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The spirals of our galaxy were 
mapped out using Doppler 
shift measurements of the 21 
cm emission originating from 
neutral H in the spiral arms. 

Mapping our Galaxy in Radio Wavelengths
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Tidal Forces on Canis Major from Milky Way

Material from Canis Major Dwarf is being pulled away from it 
by tidal forces from our Galaxy.
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Rotation Curve of our Galaxy

On the right is a plot of the 
rotational speed of stars in the 
galaxy as a function of radius. The 
orbital velocities were inferred 
from Doppler measurements and 
from the absolute measurement of 
the Sun’s velocity around the 
center.

One expects, based on Kepler's
third law, that objects outside most 
of the mass to have orbital 
velocities that decline with 
distance. 

The fact that the rotation curve 
does not decline beyond the 
visible edge of the galaxy 
implies the presence of dark 
matter.
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Flat rotation curve implies dark matter in our Galaxy
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Dark Matter in our Galaxy

One speculation for dark matter is that it is composed of dim objects with 
masses less than 1 M¤. These objects which would include brown dwarfs 
(object not massive enough to sustain H fusion), white dwarfs, and black 
holes are called massive compact halo objects (MACHOs).

When a MACHO passes between a background star and us it will magnify the 
light from the star. The degree of magnification and the length of the event
provide constraints on the mass of the MACHO object. Astronomers estimate 
that MACHO’s can only account for about half of the dark matter halo.
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Dark Matter in our Galaxy

Various dark matter candidates recently proposed are made of 
more exotic forms of matter. One suggestion is that dark matter 
is made up of weakly interacting massive particles (WIMPs).

WIMPs do not interact with electromagnetism (photons) and 
they don’t interact with the strong nuclear force but they do 
interact with the weak force and gravity.

WIMPs are predicted by some particle theories and are expected
to have masses between 10 to 10,000 times that of a proton. 



Equatorial (Celestial) Coordinate System

• Right Ascension (RA) is the 
angle from the Vernal 
Equinox (increasing from 
West to East) measured in 
hours, minutes, and seconds 
of arc.

• Declination (Dec) is the 
angle in degrees north or 
south of the celestial 
equator.



Galactic Coordinate System
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Galactocentric Coordinate System



Velocity of a star with respect to the LSR

𝑣⃗ = 𝑣$, 𝑣& , 𝑣' = 𝑢, 𝑣, 𝑤
𝒗

Where the velocity component of star with respect to the LSR are:

𝑢 = Π,-./−	Π12$=	Π,-./
v = ϴ,-./−	ϴ12$
w = 𝛧,-./− 𝛧12$=	𝛧,-./

Where Π,-./,ϴ,-./, 𝛧,-./ are the velocity components of the star relative to 
the Galactic center
and Π12$,ϴ12$, 𝛧12$ are the velocity components of the LSR relative to the 
Galactic center

The average velocity components of stars in the solar neighborhood are: 
𝑢 ≈ 0, 𝑤 ≈ 0, 𝑣 ≠ 0
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The average tangential velocity of stars with respect to the Local Standard 
of Rest in the solar neighborhood is not zero: 𝑣 ≠ 0

Because…
𝛩7 < 𝛩12$, star	A	is	at	apogalacticon when in the solar neighborhood
𝛩E > 𝛩12$, star	B	is	at	perigalacticon when in the solar neighborhood
where 𝛩 is the tangential velocity of a star with respect to the Galactic 
center. Since there are more stars within the LSR we expect:
𝛩 − 𝛩12$ = 𝑣 < 0



Velocity of the sun with respect to the LSR
The velocity components of the sun with respect to the LSR are:
u¤, v¤, w¤

However we can usually measure the velocity components of a star with 
respect to the Sun:
Du=u - u¤

Dv=v - v¤
Dw=w - w¤

Where 
u¤ = -10 +/- 0.4 km/s
v¤ = 5.2 +/- 0.6 km/s
w¤ = 7.2 +/- 0.4 km/s

are the velocity components of the sun with respect to the LSR

*** From measured velocities of stars with respect to the sun (Du,Dv, Dw) and the known 
velocities of the sun with respect to the LSR, (u¤,v¤,w¤) we can infer the velocities of stars 
with respect to the LSR (u,v,w).



Velocity Ellipsoids of Stars in Our Galaxy

Tangential velocity of star with respect to 
LSR
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Stellar Motions

v = 𝑣-J + 	𝑣/J
�

𝑣/= radial velocity
𝑣-= tangential velocity

𝑣/ is determined from Doppler Shift
MNMO
MO

= PQ
R

𝑣- is determined from measurements 
of the proper motion 𝜇.
𝑣-= 4.74𝜇d

where:
𝑣- is in units of km/s
𝜇 is the angular distance in arcsecs
that the star moves in the sky in a year
d is the distance to the star in parsec



Astro 129: Chapter 1a



Astro 129: Chapter 1a

Galactic Center
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Galactic Center

Schematic view of the central few parsecs of the galaxy (central molecular zone), 
showing the central black hole, Sgr A*, stars in the central star cluster, and the 
circumnuclear disk which contains dense molecular clouds.
The ring is inclined some 20degrees with respect to the Galactic plane and rotates 
at about 110 km/s. The ring has very sharp boundaries implying a recent violent 
event like a supernova may have recently occurred. 



Galactic Center

Sgr A East is 25 light-years in width and has the attributes of a 
supernova remnant from an explosive event that occurred 
between 35,000 and 100,000 BCE. 

Sgr A West has the appearance of a three-arm spiral, from the 
point of view of the Earth. The apparent spiral is made of 
several dust and gas clouds, which orbit and fall onto 
Sagittarius A* at velocities as high as 1,000 km/s. The surface 
layer of these clouds is ionized. The source of ionisation is the 
population of massive stars (more than one hundred OB stars 
have been identified so far) that also occupy the central parsec.

The central parsec around Sagittarius A* contains thousands 
of stars. Although most of them are old red main-sequence 
stars, the Galactic Center is also rich in massive stars. 
Astronomers have found a population of more than a 100 
very young (O, B and Wolf–Rayet) stars close to the 
Galactic Center. They seem to have all been formed in a 
single star formation event a few million years ago. 
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A multiwavelength close-up of the recent massive star-forming region near the Galactic 
center. The color image, plotted also in standard Galactic coordinates, is a composite of 20-
cm radio continuum (red); 25-µm mid-infrared (green); and 6.4-keV line emission (blue).
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Black Holes in Hibernation

To penetrate the dust and gas near the center of our galaxy 
astronomers typically observe this region in the infrared. 

Infrared images show that the density of stars increases 
dramatically near the nucleus of a galaxy.

In our galaxy the density of stars near the sun is ~ 0.006 
stars per cubic light-year

Near the center of our galaxy the density is ~106 stars per 
cubic light-year
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Black Holes in Hibernation
To improve the spatial resolution of the 
IR observations of the galactic center 
astronomers employed adaptive optics.

With adaptive optics the distorted and 
flickering  image of a star is compared 
to every few milliseconds to the point-
like appearance it would have with the 
absence of turbulence. 
The telescopes mirrors are slightly 
deformed in real time to compensate. 

Reinhard Genzel and Andrea Ghez
mapped the orbits of stars close to the 
galactic center and showed that it must 
contain a supermassive black hole with a 
mass of about 4 ×106 M¤.  
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Observations over more than a decade have enabled the Ghez and Genzel groups 
to trace the orbits of individual stars around Sgr A*, providing incontrovertible 
evidence for a SMBH. Distance to Sgr A*~ 26,000 ly, MBH ~ 4.2 ×106 M¤.
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Black Holes with Low Accretion Rates

Sombrero Galaxy

Milky WayLow accretion rates in black holes are found in 
environments that are gas poor.

The luminosity of an AGN due to accretion is: 
𝐿.RR/U-VWX = YZŻ

$
= 𝜂𝑀̇𝑐J, where 𝑀̇ = _Z

_-
	is	the	accretion	rate	

.4402651e-08

For a black hole        h~0.06-0.42

SgrA* appears to have a luminosity much lower than what is 
expected for its accretion rate.



Astro 129: Chapter 1a

Fueling a Black Hole by Tidal Disruption
Tidal disruption of stars is thought to be a mechanism of fueling black 
holes. For this mechanism to work the star needs to be disrupted but not 
swallowed completely by the black hole. 

A star of mass density r* approaching a massive body of mass density 
rBH and radius Rs must reach at least a distance of the Roche limit for it 
to be tidally disturbed. The Roche limit is given by:

𝑟$=2.4 bcd
b∗

f/h
𝑅2

For a star approaching a black hole to be disrupted but not swallowed 
by the hole its Roche limit must be larger than the Schwarzschild radius, 
rR > Rs. This then places an upper limit on the mass of the Black Hole 
for fueling by tidal disruption of:

𝑀 < 5×10n𝜌∗
Nf/J𝑀⨀

r* is the density of the star in gr/cm3.
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Fueling a Black Hole by Tidal Disruption

€ 

rR = 2.4
ρBH
ρ*

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 3

Rs

rR > Rs =  
2GMBH

c2 ⇒ MBH <
rRc2

2G
=

2.4
ρBH
ρ*

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 3

Rsc
2

2G
⇒

MBH <

2.4
MBH

4
3
πRS

3

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

1/ 3

Rsc
2

2Gρ*
1/ 3 =

2.4
MBH

4
3
π

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

1/ 3

c2

2Gρ*
1/ 3 ⇒ MBH

2/3 <
2.4

4
3π
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 3

c2

2Gρ*
1/ 3

MBH <
2.4 4

3π
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 3

c2

2Gρ*
1/ 3

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 

3 / 2

= Cρ*
−1/ 2,where C =  5 ×108  Msolar



Astro 129: Chapter 1a

Fueling a Black Hole by Tidal Disruption

What are the chances of a tidal disruption 
happening in Sgr A* ? Astronomers estimate 
that these events happen only about once every 
10,000 years, so the chances are low. 

If our Galactic Center's black hole were to tear a star apart, the 
resulting X-ray source would easily outshine every other X-
ray source in the sky besides the Sun, frying the instruments 
aboard the X-ray satellites Chandra and XMM! 

The center of the Milky Way would become a hundred billion 
times brighter in X-rays than it is now.

Sagitarius A*
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Galactic Center: Sagittarius A*

X-ray observations of Sgr A* revealed X-ray flares on timescales of 10 min 
which indicates that the emission region must be smaller than the distance 
travelled by light in 10 min. The X-ray emission from Sgr A* is very feeble
indicating that the fuel supply is very limited. The immediate vicinity of Sgr A* 
contains lobes of hot, ionized X-ray gas. It is thought that many explosions may 
have taken place here that perhaps cleared away most of the gas leaving only a 
small amount to fall into the black hole.


