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Kinematics of Nearby Stars

Properties of Nearby Stars : T T ' r ' 1

* Locel Association
= ® IC 2381 SC

A Hyades SC + Other YD stars

L)
— Most in orbit with the Sun around Galactic ™
Center

Stellar Kinematics Reveal Groups of
Stars with Common Space Motion

(Movmg groups) Q °
Eggan 1971, PASP, 83, 251, etc. E
— Dehen 1998, AJ, 115, 2384 =
— Montes et al. 2001, MNRAS, 328, 45 o
—  Metallicities Roughly Solar |
— Probably Associations
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Kinematics of Nearby Stars

. . Radial
High Velocity Stars velocity
— Subse.t .of Nearby Stars with Large Space Object; Space
Velocities i velocity
* Radial and Tangential :
 3-d Sl?ace motions not in direction of Galacitic d \ . Transverse
Rotation (Halo Stars) N ' velo city
— UV Excess and Metallicity A X
—  http://www.astro.ru.nl/uvex/Uvexcesscatalog. Proper
html Sun ﬁ motion
— Verbeck et al. 2012, MNRAS, 420, 1115
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Correlation Between Metallicity &
Kinematics

High Velocity Stars have Low
Metallicity

Space Motion Associated with Halo

Disk Stars in Orbit with Sun Around the
Galacitc Center

Eggen, et al. ApJ, 136, 748

Model: Continuous Collapse and
Enrichment of Galaxy

Age-Metalhaty Relation

Eggen (1970) Found Metallicity
Correlates with Age

Much of Trend is Selection Effect
Feltzing et al. (2001, A&A 377,911)
Old metal-rich stars exist

* Hotter (younger) Stars Show Trend

(exclusion of cool dwarfs results in selection
effect)

Correlations Between Metallicity & Kinematics
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Fig.13. Age-metallicity plots of different sub-samples from
Fig. 10 and Fig. 12. a) Stars with logTes > 3.83, b) stars
with 3.83 > log Tesr > 3.8, ¢) stars with 3.8 > log Teg > 3.77,
d) stars with 3.8 > log Tes > 3.75, e) stars with 3.75 > log Tes.
For clarity we only show [Me/H] > —1. All stars have, as be-
fore, My < 4.4 and o7 /Tmean < 0.5 and n > 2.



Distance (pc)

FIG. 4.—(a) Estimated distances from the Sun for stars in the present sample as a function of [Fe/H]. (b) Estimated distances above or below the
Galactic plane for stars in the present sample as a function of [Fe/H].

Distribution of Stellar Metallicities

Metallicity Distribution Function

Beers & Sommers-Larsen, 1995, ApJS,

96, 175
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Properties of the Thin Disk

Nearby Stars
—  Gould’s Belt (Nearest stars tilted wrt Disk)
—  Early spectral Types Found Closest to Plane
—  Local Strucuture in MW?

Multi-wavelength Surveys
— 21 cm Radio: Warm Gas

— Radio Continuum: Free-Free &
Synchrotron from Ionized Gas : . - v . radio confinuum (408 MHz)

—  Microwave: Cold Molecular gas
—  Far Infrared: Cool Dust
— Mid Infrared: Warm GaS = ] ) ] ‘ ‘ w{%? radio_continuum (2.5 6Hz)

atomic hydrogen

—  Near Infrared: Stars
—  Optical: Stars and Dust

molecula

- X'rays: HOt GaS ‘t . — . v ' ; infrured‘g
—  Gamma Rays: Highest Energy . o —— ’ el s S :
PartiCICS B : - . mid-infrared véh
! £
Maps Of the ISM at leferent i - S5 s o . ; b g . . near infr‘a[:ed E
Temperatures il S m——— o
optical
—  Cold Molecular Gas :
—  Warm Neutral Gas ~y . 3 w5 : TV x-ray
—  Hot Ionized Gas ' :
: . i e - :“l-"*‘w-" L - e - - 'sfm%:a).’
Multi-phase Gas in Pressure T e - - s, O AU SR Lo,
Equilibrium wa Multiwavelength Milky Way




Properties of the Stellar Disk

300 ' . S

Star Counts: Density Falls »
Exponentially with Height (z- 00
direction)

— Early-type Stars (young) Have Smallest -100
Scale Height (90pc) 560

— Later-type Stars (mixed) Have Larger Scale B0
Height (350pc) - - ‘ . ]

(Rocha-Pinto et al. 2004, AA 423, 517) 100

. o o

u (km/s)

Excessive Counts at Large |z|
Gilmore & Reid
— Thin Disk Dominates at Small |Z| |
—  Thick Disk Dominates at Large |Z| R " A "

. age (Gyr)
Model Including the Bulge , , o
Increase of the u peculiar velocity with age, for uncorrected

RVA4 Bulge (R, ~ 2.7 kpc, p,y ~ 15.1/arcsec? and corrected chromospheric ages.
(B), Ly ~3 x10° L,,, + Exp. Disk (right)

Bahcall & Soniera 1984, ApJS 55, 67 _

( p ) h, 350 +- 50 pc

u (km/s)

-100 -

-200

Summary (de Vaucouleurs & Pence hg = 5.0 +- 0.5 kpc
1978, AJ 83, 1163 & van der Kruit w(R,,,)=22.1+-0.3 (B)

1986, A&A 157, 230) L, (B)~1.8x10L



Properties of the HI Disk

HI Disk

— Hyperfine Structure Line (21
cm)

— Vertical Distribution Requires
Two Components (Dicky &
Lockman 1990)

e Thin Disk Scale Height: 1000-200 pc
e Thick Disk Scale Height: 1.6 kpc
» Disk Flares Beyond Solar Circle

— Radial Distribution

* ~ Constant surface density (R< 15
kpc)

*  Scale Length: 3.75 kpc

*  Outer Disk has Warp

— Total HI Mass

MMAN =27 v 108 M.

LA B IS B B s L B B B B B S { T
-

0.1 | - -

°
-

& -
-
0.05 - o -
- gt
s al
0 | S 1 ol 1 1
0 0.5 1 1.5 2 2.5

alem™)

0.4k

0.2+

L4 " - L

v o | T

— Best Sytimate
Sovoge ead Mowa (1967)

v Lockmen (1984)

~== Bokir ond Barton (1979)

* » » Schenidt (1567)

MAAALS AL AL AAASSLALSAS RAS S S AL Al




Properties of the HI Disk - 11

HI Disk

— Highly Flattened Disk

—  Location of Individual Clouds Found via

the Tangent Point
(see Oort et al. 1958, MNRAS 118, 379)

Suggestive of Spiral Structure
Combining All Available Data in
HI, HII, CO, OB Associations, etc.
Reveals Distinct Spiral Arms
(named by constellations towards
which they are found)

50 000 ly
15.3 kpc

_3Kkpc
Sun's orbit

Sun A has greatest angular speed and moving fastest away from sun. A has
higher density of H. B & Cmoving at about same angular speed > sun’s
angular speed. D is outside solar distance—-slower angular speed and

has less matenal (density)

Intensity

Everything rotating
n same direction,

X

Four clouds all in the same direction. Use doppler shifts to distinguish one cloud
from the other. Use the rotation curve to convert the doppler shifts of each cloud
to distances from the center of the Galaxy. Do this for other directions to build
up a map of the Galaxy strip by strip.

50 +50 +100
Radial velocity (km/sec)




Properties of the Molecular (CO) Disk

observed Wco

e  Molecular Disk

— Rotational Transitions from H2
Molecule Strongly Forbidden

— Molecular Component Traced
via CO
e A= 2.6 mm

*  Recent All-sky Survey
(Dame et al. 2001)

Galactic Latitude

Galictic Latitude

3
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— Vertical Structure —

*  Molecular Scale Height: 80 pc —— observed predicted . i . . :
150f (¢
— Radial Distribution 2
o 190 Polaris . )
*  Molecular Ring (R~ 3 kpc) E W Aquil Luy i /{um
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Properties of the Hot Disk

 Hot Gaseous Disk 4
— OVI Lines Easily Detected in UV
— N@OVD)=2x10%cm?3
— Vertical Structure
» Ionized Gas Scale Height: 5.5 kpc

— Radial Distribution

»  Extends Over Disk
» Diffuse, High-latitude Filaments

— Hotter X-Ray Emitting Gas

*  Soft (0.1 - 0.8 keV) Emission at High
Latitudes

* Hard (1.8 — 2.4 keV) Penetrates HI Disk

— Gamma Rays Concentrated to

Plane
*  Mostly Discrete Sources

— Supernova Remnants
*  Green Catalog
www.mrao.cam.ac.uk/surveys/snrs/

« Hot Gaseous Halo
— 10 K and Massive ~ 10! M,

(Fang, Bullock & Boylan-Kolchin
2012, ApJ 762, 1)




Dust, Bubbles & Chimneys within the Disk

* Dusty Disk
— COBE IR Emission Maps
— Concentrated to Disk
— High Latitude Filaments

*  Sun within Neutral Gas Cavity

e« Chimneys Blown from

Supernovae
— Diameter: 80 — 140 pc
—  Must Be Filled with Hot Gass
—  Density: 4 x 103 cm3
—  Temperature: 10° K
(Miller & Cox 1993)
(Lallement et al. 2003)

R. Lallemeat et al.: Mapping the Local Bubble

3004

452 R. Lallement et al.: Mapping the Local Bubble

« Star Formation & Feedback SRR
«  Origin of Gould’s Belt? " ‘

f / —W(D2)= 50 mA
=—t W(D2)= 20 mA

314 D. Breitschwerdt et al.: Origin of E1 clouds in the Local Bubble. I

Fig.5. ROSAT PSPC of th p I region in the R1 (left) and R2 (right) band centered on the centre of the radio continuum (RC)
Loop L (I, b,r) = (330°, +17.5°, 38°). Dashed white lines mark the contours of the Hi ring formed by the interaction of Loop I with the LB
as described in Egger & Aschenbach (1995). For details see text

Fig 4. Dense gas along the galactic plane: iso equivalent wi for W = 20 mA and 50 mA resp. (10p). calculated from 426 selected
stars. and cut in the 3D volumic density obtained from the global inversion of the colum-densities (bottom). Fig. 4. in the meridian plane. The iso-contours are derived from 387 stars.



Star Formation within the Disk

i SRR ¥

 Early Infrared Surveys

—  First All-sky Surveys Find Sources
—  Orion Star Forming Region
— Taurus-Auriga

« 2MASS Survey
—  First Modern All-sky Near-IR Survey

« VISTA VVV Survey
* Spitzer GLIMPSE

- WISE
— Catalog of Galactic HII Regions

(Anderson et al. 2012, ApJS 212, 18;
http://astro.phys.wvu.edu/wise)

e Schmidt Law: Star Formation
Correlates with Gas Density

(Schmidt 1959, ApJ 129, 243; Kennicutt
1998, ARAA, 36, 189)

« Hot Halo Fed From SNII Winds
(Nakashima et al. 2018, ApJ 862, 34)

Log Sgr (Mg yr* kpe ™)

12



http://astro.phys.wvu.edu/wise
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Properties of the Thick Stellar Disk

Star counts at High Latitudes

— Star Counts by Gilmore & Reid (1983 MNRAS
202, 1025) suggest a second, thicker exponential
disk (bottom)

—  SDDS Counts (Chen et al. 2001, right) 19

— Northern & Southern Strips

— Thick Disk Properties
* Scale Height ~ 0.6 — 1 kpc 17
* Old Stars (Gilmore & Wyse 1995)
« -1<[Fe/H]<-0.2
* 5% mass of thin disk

— Early Heating of Thin Disk? 15

* Likely Results from Heating of Thin Disk +
Satellite Debris

* Bland-Hawthorn & Gehard 2006, ARAA 54, 529
21

21
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Properties of the Milky Way’s Bulge

* Baade’s Window
— Star Counts Reveal High Stellar Density
— Optical Images Suggest Relatively Little Extinction in Baade’s Window
— Spectroscopy Indicates High Metallicity
— No Simple Age-Metallicity Relation
— SED can only be Fit with Asymptotic Giant Branch Stars
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Stellar Streams and the Magellanic Stream

* Magellanic Stream

—  Stream of HI gas associated with Large &
Small Magellanic Clouds

—  Must be tidal debris
— Some RR Lyraes found along stream

* Stellar Streams
—  SDSS Revealed Streams of Stars
—  Sagitarius
— Aquarius
—  Virgo
—  Monocerotis
« Stellar Streams in the Bulge of M31
— Chapman et al. 2008
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Globular Clusters & the Milky Way’s Halo

i ‘ ';ﬂ isé!”?""' ‘ nz c:.usrsr-:s i R * [Fe/H]s-0.8
404 WTH OISTARCES |
*  Metallicity Distribution of Globular Clusters - - s
—  Metal-Rich Clusters Confined to Disk 30f 1. s
—  Metal Poor Clusters Form Halo (}gc‘)- 4
— Zinn 20 4 .
* Evidence of Distinct Ages in Globulars SRR ) .
— CMDs Imply Different Ages and/or [Fe/H] 1o . ... . . s
) a Peps ] N [Fe/H]--08
*  Globular Clusters and the Cores of Dwarf v :
& »5
Galaxies ALL CLUSTERS
—  Stellar Streams and Associated Globular Clusters (Pal i M j
S) Imply Globulars are Cores of Accreted Galaxies 2o iR 1 e =3 m’ —
—  Halo Streams Reveal Tidal Debris NE 4 7
01 j | ) '—! 7 047 Tuc
w Cen R iRn -
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Rotation and Mass of the Milky Way

e As Described Above the Maximum

Velocity Found at Tangent Point Along
Line of Sight

« HI Rotation Curve Beyond Solar Circle
« CO Velocities Within Solar Circle
*  Mass of the Milky Way:
For Circular Motion:
M(R) = V?R/G

M (Rg,,) = 9.6 x 1010 M,
M(Rmax) ~ 1012 Msun

 Evidence for Dark Matter

— Since L ~3 x 10° L, the Mass to Light
Ratio Within Sun’s Orbit is: M/L ~ 30
and is Approximately 300 if We Include
Mass Within Maximum Extent of the
Rotation Curve.

ROT.VEL./km s~

Everrthing motating
insaxe digction

tas less ma e rial {density) Intensity

Athas gratestangubiy speed and roving fasestaway forsn Ahas
higher density of H B & C racving a tabout srae angulay spezd > sun's
angularspeed D is outside solirdistance-slowerangular speedand
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=+ - CO, Clemens (1985)

~ -HI, Burten & Gordon (1978)

-+ - CO-EII regions, Blitz, Fich & Stark (1982)
-- -Burten & Gordon rotation curve

— - Clemens rotation curve




Summary of the Milky Way

Thin Disk at Low |Z| with Thicker
Disk at High |Z|

Youngest stars at smallest |Z| but |Z|
Increases for Older stars

Young Stars and HI Gas Shows
Spiral Arms

— Can Identify Major Arms
Stellar Bar pointed Almost Towards

the Sun

—  Star Counts (e.g., Hammersley et al. 2000,
MNRAS 317, L45)

Molecular Ring at R ~ 3kpc

Star Formation Throughout Thin
Disk
Evidence for Accretion of Dwarf

Galaxies

—  Magellanic and Stellar Streams Direct
Evidence for Accretion of Dwarf Galaxies

—  Globular Clusters May be Surviving Cores
of Dwarf Ellipticals Annotated Roadmap to the Milky Way

[artist's concept)

NASA / JPL-Caltech / R. Hurt [SSC-Caltech) s5c2008-10b




