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The Milky Way
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Herschel (1738-1822) found that the Milky VWay
was shaped something like an amoeba/frisbee 5,000
pc across with the Sun nearly in the center.

Did correctly figure out that it was a disk!




Kapteyn Universe
Kapteyn Model (1922)

~3 kpe

~15kpe

kpc = kiloparsec = 1000 pc
* Galaxy ~15kpc in diameter

* Sun 650pc from center
* Density decreases from center




Why doesn’t this method work???




Shapley’s Milky Way
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The Milky Way in Visible Light




The Milky Way in Infrared Light

There is less absorption by dust in the infrared.



Radio Continnum 408 MHz Bonn, fodrell Bank, & Parkes
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Molecular Hydrogen 115 GHz Columbia-GISS
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Optical Laustsen et al. Photomosaic
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Disks

Neutral Thin Thick
Gas Disk Disk
M (10'° M) 0.5¢ 6 0.2t0 0.4
Lp (1010 Ly)® — 1.8 0.02
M/Lp Mo/Lo) — 3 —
Radius (kpc) 25 25 25
Form e—z/hZ e—z/hZ e—z/hZ
Scale height (kpc) <0.1 0.35 1
oy (kms™') 5 16 35
[Fe/H] > +0.1 —0.5t0 +0.3 —2.2t0 —0.5
Age (Gyr) <10 8¢ 104
Spheroids

Central Stellar Dark-Matter

Bulge*® Halo Halo
M (101 My) 1 03 190+3%/
Lp (1010 Ly)® 0.3 0.1 0
M/Lp Mo/Lo) 3 ~ 1 —
Radius (kpc) 4 > 100 > 230
Form boxy with bar r33 r/a)' A +r/a)7?
Scale height (kpc) 0.1 to 0.5 3 170
o (kms™h) 55 to 130" 95 -
[Fe/H] —21t00.5 < —5.41t0-0.5 —
Age (Gyr) <0.2t010 11to 13 ~13.5

& Mot/ Mgas =~ 0.007.

b The total luminosity of the Galaxy is Lp 1ot = 2.3 %+ 0.6 x 10'° L,
Lottt = 3.6 x 101 Lg (~ 30% in IR).

¢ Some open clusters associated with the thin disk may exceed 10 Gyr.

4 Major star formation in the thick disk may have occurred 7-8 Gyr ago.

¢ The mass of the black hole in Sgr A* is My, = 3.7 £0.2 x 10° M.

/M =5.4792 x 10" M, within 50 kpc of the center.

8 Bulge scale heights depend on age of stars: 100 pc for young stars, 500 pc for old stars.
" Dispersions increase from 55 km s~ at 5 pc to 130 km s ™! at 200 pc.
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Edge-on Representation of the Milky Way
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stars per 1000 pc?

Thin and Thick Disks
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Thick disk number density is lower than that of thin disk

Thick disk has older stars, because only the older stars have had time
to migrate from their birth sites in the thin disk.
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Stellar Streams in the Halo/Disk




At large distances, halo (dark matter) dominates
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Galactic latitude
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Fermi data reveal giant gamma-ray bubbles

-

- -
s - -
S N N ~
b
. N
- . *
. R e

. Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.




Fermi (Gamma Ray) Bubbles

(Gamma-ray emissions

- X-ray emissions
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Milky VWay Bar shown in Bulge
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| Wide-Field Radio Image of the
T Galactic Center
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Galactic Center Black Hole




Sgr A* Imaged!

Mercury's orbit

Voyager 1 Sun's diameter

Pluto's orbit




Black-hole mass (solar masses)

Mass relationships

10 billion

NGC3115

Andromeda g
Centaurus A £
-

NGC3377

100 million

NGC 4486A @ ;
7

10 million
NGC7457

,/‘

Y. @ ny . Circinus

1 million >

60 80 100 200
Velocity dispersion (km/s)

(=) NGC 1277

300

Elliptical

galaxies

galaxies

400

ASTRONOMY: ROEN KELLY, AFTER KAYHAN GULTEKIN, ET AL.



Galactic Coordinates

North Galactic Pole
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Positive Latitudes
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Galactic Center Cylindrical Coordinates

> N

Rotation
—

7 i

R
\9,\0 Galactic center




u (kms™h

Observations of Stars Show

150 L I UL
| Old, metal-poor \\ Envelope -
100 | red dwarfs \\ / |
\
- \ -
\\
50 : =
R | 4
|
OF e } u
Center of |
" envelope | 1
-50 ! -
,/
L Interrlllefilate // Young, i
-100 - pOp}l atign /  metal-rich 7
L K giants // A dwarfs
/
oy ] 50 1 | 1 | Al | 1 l 1
-250 -200 -150 -100 =50 0 50 100 150



Radial (solid) and
transverse (dashed)
velocities as a function of /.
Dependence is sin (2/)
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Milky Way

Other galaxy

Rotation speed (km s
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200+

= CO, This paper

- HI, Burton and Gordon (1978)

- CO-H II Regions, Blitz, Fich, and Stark (1982)
- Burton and Gordon rotation curve

- Rotation curve, this paper
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300 . Lot
Bayesian Fitting Results
Al A5
=50 |- Fitted Parameters
Ry (kpc) 8.22 +0.22 8.15 £ 0.15
200 Us (kms™h) 10.8 + 1.2 10.6 + 1.2
Vs (km s~ 13.6 + 6.7 10.7 + 6.0
W, (km s~ 7.6 £09 7.6 £0.7
150 - T, (kms ) 61+19 60+ 14
V, kms™h) —21+65 —43 +56
a 0.96 + 0.08 0.96 + 0.05
100 N as 1.62 £+ 0.03 1.62 £ 0.02
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ABSTRACT

We present a 0.16% precise and 0.27% accurate determination of Ry, the distance to the Galactic center. Our measurement uses the star S2 on its
16-year orbit around the massive black hole Sgr A* that we followed astrometrically and spectroscopically for 27 years. Since 2017, we added
near-infrared interferometry with the VLTI beam combiner GRAVITY, yielding a direct measurement of the separation vector between S2 and
Sgr A* with an accuracy as good as 20 pas in the best cases. S2 passed the pericenter of its highly eccentric orbit in May 2018, and we followed
the passage with dense sampling throughout the year. Together with our spectroscopy, in the best cases with an error of 7kms™!, this yields a
geometric distance estimate of Ry = 8178 + 13, + 224y pc. This work updates our previous publication, in which we reported the first detection
of the gravitational redshift in the S2 data. The redshift term is now detected with a significance level of 200" with fieqsmir = 1.04 + 0.05.

Key words. black hole physics — astrometry — Galaxy: nucleus



