulge
10000 H e e e
[ ———————— .
5000 N
N\

1 5 10 50 100 500 1000 L Og
Log Impact parameter [pc])

A. Astrometric Macro-lens in our Galaxy

"ozl Total Mass inside the Impact Parameter

1. 10t

bulge
1. 10 g /
4" ,l
// P
/A
1. 10 ~
 E— > 4l
>4
core 7
> 7
/
1. 10 ,‘/ /
—
/'I /
prd 7
r 7/
1. 107
y4 V.
4
4
AU [
10 20 50 100 200 500 1000 2000




3. Astrometric Macro-lens in our Galaxy

Effect of Core Motion
Log = b,

\ )

[100000.

10000

1000

510 T To0 500 10* | ‘ ) S/ ‘
Log Impact parameter [pc]) \ /
Core column density ;“

4u as/10yr @100pc

= 1, (1-cos2¢) ] ) vy
= . (—sin2¢) He =246 as,loyr[lOOpc][4><106M;n/ pc3j[0.38pc] [220km/s]

3. Astrometric Macro-lens in our Galaxy
Effect of Core Motion

5°L 4 "50

1 —cos 2¢ sin 2¢)
Hex = 0.027 ( IJ ¢) JHas, fey, = —0.027 (“Hl ()) JIEES
a ¢




3. Astrometric Macro-lens in our Galaxy

Effect of Bulge Motion
Log“Z
1 .
——rn
Log |mpact parameter [pc])
Bulge column density

s ,uB=2,uaS/10yr( £(100 pe) j 2u as/10yr
U

6x10°M,, / pc?

3. Astrometric Macro-lens in our Galaxy

Effect of Bulge Motion

A I S T Y

~ vy vy v

A » » [

~ % » » i

LY

A R Y

° S v oN
11 NT

h ~ » »

s » r r

- 5 »r r

VAR R S 2

) IR M I tnse = exp(—d)(1 4 cos 2¢) x 0.2pas

Psy = exp(—d)sin2¢ x 0.2puas .
-d

Dbme = — (%) cos 2¢ x 0.2pas

L—(1+d))e
By = — (%) sin 2¢ x 0.2pas .




3. Astrometric Macro-lens in our Galaxy
Collective Motion

e Secular proper motion of QSOs
e More than 1000yr!

J1751-253

¥>

50

Bulge

3. Astrometric Macro-lens in our Galaxy
Total Effect
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| -~ = T Y > H
| S S hala i N
T » ) b o oa - R S
VY 7 s e [T Y M
VYV ) ) & osa— — Y % Ny )
T P s s T N N ) g
o
100 Ll _ - - - e o = - - - -10
4 N Y YO T .o & a4 » TN
PR S T P U S SRR
R A i
U T B S - & oy
U A T . . T Y S 4
LI S R VR A
YA Y Y W W - - - & s, )




3. Astrometric Macro-lens in our Galaxy

PIVTH ara | TS s

PR P et T

Total Effect
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3. Astrometric Macro-lens in our Galaxy

Internal Motion
D

+2uas/10yr  geuug

—2pes/10yr +2pas/10 yr




3. Astrometric Macro-lens in our Galaxy
Total Effect
100 \]1700 Table 3. Internal motion of the apparent places of QSOs
| R RV D - = Y _% % % )
| R A A S S Y
SESTPEE ¥4 NN
AR S N N W56-W109 -0.20
Vs s TR Y N W109-GC441 | 0.19
~— »
A1 s> A DR GC104W56 | 0.15
= = = Q== = = = = = - J1751-W59 -0.21
1004 [ :, - 4 » 7 A '100 K =
J1751-J1713 0.05
VR S T T e B Y A A |
b SR80~ s s s ey JI751-J1820 | -0.08
VY@ T e s s QS0 2 FEDREMDZE (yas/yr.)o
[ T I S N — . s
N A S - 4 - » » » 14
[ S S TR - « s oy o)

3. Astrometric Macro-lens in our Galaxy

Mass/Luminosity ratio
O]
=u.+7T
H= He™ 21 1 2uas/l0yr

}L\N

—2pas/10 yr

C441

+ 2as/10 yr

)

10 M aslyr




3. Astrometric Macro-lens in our Galaxy

= o+ g

Table 6. T

Name H1 Hs Mo
W56-W109 -0.20 047 1.16
W109-GC441 | 0.19 -0.19 -0.66
GC104-W56 0.15 042 1.08
J1751-W59 -0.21 -0.64 -1.25
J1751-J1713 005 037 077

J1751-J1820 | -0.08 0.40 (.82
QSO 2 REDOEEA DZE (pas/yr.)o

Fig. 7. MASSLUMI.

Sl

Macro lens effect of Galaxy is important

Apparent Motion of QSOs

Internal Collective
Core Core + Bulge
2 as/10yr

2-6u as/10yr

The collective gravitational deflection by the bulge, that is called MACRO-Lens, are observable
magnitude. This effect reaches 0.6 micro-arcsecond/yr and it has a secular component.

The measurement of these effects will provide us valuable
information on the visible and dark matter density and mass
function of the Galactic Center.




5-2

SgrA* QSOs
Secular Secular
6 mas/yr 0.6 as/yr
Galactic Rotation | Macro Lens
Periodic Z?\g?a?;r;ars)
iSO” aILSF{ yr " 10y as/yr
nnual Farafiax Microlensing

3. Astrometric Macro-lens in our Galaxy

Table 3. Internal motion of the apparent places of QSOs

Name I
W56-W109 -0.20
W109-GC441 | 0.19
GC104-W56 0.15
J1751-W59 -0.21
J1751-J1713 0.05

J1751-J1820 | -0.08
QSO 2 [ DBEADZHE (pas/yr.)o




[ERAIZREAFLE2006] :
SIO Maser Survey of the Inner

Bar of the Galactic Bulge

HAMEE (Fadl)

BASR(VERA-EBIES) . RAE (F&HH) . Rl
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Al BE/
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Spitzer image

1.9x1.4 deg

3.6-8um

2004/5F & E £

#8 100479 hours [

Hig : 20+16 B
(2--5R8)

b (deg)

BRI AT SERSRY (2005) |

50 h/ 79h = 63 %

GC: 291 objects
163 detections (bias)

Except central 30’
(180/~400) g

Deguchi et al. 2004
PASJ 56, 261
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L-V diagram | ;
(overlay CO map) ™| - = &=

00

1. £291/1631& 3.1z
2. High-velocity stars | L‘ Mabal.
VIsr|>250 km/s £ ofee® Th s -

3. Inner Bar
4. No parallelogram

5. x; and x, family
orbits

Bulge bar SFEIE
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Inner Bar Objects
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Stellar orbit

outer bulge inner bar

| (deg) | (deg)
P L s crossing
*E‘“Z: |' I| : sz: : orbit -> hlgh
Sl | I‘l s | velocity objects
l-v “" 150\“ X2 orbits
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i T e e 7\
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Corrected K magnitude

12

Kc= K-1.4[(H-K)-0.5]
[Nishiyama et al. 2004]

10

Interstellar &

circumstellar S |
extinction 6

Re-emission not l
considered I

H-K (mag)

2MASS+MSX images

~4°x1.5°




Spitzer Glimpse Result
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Figure 5. Lefi: effective potential in the standard o, . = 207 bar model for i = #0km ! ]cpc'l, showing the usual four Lagrangian points in the comotation
region. Right: For (s, = 55km s~ kpe~". Because the mass peaks in fe dise ~3 kype down the minor axis of the bar now contribute significantly to the potential
mear the increased corotation radius, there are eight Lagrangian points near comtation for this pattern speed.




New View of Molecular Gas
Distribution of the Southern Sky
CO Surveyswith NANTEN

Toshikazu Onishi (Nagoya Univ.)
and NANTEN group

NANTEN Telescope

A 4-m mm-submm telescope

Molecular cloud survey in the Galaxy, LMC,
and SMC

Since 1996 (transferred from Nagoya Univ.)
at Las Campanas Observatory

Upgrade: NANTENZ2 project




NANTEN

NANTEN
= (Southern Sky)

Diameter: 4m
CFRP + conductive paint

85-115GHz, mainly CO (J=1-0)
Beam size 2.6 arcmin (@115GHz)
SISreceiver + 2 AOS backend
Velocity Res. 0.1 or 0.6 km/s
Band Width 100 or 500 km/s
Tsys~ 140K @110GHz

~170-270K @ 115GHz

Galactic Plane Survey in Southern Sky

Magellanic Clouds (LMC and SMC)

High-mass star forming region (GMCs)

— Carina, Centaurus, Orion, Bright-Rimmed Clouds,
SNRs and Supershells

—VelaSNR, Gum Nebula, Carina Flare

Galactic Center

L ow-mass star forming region (Dense cores)

— Ophuichus, Lupus, Chamaeleon, Pipe Nebula
Galactic High-Latitude Molecular Clouds

— Aquila, Infrared-Excess Cloud, High-L atitude Survey




GMCsinthe LMC by NANTEN

Y ellow:
CO J=1-0

at 2.6mm

200 po

Contoursfrom 1.2 Kkm/s Interval 1.2 Kkm/s Fukui et al. (2001)

— Yamamoto et al. (2003, 2006)
— (~100pc)

— Matsunaga et al. (2001)
Warp
— Nakagawa et al. (2005)




Side view

1.0 00 1.0 20 3.0 4.0 log(W(SFD100) [MJysr'])

SFD100 1 m (Schlegel et al. 1998)

Galactic Latitude (degree)

Galactic Longitude (degree)




HI

68
12C0O(J=1-0) W CO iRt &5

+ CO D ShAh > = FRIMEBRE

CO =32/68 (47%) * AT R EEE

[ ATA] TERATEROESE

4
+
*
//

/
=

—60

Onishi et al. 2001

)=F, Sx N(HI) O

Dust
a5 10 Dust ratio

Dust

Gas to Dust ratio
(Blitz et al. 1990)

> CO




CO

LI —
SFD100#m (Schiegel etal. 1998) = | ™" ™1 100 W(SFD100 m)iMJy sr1)

Galactic Latitude (Degree)

Galactic Longitude (Degree)

CO

Arcl: MBM 53, 54, 55

20 4.0 log( W(SFD100 ¢ m)[MJy sr-1] )

-12C0,13C0O,C180(J=1-0)

1) 12C0(J=1-0)
Magnani et al. (1985)
MBM 53, 54, 55
HI
Gir et al. (1994)
HI
3)
Welty et al. (1998) 150pc

Galactic Latitude (Degree)

Arc2:

e " 2>12C0,13C0O(J=1-0)
110 100 80

Galactic Longitude (Degree) 1) 12C0O(J=1-0)
Magnani et al. (1985)
MBM 1, 2




- 12C0O(J=1-0)

: N(H, 7.7x 10° cm? : N(H,)=1.5x 10% cm2
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A MBM12 (Pound et al. 1990
o MBM 53, 54, 55 EUHRBA FEEEHF
o SHYREREORBEIL— THEIZfHHET HHFE

Galactic Latitude (Degree)

Koyama & Inutsuka (2002)

1.06 %105 4
Jeans Length - ==
shocked layer
106 0.2x 0.1 pc
(n > 100 cm®)




12CO HI

tHI (-19.7<V, (x<1.0 km s°%)
:12CO

/
Jd L

HI cloud

Gir et al. (1994) HI

Galactic Latitude (Degree)
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Galactic Longitude (Degree)
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Discovery of Carinaflare  Fukuieta. 1999

color :IRAS100 Om
contour : 2CO

‘M  Msun
*500pc distant from disk

eInduced high mass star formation

*Not identified by HI, Columbia survey

Galactic Latitude (Degree)

kpc

ia: 13.5 kpe

w B R0=85kpc 14 5kpc

L
10 15 20

R (kpe) — i
. Tl 13— Mo cufaco denicy 0 a foncion of glactcenti radivs f R - 145 kpC (RObI netal. 1992)

cut-off R=13.5Kkpc (Heyer et al. 1998)

- 14.5 kpc

Molecular Cloudsin the Galactic Warp
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Molecular Cloudsin the Galactic Warp




Galactic Latitude [deg.]

Galactic Latitude (Degree)

12C0(J=1-0)

252

n
o

o

)
o

<| <266

/
'
i

'
'

\‘Inner disk ;
Ro=8.5kpc AR

- - Outer Galaxy

with NANTEN 1)

-5 <b<-1 . 2
3)

Garina observed area

KERAT Ly

W
&8

25800 257.80 257
Galactic Longituc

R=14.5 kpc

» :
"~ Chamaeleon

Molecular Cloudsin the Galactic Warp

R=16.9 [kpc]
co = 780 [Mo]

56 [dey?]

0.08 [K]

0.35

1.25[ /deg?]
1070 [Lo/deg?]

5pc

257.30 257.20
Galactic Longitude (degree) Vian [km 51

Molecular Cloudsin the Galactic Warp




5 D EEEE [kpc)
1) Warped disk : R~ 13-14 kpc
2) s dz - R
R=17 kpc

Molecular Cloudsin the Galactic Warp
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Nagoya RX
SiO maser 86GHz 3.5 (HPBW)
CO(J=1-0) 115GHz 2”6 (HPBW)
CO(J=2-1)230GHz 1’3 (HPBW)
CO(J=3-2) 345GHz 0.9 (HPBW)
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60cm
12C0O(2-1)/13C0O(2-1)

60cm 2SB

— Disk: radia-structure, arm-interarm, z-structure

— Galactic shock model




« 10 @85kpc=l  @5Mpc
— edge-on —

i
e Large coverage

* Dense sampling

— Nyquist sampling: sampling grid  1/2 beamsize

— Sawadaet al.( )




Face-on view
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60cm

Galactic Plane Survey

- :20° [/ 60°
— grid spacing 1/8deg=b
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Sakamoto et al. (1995,1997), Handa et al. (2002)
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Radial Distributions
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Hartmann & Burton (1997): 0.5° <1< 240°

Kerr et al. (1986): 240.5° <1< 350°

Burton & Listz (1983): 350° << 3595°
05° , 1.0 - 55 km/s
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inner Galaxy R<R;) : Clemens(1985)
outer Galaxy R> R, ) : Dehnen & Binney (1998)

1 R =8.0kpc,
| v,=217km/s

Rotation velocity Vr (km/s

- Inner Galaxy Outer Galaxy
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Galactocentric distance {(kpc

T,(lb,Vr) > n(R,6

Vr

- r

200

V, = (R\V(R)/R — V) sinl cosb
R2 = R,% + 12 — 2rR, cos |

100
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I,b: r:
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Radial velocity Vr (km/s,

-100
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—200

n =CT,AV/Ar
C=1.82 x 108 (HI),
C=1.80 x 10%0 (CO; Dame et al. 2001)

Heliocentric distance (kpc




Near-far problem

Radial velocity (=

Inner Galaxy

Radial velocity Vr (km/s,

Near-far problem)

Heliocentric distance (kpc

- Near-far

Near-far problem
y4 Spitzer 1942

ny[em-8]=ny,, sech?((z — zo)/h

(Nhio1r 201, Npyops Z0y)

nylem=3] = (ny,0; Sech?((r; tan b —zo,)/h
Nz SECh?((r, tan b — zo,)/h))/cos b

HI column density [102° em™2]

(Nhio1s 201 s Npyigy Z0,)

fitting Near-far
problem
Inner Galaxy
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Galactic Latitude b [degree]
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Velo-to-Space Transform

Hl(red)+H2(green)
Nakanishi 2005
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FiG, 4.~—Distribution of Wutral hydrogen in the Galactic Systens. WThe maximum densities in
the z=divection arfprojected o the galactic plane, and contirs are drawn through the
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Approximate
R for V=VO

50 100 150
Velo gradient km per sec per deg

-2 ] 2 4 (4] 8 10
Velo gradient km per sec per deg

Contributions to dv/dl by

Non-circular motion
Streaming motion
Expanding motion
Contraction

Random motion of clouds

are << |dv/dl | by circular rotation
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LV Slope

0\Vle]

[km/s/degree]

200km s—1 dl°
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R=R, (L) (mo.zsai) kpc],

Iteration:
V=Vo, R, V=V(R), R, V=V(R),
...., R (final)




e radial velocity R Iterated R, r=80_ R
{lom 571 deg—) {km s~1) (kpey  (kpe) {kpc)

Iteration
result

CO LV ridges in figure 6a

1.4 5.7 Rs=6.5 2.5
21 15 5.0 Ry=56 2.4
6.1 21 3.3 fia = 3.3 4.7
4.9 -27 3.3 fa =3.3 1.7
B.6 a7 2.3 Ry =23 5.7
2.0 o7 8.1 Ra =57 2.3
152 -30 0.18 T.72
250 (1) 011 785
71 -131 0.37 Ry =0.54 7.6
28 170 .89 Ra=10.26 T.74
CO and HI LV ridges in figure 6b
0.10 4.6 7B Ay =78 0.2
0.12 0.7 7T By =77 0.3
0.8 7.5 6.4 Rs="T1 0.8
1.2 5.3 A
8.4 4.9 2.6
4.1 -5.1 3.7 A5 =3.9 4.1
4.4 4.0 3.5 Ry =34 4.4
4.6 -52 3.5 3.5 4.5
4.9 -50 3 =32 4.8
6.8 -49 2T =246 5.7
-1.1 4.8 11.7 -1
-2.31 13.0 23.6 ftg =24 8
-0.28 0.4 a7 Ry =84 0.6
088 B3 10.7 g =132 28
Radial velocity  Tterated R;  Arm identification’
[ Y (kpe}
=30 0.28 GC molecular ring: Arm I (Sofue 1995a}
i d e ntifi Cati O n il .15 GC molecular ring: Arm T
-131 0.54 GC expanding ring
170 .26

Fkpe Expanding ring

2 o bn

3.1+0.4

3 Expanding Ring beyond GC
T

4-kpe molecular ring

Seutum-Criex arm

Sgr-Carina/Local arm

8.3 13 Persens arm

4.8 16 COter arm bevond GO

13.0 24 Outermost arm bevond GO
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Referee’s comment

It's debatable whether this paper is orthy of
publication since the transformation of Galactic Fings into
LV lines has been cOmMmon knowledge among galactic

astronomers for decades and much more general model
fits of spiral loops in CO and HI LV diagrams have been carried
out by many researchers over the past fifty years. The fitting in
the present paper can be considered rather myopic in the
sense that it fits only small sections of arms toward the center
and anti-center.

still, since | know of NO Other study that discusses
specifically the use of stripe slo_es as distance
indicators in directions commonly considered to be the MOSt
difficult for distance determination, | recommend

publication after the discussion of the various effects that
can modify the slope of a stripe is made more rigorous.
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ISM in galactic disks
Cloudlet§ Hot bubbles B
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Dense gas Diffuse gas

Universal? PDF of the ISM in galaxies

Log-Normal part: Highly inhomogeneous.
Higher density gases occupy smaller volumes.
Structures of dense gases are not independent of lower density

gases.

=01l
5n5n 1= 5010 0

§| :independent events

Log(Volume)

In(p,) > N(u,°)
n— oo

‘ Central limit theorem ‘

S: Smoothed part

Log(densi
og(density) (high-z gas dominated)

Globally stable disk == PDF does not evolve




3-D Hydrodynamics of a gas disk in a
spherical galactic potential

Stellar/DM potential: fixed

5122x64 grid point
Resolution: 5pc/giie

Evolution/Structure of a galactic gas disk
-- 3-D Hydrodynamic Modeling --

’ Initial conditions and input physicsi

» Rotationally supported, uniform disk in a fixed spherical
potential (bulge + supermassive BH)

» Self-gravity of the gas
¢ A cooling function (10<T< 108 K) is assumed.

» Heating sources: uniform UV
— No Stellar energy feedback

Methods: AUSM w/ uniform grid+ Poisson eq. Solver(FFT)
CPU time: ~ 10-200 hours/run
on Fujitsu VPP5000 32 PEs (0.3 TF) in NAOJ

Wada & Norman (2001,2003), Wada (2001), Wada, Meurer, Norman(2002)




3-D evolution of a galactic
disk

2.56kpc x 2.56kpc x 0.32kpc

Resolution: 10 pc~ Ligans. min

Evolution of PDF in 3-D galactic disk
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|
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Log(volume)

2
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—

Initial condition

—

Log(density)




Volume-weighted density
PDF in a steady-state

T T T T ]

In(p/{p))?
exp [ {,;g\f = j|a'ln i

Log(volume)

Log(denéity)

Resolution dependence

256x256x32

A =10pd.

512x512x64 &

A =5pc

T nin ~ 140 K (density/10M,,, pc3)(A /10pc)?




Density PDF in a 3-D galactic disk

resolution =10pc

- T T T T

Log(Hhg)

"—+ -z ]
Log[dermity]

Log (/Mg

resolution =5pc

Dependence
of total gas
mass

Less massive

'y

v

massive




How is the dispersion in LN-PDF
determined?

» Suppose LN-PDF, PDF could respond
for increasing total gas mass as follows:

g22

(1) Reference density is const.,| (2) Dispersion is the same, &
& dispersion increases. Reference density increases.

Mass- Welghted denS|ty PDF —FEor LN-PDE

M1x10°My 3.0%x10°M, Pom — Pov€
E 0—301 T 0—274
= d
In more
"I 1| massive
- 11 disks, the LN-
o 3 dispersion
LE L. 5 X 10 J\/é_@_ 9.49 is larger.

109 (M M}
1




PDF & star formation

Log(Volume)

: Dense gas involved in
: star formation
e

LN

Log(densiiil)" I
critical density
e.g. n=10* cm

Whether the system is stable/unstable
is independent of the local star formation.

SFR in the ISM characterized by LN-PDF

Gas mass
involving
LN pdf
Fraction of gas denser than a critical density:
_ Jias.O€XP [—i%’—] d(Ins)
ﬂ(oc) — - Ind)? s 5 _
[ DCI()CXp {_ig—(ﬂ}—} a’(]n(S) c = Pc/PO
1 2
= SFlb— Z Ind, —o°/2
= I~ Ed]] 26 = M= 7/2

V20




SFR as a function of average gas density
based on the LN-pdf model

» Higher SFR for lower critical density
» For higher critical density, SF is more sensitive for increasing gas
mass

. Log(SFR)

1 ©i1s 2 2.5 3
Log(average gas density)

o/p; = £eT (1+ Erflo/v2))

* kpc ISM
— Log-Normal PDF
SNe
. ISM critical density
— Dispersion total gas mass

e Universal Robust

— Schmidt e.g.
sub-grid physics)

e Starburst mode
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Fig. 2a and b. The age-metallicity relation (AMR):
a [Fe/H] and ages for 536 stars of our AMR sample.
The boxes indicate the widths of the age ranges and
the dispersions in [Fe/H], respectively, in the age
bins. b The mean AMR (full crcles) in comparison
with the data from Twarog (1980b; crosses), Carl-
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the oldest stars is the corresponding data point when
the three stars with ages in excess of 15Gyr are
included, however, with ages of 15 Gyr (dashed-dot-
ted line as age limit in this case, Also shown is the
AMR for the relative metal abundance [Me/H]
(small dots with error bars) using the photometric
calibration from Nissen (1981) and Ardeberg et al.
(1983)
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4. Discussion
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‘5. Conclusion

# disk heating
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mdp/dr=- p GM() /r?2,
m M()=[ 4mpr2dr.

m p(r) = m n(r),
s p=mn)oc? ,
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Dwarfs, LSBG, bulgeless-normal galaxies
constant—density cores Gentile et all. 2004)

o(DM) = 0.73 (Simon et al.
20/0)5))

BH

Flat rotation curve 0.1 ~ 200 kpc? (Sofue & Rubin 2001).

o~ 2 BH

Flat rotation curves
Stellar
clusters BHs

( Strong lensing)
CL 0024+1654 (Tyson et al. 1998)
A1689 (Breadhurst et al. 2005)
(o=1)

Radial & tangential critical curves
a=0.52 (Sand et al. 2004)

A383:

cD galaxy
(Smith et al. 2001)




Toelman-Oppenheimer-Volkofif

(Nakajima 2006a)

n A1689  flat top eV
mass
(Nakajima & Morikawa 2006b).

P ocp p =1

Fermi gas
=1 dp/dr = 0 flat top.

flat top
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m e\/ mass particles cluster core scale
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m Thermall energy.
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Paczynski's suggestion 1986
Discovery of Macho 1993
Famous debates in 1998

(1) KREERIMIKREDFER
Discovery of Planet

by OGLE and MOA 2003

Macho = MAssive Compact Halo Objects
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PLANET Earth

Click on the names to obtain descriptions and images of PLANET telescopes

Perth 0.6m —

Sutherland 1.0m

back 1o the PLANET Homepage
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Self lensing &EE>2DH ?

A Summary of Debates around July 1998

Do Machos really exist 2?
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Two big characters of the Small Magsllanic Cloud svents :

® the motion of the lens ohject is slow
® by the finite size source effect, they measured the speed and slow

® Unresolved { comment by M. Honma )




Microlensing Basics (2)
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Microlensing by Galactic MACHOs
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6. MOA 2000-2004 FEE DB

IMOA telescope & camera
" Mt.John University Observatory

New Zealand 43° 59.2° S
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One tip of CCD
ngbl-1
Dophot 50 min
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green zone 1/32




Ngbl-1 (1/32) 8005 [EH%/32=25K

DIA (Difference Imaging Analysis)

before Subtract after Subtract




7. KIZ2NEREHEE
R I ARZERS

Microlensing By Star Wit

FAACh W J; X

5
{8t Lens Starand Flanet

‘,’ / 1-7 kpe from Sun

Planet
'
Source Sun
Star
Lens Star ;

-t
L

..qh\- N T

L Magnification by Deviation
"~ Stellar Lens due to
Planet

(3~}

magnification

0
time in days




RKILDKERINDERE) X

1 2
Orbital Semimajor Axis (AU)
—tC,

ANBRNERZE

KEDEYZREEITHIENEREN S

CHITEEBERDNATATIZEOOMN?

HRNIIRIDDIFENDESIZLD

KX EZRNSDETBRAEENLVXDH

ZZIZMOA-OGLE~DEAFAH S




AERNEEHLER

L CIAD
BREEE T,

=

R TE
; FEE» T
AU AL X

a2 [

KE

i sl
1 10

IEFE(R &)

hebitable zone

OGLE 2003-BLG-235
MOA 2003-BLG-53 event

T ]
F OGLE data i ElN

2500 3000

Magnification

Il | Il Il
———+—
[ MOA data in
- 1-day bins

Magnification

2840 2860
HJD — 2450000




Finite source effectz{E>&faI Ao B H

1. Source starDENLEDKESNHEETED
SEIEXG-starT F{/AI=19.7F M5
SRAIPIDEIDETHASZ ENHM D, (8kpe)
. FHEEDHRFAN LMD,

( £[E11X0.50+£0.05 i arc sec)
L FRHELUARIKDIERHEREINKRED

4 [B](ZR*=5.8x105km, 1.4hours, v=50km/s)
. FBELUARKDEInstein £ EMNRES

(5 [E1E50km x 61days/2=1.3x108km=1AU)

MOA-2003-BLG-53 OGLE2003-BLG-235 event
APJL 606 (2004) L155

Magnification

®OGLE
OMOA ]
(binned) |

X 1 1 | 1 1 ‘ 1 | 1 1 ‘ 1 1 1 1 2
2835 2840 2845 2850
HJID — 2450000




» Fit parameter
t- =61.6 = 1.8 days
Upin= 0.133 £0.003
Aprojection = 1'12RE
Mpianet/Msource™
0.0039 *=0.007
t*= 0.059 *=0.007 days or
6 */ 6 ==0.00096
+0.00011

N

Dyon=5.2kpc, M,,,=0.36 \

B .__Einstein ring

Planet mass=1.5J +0.1-1.2 \ SOH
planet  ~
3AU +0.1+1.7 AU b

~

nature event
200548 H9HIZR DM - E

o
16 E
15 E

Y]
(4]

mn
T

1d gy

CE. 24 - planetary
[ | p L3t ldeviationl
1 L 1 1

2000 3000 Jbagz 3593 —

—

* OGLE | __—"" < Denish
Robonet * Perth
* Canopus } * MOA

1 | 1
3580
JD — 2450000

o
w

—

Magnification

-

w [
[Il[l][l][lllll[ll[l]

—




JLIRICFIFAL=2

e R

QGLE, 2005:BLG=390 ",




"KERDAH DINTGA—F—

FaE
FRELTHALI-E2NHE
PREE: 2.8ANEMNGT-. BRI RIEEDE
HZ: KEBDIGEDFREBEEE
EERE: 2.2ANEMNGT, BRI R
EE(IE)' KEBED1/5
(FX2): HuIk?D5.5(F
L) B ,D\E(ijtllﬁ Bk 0D 2.615
BE: BT -220ELFHE

SEOERDEFHESR

(o). M 5 = 1:.60] (d) observation

104 g

Qo
W

EIL//Z{%'
Uif%i'fiifﬁu

M, [Earth mass]
—_ —
o ©
- o

—
o




8. MOA 1.8m NEZRME

LAKE TEKAPO

Mt. John observatory of Canterbury university
(1031m) Lake Tekapo (713m)
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1.8m ZEiRFEERE

[ Em EFLAL HHEB  F=2.94

[N LET T FA

Large CCD camera 8k x 10k T
2 FHEEZ—FICRELS!

Design of the new mosaic CCD camera(top view)




CCD Mount and Array

10 chips were mounted
in July 2004.
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Image of the Galactic Bulge

Observation target(LMC)

e 16 fields

» 300 seconds exposure
(@new moon)

* 90 minutes for 1 cycle




Observation target(SMC)

e 12 fields

» 300 seconds exposure
(@new moon)

e 70 minutes for 1 cycle

Observation target(GB)

o 23 fields =2.2deg?

» 100 seconds exposure
(@new moon)

« 60 minutes for 1 cycle
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DoPHOTIZ &2 ERIBI(LMC2) LR 57 5 4k
Stars/mag/arcmin

Limiting magnitude

» Estimating V-band limit magnitudes for
uncondensed field(Imc2) & dense
f|eId m08

Airm
Seelng. 1.5 arcsec

Readout noise: 3.7 ADU
Gain: 1.9 electrons/ADU

Imc2: sky background=21.63mag/arcsec?
-> Viimit = 22.8 mag(S/N>10)

Imc8: sky background=20.85mag/arcsec?

-> Viimit = 22.5 mag(S/N>10)
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observation rate=observation time / night time

Number of stars

« Estimation of observing number of stars in
whole our LMC fields

» assumption: core 3 fields, each region
we observe 12M stars/field;
outer 13 fields we see 5M stars/field

12.3Mstars * 3fields + 4.8Mstars * 13fields




Event rate

» Event rate can be estimated roughly
with observing number of stars

100Mstars * (365 /1) * €* T events/year
where t~80 days: event time scale,

€ . detection efficiency,

T ~107: optical depth

-> 46 * £ events/year
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Antarctica is also very high
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Microlensing Basics (1)
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the PLANET collaboration
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halo star + globular cluster
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@l Showease IMASS survey

The Infrared Sky The Milky way as cf
from a quarter billien stars in the 2MASS

SDSS survey

Thick disk revealed from F- and G- stars in SDSS DR3
(Prieto et al. 2005)

600
400

200 F

—-200
—400 [Fe/H]<—1.4

Vrot [km s7']

-600

2.0 2.5 3.0 35 4.0 —4
10, 21

«Vrot las|z|1
* no metallicity gradient
Hints for formation scenario
(e.g. heating by subhalos: Hayashi’s talk)




Dark matter distribution (by Moore) Subhalo impact on extended HI disks
I (Bekki & Chiba 2006, ApJL)

Data Model Data/Model - 1

Halo and disk structures
revealed from SDSS data '
(Juric et al. 2005)

g

Model: thin, thick disks, halo

R_&m Z+Zsun‘ .o

= exp ———=n 30l

P =po(Ran) p[ L m ]

7LEDPD(&un)exp[_R_Rg'm_ZJrZSLmJ g

L2 H2 ‘

+5HPD(Rsun %

R*+(z/qy)

L, = 2.40kpc ’
H, = 0.28kpc
L, = 3.50kpc

H, = 1.20kpc + substructures B
. —oo4 (20~40 more clumps -

s, —000L &€ expected)

g, =045
a=23




0.35 <r — i< 040 _

Most nearby satellite revealed from 2MASS
Canis Major (Martin et al. 2004)
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2MASS
Northern
Fluff
5 - - S
— ! ‘
451 ‘
~ L'
o ‘ -
’ ‘ Northern
-45 P . - Arm
. - - .
180 90 0 270 180 90 0 270 180
o LMC  smC

Fi6. 3.—Smoothed maps of the sky in equatorial coordinates for two coler-magnitude windows of the (nondereddened) ZMASS point-source catalog
filtered optimally to show the southetn ate (top) and the northetn atm (bottom): 11 < K, < 12 and 1.00< F K, < 1.05 (top) , and 12 < K, < 13 and
1.05 < J K, < 1.15 (botfonz). We show two eyeles around the sky to demonstrate the continuity of features.

Stream is confined onto an orbital plane
= round dark halo




Substructure in M31’s halo
(Ferguson et al. 2002)

7 (degrees)

£ (degrees)

(V, Ic) bands Subaru Wide Area Survey (Tanaka, M. et al. in prep.)

Keck DEIMOS
Keck LRIS
Ultra Deep HST ACS
HST ACS
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14 13
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Tentative results (Tanaka, M. et al. in prep)

Ma1 Field 10 Compearing Stream’s MDF and Pure Halo's MDF
T T T

red : Field 5 — 3828 stars
blue : Field 4 — 523 stars

- 02

w

5

=

‘g’ .

01 field halo
s
0

red : Field 6 — 2972 stars
blue : Field 4 — 523 stars

. 02

<

=1

i

(0
1 0 1 2 a 4 0 XXX A
V - lg (mag) 2 1 0

[re/u]

R R A D FHE

Extended

—Halo: pocr®, a~-3

— Thick disk: p «<exp(-z/H), H~1kpc
Lots of substructures

— Evidence for dwarf merging

Old age (>10Gyr)
[ @ /Fe] overabundant

CDM-based galaxy formation?




High-resolution numerical simulation

for a galactic collapse

(green: M=108-1010M_ , T>104K)

sun’

Moore et al. 2005, astro-ph/0510370

z=12

z=0

Spatial distribution of old stellar systems

e/ Perit,

— =~ stellarhalo ~ 12
O globular clusters

0 dwarf galaxies |3
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Moore et al. 2005
astro-ph/0510370

B(r)

Velocity distribution of 2.5 o density

peaks
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L anisotrgpic
: e
0.5 .
o B
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05| ]

0.001
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Diemand, Madau, Moore 2005

astro-ph/0506615




Field Horizontal Branch (FHB) stars as halo tracers

* Bright and many

= halo kinematics,

* Accurate distance is available

mass distribution of a dark halo

Yamada, M. (2006, Master thesis)
using 444 FHBs in Wilhelm et al. (1999)

1169 FHBs in Sirko et al. (2003)
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Jeans eq. in spherical limit

n oc 35V, = const.
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radially tangentially
anisotropic anisotropic
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Issues

o NA—XAEDZEEREEDIERE
— SRR BB R ER . T— 2R DHE
- BIREFDOFEH LM OREE

« A—ON\A—DKBHWLEEEN
—-HREE. .. Y TRNS9Fv—

o ERETF/INI— LB NFEELDREE
— BIMRAIEE DR

Wide-field, fiber-fed, multi-object spectrograph
(WFMOS)

 Dark energy survey (determination of w)
» Galactic archaeology survey

~4,500 targets in a FOV~1.5deg,
R~1,000 - 40,000
Operation 20127 ~

Table 1. Summary of the Baseline Survey Parameters

Survey Riim Target Total Total Total
(AB Surface Area Sample Survey
mag) | Density (deg?) Size (# Time'

(deg?) objects) | (hrs/nights)

Dark Energy | 22.7 1000 2000 2x10° 1530/153

z=05-13

Dark Energy | 245 2000 300 6x10° 1360/136

z=23-33

Galactic 17 500 3000 1.5x10° | 4900/490

High-Res

Galactic 21 1000 500 05x10° | 1400/140

Low-Res

! Includes factor of 1.7 to account for weather and assumes average of 10 hours per night.




Structure of Galactic Dark Halos




Coldl Dark Matter Model

Generic prediction
1. Near scale-invariance
= Rich small-scale structure

2. Objects form hierarchically:“bottom-up”
= Mergers unavoidable

Crisis on Small Scales
— pow and then -

Bright side

Feedback
(mechanical, radiative)




Cosmic Patchwork

CMB
(WMAP)
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Simulated cluster |
———— - Simulaled galaxy

= WVirgo cluster data

of hales

ber

.
Fornax ™.

Sagittarizs e,

w
=
=
o
E]
E
3
g

|
=

10% 10'% 101 1072 1013
Msun/h

Yoshida (2006, in prep.)




Wilkinson et al. (2005)
WHT wyffos

R > 1kpc

!

Tidal stripping

Cumulative number of halos

30
R (arcmin)

Zimulated cluster
Simulated galaxy i

= Virgo cluster data J

Sagittarizs




T

— all surviving halos

observable halos (z,>z,,) 1
A MW/M31 satellites

Neutralino

Bullock et al. (2001)
Benson et al. (2002)
Kravtsov et al. (2003)




Neutralinoes as Cold Dark Matter

Why neutralines;, Why net anything else ?
50Gev < mix < 10 TeV
Why annihilating 2

oV xx = 3 x 1027 / (Qx h?) cm?3 st
~3x 102 cm3 st
Totani (2004)

Dark matter annihilation

continuum/linge gamma-rays, e- , P, ap, V.

gammea=ray! EXCEss
POSItreN/antiproton eXCEess I COSMIC rays
firom particular regions




Gamma-rays firem Draco
- @ Smoeking| gun; ?

Integral

Placing cuts CACTUS Preliminary Entries T
on the total Mean  -0.1779E-01
Pulse Height “® 1m08
in the event
(energy) o,
reveals that
the excess All Data
is not visible 00
above about
150, which is
~160 GeV. 2000 ] [}
o

asoop £THT

00D a1 s

o

I L
1 15
Peter Marleau, UC-Davis TAUP, Sept 12, 2005

TAUP meeting, P. Marleau

(e.0. Gnedin et all, 2005)




Multi-level zoom-in technique

Simulated “Milky: Way* hale

M = 3x1012 Msun
mp = 4x106 Msun

3 runs
DMonly

DM + gas +
radiative cooling (

CC L CAandhanl,
g1 Tl voeuvuuin

Movie by Felix Stoehr

Oth

1S
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10.0000

DM only

<2%
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cooling




baryonic physics
SER; feelhack
GLAST




CDOM#EER R &R R D L PR
R BHEH (RRIE)

ref) Nagashima & Okamoto, 2006, ApJ in press
Nagashima & Yoshii, 2004, ApJ, 610, 23

1. Introduction — CDM#& & 2 BB 8
2. SRR A~ DERBTH T TO—F
3. R R DI HE R

4. BHEIT4—FN\vODERE|

5. Summary
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FZ ND[O/Fe], [Fe/H]

-MW-like£R 7] 1 0O{E D 14
-RERAZHELTLS
- G-dwarfRAREIR AL 7450

-CDM=*%H

TH. RARIE
Ens

EWEE: Kifone-zone model

(Yoshii, Tsujimoto & Notmoto 1996)
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G-dwarf problemé& D B {%

traditional (infall) model TI&. infall term Z{F174Z&T
G-dwarf problem Z[EEL7-,

ETIICEEDESBIFTMA I IRIFEL,
A ANTNDDH ?

free-fall £ cooling  timescale [FFHEEH LY +08EWL
TffNI/\/?NI.SGyr(1+Z)_3/2 < T,
Tou=kTIn A~0.5Gyr (TI10°K)(A/1077) (1+2)”° < T,

(F-o&FIE., 10GYrFRE D infall & HY BN
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CEMP star

Binary Scenario

— CH star

S-process Pop star

— CEMP star (Lucattelo et al.2005)

— S-process
— EMP satr

giant
[C/H]
CEMP-s

CEMP-nos
[Fe/H]<-4 )
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Binary Scenario
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Binary Scenario

Binary Scenario CEMP

0.5~100AU
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CEMP star
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: (review by Chabrier et al.2003)
% m>0.8M
(log m—IogO.22)2

oceXp —W m<08M
XU,

- (Duquennoy & Mayer 1991)

(log P - 4.8)°
2x 2.3

f (log P(day)) o exp[—

n(q)=const.  (=M,/M,)

350 ABT

T Table 2 Frequencies of secondary masses for late B-type stars

Nearby| M, (Mo)

15075 0.75-0.37 0.37-0.19 0.19-0.09

Lo 40

o B T

G-dwarf (Duguennoy & Mayer 1991)
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Fig. 7. Period distribution in the complete nearby G-dwarl sample, without (dashed line)
and with (continuous line) correction for detection biases. A Gaussian-like curve is rep-
resented whose parameters are given in the text
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¢ Third dredge up
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(s-process
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He-Flash Driven Deep Mixng

¢ 0.8~3.5M He flash driven deep mixing
— He shell flash

12C(p’y )lSN(e+,V )13C(a ’n)lﬁo




¢+ 3.5~6M :Third dredge up
EMP  s-process

¢+ SM
— Third dredge up hot bottom burning
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EMP star

¢ He flash driven deep mixing
— He coreflash
— H shell flash
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CEMP star

¢ Giant Dwarf

— CEMP star
IMF

— Giant Dwarf

ﬁary Sbenario

Giant : Sub giant : Dwarf 26 :4 :4
63%: 10% :27% (76% : 12% : 12%)
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G E N SO (Galaxy EvolutioN with the SPH methOd)

Cooling function
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« SPH

1. Massively Parallel Computer
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N | HOST | PROGRAPE 1
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Downsizing ( SDSS)

M. < 10190,

CDM

\ 8 | 10 i1
(M/M¢g)

(Kauffman, G. et al, MNRAS, 341, 54, 2003)

Substructure in Galactic Halo(1)
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Substructure in Galactic Halo (2)

@& Hayashi et al (2003), Stoehr et al (2002) .
o: 10km/s <==> V,: 30-50kn/s

Draco, Fornax,,,

& Kazantzidis et al. (2004)

o: 10km/s <==> V_: 20-30km/s

Substructure:
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Impact of reionization (1 )
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Typical Result (M=10"Msun,Zc=10)

1.245E+02

L 3
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>95% halos are
photo-evaporated.




@& Down sizing —
o -

UVfield @ 0<z<5

QSO proximity effect
I, =107**%°ergss'em™str* Hz"  (2<z<4)

Bajtlik, Duncan & Ostriker 1988 Giallongo et al. 1996
l,, =10 -10*ergs s'cm?str* Hz" (0.03<z<1)
Scott et a.2002, Kulkarni & Fall 1996

Shape truncation of HI at the edge of spirals
l,, =107**-10%ergs s'cm™str* Hz*  (z=0)
Maloney 1993, Colberi & Salpeter 1993, Dove & Shull 1994

Ha emission from HI cloud

I, <3.8x10%ergss’em™str*Hz* (z=0)
e.g. Weymann et a 2001




(Yoneya, Susa, Ohsuga 2006]
#Vc<20km/s

UVB

IModel of UVB
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Initial configuration

-
°
L

& Boundary condition
L]

Physics included

o
@ NFW fixed potential (M, z.]

@ Radiative Cooing by H, Metals (0.01 Zsun), H,
@ Transfer of ioinizing photons

@ Photoheating




Typical results
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Typical results
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Farf . Sagittarius Dwarf Galaxy .
e L ZE Al (HST,'NASA, .ESA)

Dwarf Spheroidal Galaxies

5 _'Nobu’LAfimoto (NAOJ; ToKyo)

- .

Two Distinct Ancient Populations
in the Dwarf Spheroidal Galaxy

Tolstoy et al. (2004) ApJL 617, 119

¢ The First Result from
(Dwarf ~bundances and Radial velocity Team )

E Tolstoy, M.J.Irwin, A.Helmi, G.Battaglia,

P.Jablonka, V.Hill, KAVenn, M.D.Shetrone,

B.Letarte, A ACole, F.Primas, P.Francois,
N.Arimoto, K.Sadakane, A Kaufer, T.Szeifert, T.Abe
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Radial Metallicity Gradient of RGBs
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Two Distinct Ancient Populations
in the Sculptor Dwarf Spheroidal Galaxy

* The Sculptor dSph contains two distinct stellar
components, one metal-rich, -0.9 > [Fe/H] > -
1.7, and one metal-poor, -1.7 > [Fe/H] > -2.8.

The metal-rich population is more centrally
concentrated than the metal-poor one, and on
average appears to have a lower velocity
dispersion c = 7 + 1 km/s, whereas metal-poor
stars have 0 =11 + 1 km/s.

What Mechanism Can Create Two Ancient
stellar Compositions in a Small dSph Galaxy?

The formation of these dSph galaxies began with an initial
burst of star formation, resulting in a stellar population with a
mean [Fe/H]<-2. Subsequent supernovae explosions would have
been sufficient to cause gas and metal loss such that star
formation was inhibited until the remaining gas could sink
dleenggziglto the center and begin star formation again (Mori et
al. .

Another possible cause is external influences, such as minor
mergers, or accretion of additional gas at later epoch.




Origin of Two Distinct Populations in
Dwarf Spheroidal Galaxies

.DM density V band at z=5.9 V band at z=0

25 0,
maqg arcsec

Hierarchical Growth (DM=287,491, gas=233,280)
Kawata, Arimoto, Cen & Gibson (2006)

Galactic Chemodynamics Code (GCD+)
Kawata & Gibson (2003) MNRAS 340, 908

Three dimensional tree N-body/smoothed particle
hydrodynamics (SPH) code which incorporates

Self-gravity,

Hydrodynamics,

Radiative cooling,

Star formation,

Supernovae feedback,

Metal enrichment by SNell and SNe Ia,
Mass-loss from intermediate mass stars,
Chemical enrichment history of gas and stars.




Evolution of the distribution of the dark matter (ttg)up), géss deﬁ'éity‘
(2nd), and K-band observed frame luminosity (bottom).

temperature l
-

metallicity I

—2 4] 2

3
E(ch'??ution of the distribution of the gas density (top),
the gas temperature (2"9), the iron abundance of gas (3).




No Star Formation at z<5.9 due to re-ionization and/or galactic wind.

redshift
10

Although some minor
mergers are involved, the
system is forming through

the smooth accretion.

: merging

merging :
. SNe feedback has a strong
effect on the gas dynamics, and
continuously blows out the gas
from the system. Continuous gas
accretion, however, leads to further
star formation but with low rate.

Metallicity Distribution

2} recos Sculptor dSph -
.1 i
[(e]
)
s IS , : ,
r<0.25 kpc 235 -3 -25 -2 —15 - 05 0
r>0.25 kpc [Fe/H]

M/Mtot




Strong Radial Metallicity Gradient

1 1.5 2.5
The MDF for the inner (outer) regigrt}pasga peak at [Fe/H] -14
([Fe/H] -1.9). We find this is just dt&¥6 the metallicity gradient
in the simulated system.

Velocity Dispersion Profile

0 ‘ ‘ — :
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[Fe/H]<-1.7 ]
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o — [

= A S 1

= ]

o

0 -
I

0.1 0.2 0.5 1 2

R (kpc)
Within the radius of about 0.6 kpc, the metal poor population
have larger velocity dispersion than the metal rich one.




Caveats

Our simulation demonstrates that a system formed at a high redshift
can reproduce the two stellar populations whose chemical and
dynamical properties are distinctive.

However,

* In the observational data, there are no stars at [Fe/H]<-2.8,

while the simulated galaxy has a significant fraction of stars with
such low metallicity (G-dwarf problem).

The velocity dispersion of our simulated galaxy is too
small compared with the observed values.

The V-band magnitude of the simulated galaxy (Mv=-7.23)
is also small compared with the Sculptor dSph (Mv=-10.7).

Role of SNela & SNell

T E T T T | T T T T | T T
: Tolstoy (2005) astro-ph, 05064

Stairiformation stopped at <1Gyr, well before
r SNela started to contribute significantly.
P P R R Scatter is very large, indicating a serious
-3 -2 = 0 problem of the current chemical evolution
model in the particle based simulation.
[Fe/H]




Role of Intermediate Mass Stars

H
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-4 -3 -2 -1
[o/H] m (Mg)

The enriched gas is blown out at a high redshift around z=17,
due to a strong feedback by SNell and relatively shallow potential
of subgalactic clumps. As a result, the chemical enrichment by the

massive stars becomes less important and the enrichment from

intermediate mass stars (4-8Mo) becomes important.

In the simulation dwarf spheroidals formed
via hierarchical clustering, but stars formed from
cold gas and stars at the galaxy center tend to form
from metal-enriched infall gas, which builds up
the metallicity gradient.

Infalling gas has larger rotational velocity
and small velocity dispersion.
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L Slncethedlscoveryof theMageIIanlcStream the
. dynamics of the Magellanic System is extensively
studied. Tidal models of the Galaxy-L M C=SM C
. .system succeesto reproducing the geometrlcaJ
. -and dynam I 'structure of the MS (Mur ai and
.FUJImOtO’ﬁ_ 80, Gardiner, Sawa and- Fujimoto:

©1994), and orbits of the LM C and SMC arewell
- determined.

; S8 However someproblemsareremam




h Remammg Problems

J Theorrgmsof theLl\/IC angls SI\/IC
" Did they |n|t|aIIy form assatelllte gaIaX|es of the
. Galaxy, or did they faII mtbtheGaIaxyfrom another
‘region. Pe __ﬁ -
. Large or bitals ang .
- Clouds ar ouERHEXCRIEV. :
" Thetidal model InwATCH -Magellamc Clouds
formed m"fhe neigy borhoqd ofithe Galaxy cannot

explam such Iarge bl,tal ahgular momenta.
s

Some questlns abu must be anSNered
through a mor e-global meI for theLGG. B

Sky Drstrlbutron of Hele

. Many dwar f: gaJaxr%aredlstrlbuted near the ™ !
* great circleperpendicular tothe galactic plane,

» Magellanic Str'eam Iiesalongthisgreat circle..
. Members 0)f I\7131%‘dlstr|buted near this

crrcle e \‘ww o

' @ suggestron

A big dynamlcal event occurred in e’ »
h ne|ghborhood ofthe Galaxy about 10 Gyr ago




Galactic coordinates (I, b)

e

e MW group
Plane of M’M

3-dimensional distribution of LGG

* Many LGG membersaredistributed in a
coplanar way :

An off- center ,. c

ME an(f‘thé " ilar éaiaxy, and compressed the
halo gasto form:the LGG dwarf galaxies.

-




) I=210° b=-10°
Face-on view

MW group

M31 group

Other group

I= 300° b=-10°

Edge-on view

MW group

M31 group




Galaxy Interaction and
dwarf galaxies

o A many young dwarfmgalawesare observed

g nd the V|0Iently merging gas-rich ‘!
ﬁues Deeg %al 199 fA & Ap Suppj

' g

el suggests the poss blTlty f'f%%v@mf
galaxies of L ocal Group are*f(b?med by the
.off_ -collision between the Galaxy and M 31

Colliding Galaxies NGC 4038 and NGC 4039 HST » WFPC2
PRCY7-34a » ST Scl OPO + October 21, 1997 « B, Whitmore (ST Scl) and NASA
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Scenario of our model

10 Gyr ago
5 Gyr ago
Two massive The newborn dwarf Present time
proto-galaxies galaxies are scattered on
made a off- the orbital plane of the M31 is again approaching us.

center collision. Galaxy and M31.

Assumptrdn

J M31 and theGaIaxy havemassNe halo
. Theradlusdf masaveha]glsQOO 300 kpc

. The radlus ta‘f thEpr'@tp galaxy ls 120 kpc
. The Colll.slon is occurred ab‘oUtllo Gyr ago
L LMC and SM Cwereformed by thecdllraon_ "

e .
-

-,

. AAT.,SI' Liy _,'
=t ﬂ.n:;rl-:--ﬂtt:tr‘a]:i;m_ Observatpny

5




*J Kéld 2005,
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‘Determination of the I\/I3lor bit3 |
' :.Theorbltsof LMC and SMC ofthat by e
Gardmer Sawal & Fujimoto (1994) - are used o

| 'Wesearch thel\/l31 orbltssuch asthe LMC :
~.and SMC areformed bythecolhsuon of M31
andtheGaIaxy - -

M31 : Probable orbit (LMC & SMC) ¢ © «19%e

® o <120kpc

Nearly perpendicular CNEE]
orbit to the galactic plane |::::: Gwieian

300

gzoo—ffii

iy + M aslyr / :4f:'.§”C'3lolu.r'1;[ér.cIockWise
L R
M b = U aS/yr . [Adopted M31 orbit
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*'atl on 'fetween_"_' he col IISI on

Orblts of the Gal axy group

'. . Angle between the orbltal pI anes of M31 and

. Dwarf gal axy Iocated.-ther.fo_rm‘ati on site about
10-1ZGyr o ' iy '




Sheet of score for model orhits
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Possible orbits 23/37 62%



10 Gyr Ago: Two massive proto-galaxies
made a off-center collision.

Proto MW

Proto M31




5 Gyr.ago: The newborn dwarf galaxies are scattered
on the orbital plane of the Galaxy and M31.

Preset time: M31 is again approaching us.
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I= 298° b=-10°

Edge-on view

HVC's Distribution in {lb) from the Sun
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AM odel oftheOrlgln ','ofHVCs |

HVC's Distribution in {lb) from the Sun
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Summary

-« LGG membersof theGaIaxy group and M31
group dIStI’Ibutelh _.coplanar way

< |tispossibletoe

. galaxresand SO
* center coIIrsr"on EIE
(SF model)

L TheGaIaxy and_ t have dark halo of
~. 200 - 300 kpc radius; r‘esbectlveiy ' '

o, V\/epredmtthepropﬁr mo‘tlon of M31 as e

foIIovvs Coal s

~pasivr’




etc.

1AU ~ 1 Mpc (10™1),

10 min ~ 13 Gyr (10"14)
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