
Chapter 15
The Milky Way Galaxy
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Guidepost
This chapter plays three parts in our cosmic drama. 
First, it introduces the concept of a galaxy. Second, it 
discusses our home the Milky Way Galaxy a naturaldiscusses our home, the Milky Way Galaxy, a natural 
object of our curiosity. Third, it elaborates our story of 
stars by introducing us to galaxies, the communities in 
which stars exist. 

Science is based on the interaction of theory and 
e idence and this chapter ill sho a n mber ofevidence, and this chapter will show a number of 
examples of astronomers using evidence to test 
theories. If the theories seem incomplete and the 
evidence contradictory, we should not be disappointed. 
Rather, we must conclude that the adventure of 
discovery is not yet over.discovery is not yet over. 



Guidepost (continued)
We struggle to understand our own galaxy as an 
example. We will extend the concept of the galaxy in 
Chapters 16 and 17 on normal and peculiar galaxiesChapters 16 and 17 on normal and peculiar galaxies. 
We will then apply our understanding of galaxies in 
Chapter 18 to the study of the universe as a whole.  
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The Milky Way

F h id MilkAlmost everything we see in 
the night sky belongs to the 

Milky Way

From the outside, our Milky 
Way might look very much like 

our cosmic neighbor, the 
Andromeda galaxyWe see most of the Milky 

Way as a faint band of light 
across the sky

Andromeda galaxy



The Structure of the Milky Way (1)

Disk

Nuclear Bulge

HaloSun

Globular Clusters



Explorable Milky Way

(SLIDESHOW MODE ONLY)



The Structure of the Milky Way (2)

Galactic Plane

Galactic CenterGalactic Center

The structure is hard to determine because:
1) We are inside
2) Distance measurements are difficult2) Distance measurements are difficult
3) Our view towards the center is obscured by gas 
and dust



First Studies of the Galaxy

First attempt to unveil the 
structure of our Galaxy by 
William Herschel (1785), based ( ),
on optical observations

The shape of the Milk Wa as belie ed to resemble aThe shape of the Milky Way was believed to resemble a 
grindstone, with the sun close to the center



Strategies to Explore the Structure of 
Our Milky Wayy y

I Select bright objects that you can seeI. Select bright objects that you can see 
throughout the Milky Way and trace their 
directions and distances

II. Observe objects at wavelengths other than 
visible (to circumvent the problem of optical 
obscuration), and catalogue their directions and 
distances

III. Trace the orbital velocities of objects in 
different directions relative to our position



Exploring the Galaxy Using 
Clusters of StarsClusters of Stars

Two types of star clusters: Open clusters h 
d P i1) Open clusters: young clusters of recently 

formed stars; within the disk of the Galaxy
and χ Persei

2) Globular clusters: old, centrally concentrated 
clusters of stars; mostly in a halo around the 
GalaxyGlobular Cluster M 19



Globular Clusters
• Dense clusters of 
50,000 – 1 million 
stars

• Old (~ 11 billion 
) l iyears), lower-main-

sequence stars

• Approx 200• Approx. 200 
globular clusters in 
our Milky Way

Globular Cluster M80



Locating the Center of the Milky Way

Distribution of 
globular clusters is 
not centered on 
the sunthe sun…

…but on a location 
which is heavily 
b d f diobscured from direct 

(visual) observation



Infrared View of the Milky Way

Interstellar dust 

Near infrared image

Galactic Plane
(absorbing optical 
light) emits mostly 
infraredN l b l

Galactic Plane

infraredNuclear bulge

Infrared emission is notInfrared emission is not 
strongly absorbed and 
provides a clear view 
throughout the Milkythroughout the Milky 
Way



A View of Galaxies Similar to Our 
Milky WayMilky Way

We also see gas and dustWe also see gas and dust 
absorbing light in other 
galaxies…

Sombrero Galaxy

…as dark dust lanes when 
we see a galaxy edge-on

Sombrero Galaxy

…and as dark clouds in 
the spiral arms when we 

NGC 2997

p
see a galaxy face-on



Exploring the Milky Way with Massive 
Stars and Open ClustersStars and Open Clusters

O and B stars are the 
most massive, most 
luminous stars 
(unfortunately, also the(unfortunately, also the 
shortest-lived ones)

=> Look for very young 
clusters or associations 
containing O and B stars:containing O and B stars: 
O/B Associations!



Massive Stars and Open Clusters

Problem: Many stars 
in the field of the O/B 

→ Identify members through their 
similar motion on the sky.

association do not 
belong to the 
associationassociation 
(foreground and 
background stars)

Members of the 
association have been 
formed together andformed together and 
move in the same 
direction



Orbital Motion in the Milky Way (1)

Disk stars:

Nearly circular 
orbits in the disk 
of the Galaxyy

Halo stars:

Highly elliptical 
orbits; randomly 
orientedoriented



Orbital Motion in the Milky Way (2)

Differential Rotation
• Sun orbits aroundSun orbits around 
Galactic center with 
220 km/s

• 1 orbit takes approx• 1 orbit takes approx. 
240 million years

• Stars closer to the 
galactic center orbit 
faster

• Stars farther out orbit 
more slowly



Finding Mass from Orbital Velocity

The more mass there is 
inside the orbit, the faster 
th h t bitthe sun has to orbit 
around the Galactic 
center

Combined mass:

M = 4 billion M
M = 11 billion Msun

M = 25 billion Msun

M  4 billion Msun

M = 100 billion Msun

M = 400 billion Msun



The Mass of the Milky Way
If all mass were concentrated in the 
center, the rotation curve would follow a 
modified version of Kepler’s 3rd law

rotation curve = orbital 
velocity as function of radius



The Mass of the Milky Way (2)
Total mass in the disk 

of the Milky Way:

Approx. 200 billion 
solar masses

Additional mass in an 
extended halo:

Total: Approx. 1 trillion 
solar masses

Most of the mass is not 
emitting any radiation:

Dark Matter!



Metals in Stars
Absorption lines almost exclusively from hydrogen: Population II

Many absorption lines also from heavier elements (metals): Population Iy p ( ) p

At the time of 
formation the gasesformation, the gases 
forming the Milky Way 
consisted exclusively 
of hydrogen and 
helium. Heavier 
elements (“metals”) 
were later only 
produced in stars.produced in stars.

=> Young stars contain more metals than older stars



Stellar Populations

Population I: Young stars: 
metal rich; located in spiral 

arms and disk

P l ti II Old t t lPopulation II: Old stars: metal 
poor; located in the halo 
(globular clusters) and (g )

nuclear bulge



The Abundance of Elements in 
the Universethe Universe

All elements 
heavier than He 

are very rare.

Logarithmic Scale Linear Scale



Galactic Fountains

• Multiple supernovae in regions of recent star 
formation produce bubbles of very hot gasformation produce bubbles of very hot gas

• This hot gas can break out of the galactic disk and 
produce a galactic fountainp g

• As the gas cools, it falls back to the disk, spreading 
heavy elements throughout the galaxy



History of the Milky Way

The traditional theory:

Quasi-spherical gas cloud 
fragments into smaller 
pieces forming the firstpieces, forming the first, 
metal-poor stars (pop. II);

Rotating cloud collapsesRotating cloud collapses 
into a disk-like structure

Later populations of starsLater populations of stars 
(pop. I) are restricted to 
the disk of the Galaxy



Changes to the Traditional Theory

Ages of stellar 
populations may pose a 
problem to the traditional 
theory of the history of 
the Milky Waythe Milky Way

Possible solution: Later 
accumulation of gas, 
possibly due to mergers 
with smaller galaxies

Recently discovered 
ring of stars around 
the Milky Way may be t e y ay ay be
the remnant of such a 
merger



O and B Associations
O and B Associations

SSun

O and B Associations trace out 
3 spiral arms near the Sun

Distances to O and B associations 
determined using cepheid variables

3 spiral arms near the Sun



Radio View of the Milky Way

Interstellar dust does not absorb radio waves

We can observe any direction throughout the 
Milky Way at radio waves

Radio map at a wavelength of 21 cm, tracing neutral hydrogen



Radio Observations (2)
21-cm radio observations reveal the distribution 
of neutral hydrogen throughout the galaxy

Distances to 
hydrogen cloudsSun hydrogen clouds 
determined 
through radial-g
velocity 
measurements 
(Doppler effect!)

Galactic 
Center

Neutral hydrogen concentrated in spiral arms



Tracing Molecular Clouds

Radio emission of 
the CO molecule 

b d t tcan be used to trace 
the distribution of 
molecular clouds

In some directions, 
many molecular 
clouds overlap

Clouds can be 
di t l d idisentangled using 
velocity information

Molecular Clouds are 
concentrated along spiral arms



Structure of the Milky Way Revealed

Distribution of dust

Sun

Distribution of stars and 
neutral hydrogenneutral hydrogen

RingBar



Star Formation in Spiral Arms
Shock waves 
from 
supernovae, 
ionization fronts 
initiated by Oinitiated by O 
and B stars, and 
the shock frontsthe shock fronts 
forming spiral 
arms trigger star 
formation

S i l t ti h kSpiral arms are stationary shock waves, 
initiating star formation



Star Formation in Spiral Arms (2)

Spiral arms are basically 
t ti h kstationary shock waves

Stars and gas clouds orbit 
d th G l ti t daround the Galactic center and 

cross spiral arms

Shocks initiate star formation

Star formation self-sustainingStar formation self sustaining 
through O and B ionization 
fronts and supernova shock 
waveswaves



The Nature of Spiral Arms

Spiral arms appear p pp
bright (newly formed, 
massive stars!) 
against the dark skyagainst the dark sky 
background…

but dark (gas and dustbut dark (gas and dust 
in dense, star-forming 
clouds) against the 
b i ht b k d fbright background of 
the large galaxy

Chance coincidence of small spiral galaxy 
in front of a large background galaxy



Grand-Design Spiral Galaxies

Grand-Design Spirals 
h t d i t

Flocculent (woolly) 
galaxies also have spiral 

have two dominant 
spiral arms

g p
patterns, but no dominant 

pair of spiral arms

M 100 NGC 300M 100 NGC 300



Self-Sustained Star Formation in 
Spiral ArmsSpiral Arms
Star forming regions get elongated due 
to differential rotationto differential rotation

Star formation is self-sustaining due to 
ionization fronts and supernova shocks



The Whirlpool Galaxy

Grand-design galaxy M 51 g g y
(Whirlpool Galaxy)

Self-sustainingSelf-sustaining 
star forming 
regions along 

i lspiral arm 
patterns are 
clearly visibley



The Galactic Center (1)
Our view (in visible light) towards the galactic center (GC) 
is heavily obscured by gas and dust

E ti ti b 30 it dExtinction by 30 magnitudes 

Only 1 out of 1012 optical photons makes its 
way from the GC towards Earth!

Galactic center

Wide-angle optical view of the GC region



Radio View of the Galactic Center
Many supernova remnants; 

shells and filaments

Arc

Sgr A

Sgr A

Sgr A

Sgr A*: The center of our galaxy

The galactic center contains a supermassive 
black hole of approx. 2.6 million solar masses



A Black Hole at the Center of Our 
GalaxyGalaxy
By following the orbits of individual stars near the 
center of the Milky Way the mass of the central blackcenter of the Milky Way, the mass of the central black 
hole could be determined to ~ 2.6 million solar masses



X-ray View of the Galactic Center

Galactic center 
region contains 
many black-hole 
and neutron-star 
X-ray binaries

Supermassive 

X ray binaries

black hole in the 
galactic center 
is unusually y
faint in X-rays, 
compared to 
those in other

Chandra X-ray image of Sgr A*
those in other 
galaxies



New Terms
Magellanic Clouds
kiloparsec (kpc)
halo

flocculent
self-sustaining star formation
Sagittarius A*

nuclear bulge
disk component
spherical component
hi h l it thigh-velocity star
rotation curve
Keplerian motion
galactic coronagalactic corona
dark matter
metals
population I starpopulation I star
population II star
nucleosynthesis
galactic fountaing
spiral tracers
density wave theory



Discussion Questions
1. How would this chapter be different if interstellar dust 
did not scatter light?g

2. Why doesn’t the Milky Way circle the sky along the 
celestial equator or the ecliptic?celestial equator or the ecliptic?



Quiz Questions

1. Who discovered that when viewed through a telescope the 
Milk W i l d i t th d f i di id l t ?Milky Way is resolved into thousands of individual stars?

a. Tycho Brahe
b Galileo Galileib. Galileo Galilei
c. Isaac Newton
d. William Herschel
e Jacobus C Kapteyne. Jacobus C. Kapteyn



Quiz Questions

2. What did the Herschels find when they counted stars in 683 
i d th Milk W ?regions around the Milky Way? 

a. The Doppler shifts in stellar spectra are about half red shifted 
and half blue shiftedand half blue shifted.
b. Many more stars are in the direction of the constellation 
Sagittarius than in any other direction in the Milky Way.
c The mass-luminosity relationship for main sequence starsc. The mass luminosity relationship for main sequence stars.
d. About the same number of stars in each direction.
e. That the Sun is moving toward the constellation Cygnus.



Quiz Questions

3. What main conclusion did the Herschels draw from their star 
t ?counts?

a. The Milky Way is a disk of stars with the Sun near the center.
b The center of the Milky Way is far away in the constellationb. The center of the Milky Way is far away, in the constellation 
Sagittarius.
c. All stars have about the same luminosity.
d The Sun's luminosity is much higher than the average stard. The Sun s luminosity is much higher than the average star.
e. The Milky Way extends out to an infinite distance.



Quiz Questions

4. How are star clusters distributed in the sky?

a. Open clusters lie along the Milky Way.
b. Globular clusters lie along the Milky Way.
c Half of the open clusters are in or near the constellationc. Half of the open clusters are in or near the constellation 
Sagittarius.
d. Half of the globular clusters are in or near the constellation 
SagittariusSagittarius.
e. Both a and d above.
f. Both b and c above.



Quiz Questions

5. What fundamental principle did Shapley use to calibrate the 
i d l i it l ti hi f C h id i bl t ?period-luminosity relationship for Cepheid variable stars?

a. Light intensity falls off with the inverse square of distance.
b Stars that appear brighter are on average closer to Earthb. Stars that appear brighter are on average closer to Earth.
c. Large pulsating objects have longer periods than small 
pulsating objects.
d Objects with large proper motion tend to be closer thand. Objects with large proper motion tend to be closer than 
objects with small proper motion.
e. The pulse width emitted by an object limits its diameter to the 
distance that light can travel during a pulse.g g p



Quiz Questions

6. What must be measured to determine distance by the 
C h id i bl t th d?Cepheid variable star method?

a. The absolute magnitude of the variable star.
b The apparent magnitude of the variable starb. The apparent magnitude of the variable star.
c. The period of pulsation of the variable star.
d. Both a and c above.
e Both b and c abovee. Both b and c above.



Quiz Questions

7. With the 100-inch telescope, Harlow Shapley could not 
l i bl t i th di t t l b l l t fresolve variable stars in the more distant globular clusters of 

the Milky Way. What basic assumption did Shapley make about 
the faraway globular clusters that allowed their distances to be 
found?found?

a. The proper motion of distant globular clusters obeys the 
proper motion-distance relationshipproper motion distance relationship.
b. Distant globular clusters have the same average size as 
nearby globular clusters.
c. The variable stars in all globular clusters have the same g
range of periods.
d. The distance to all the stars in a globular cluster is about the 
same.
e. The distance to all globular clusters is about the same.



Quiz Questions

8. What main conclusion did Shapley draw from his 
t f th di t t th l b l l t ?measurement of the distances to the globular clusters?

a. The Sun is far from the center of the Milky Way.
b The Sun is near the center of the Milky Wayb. The Sun is near the center of the Milky Way.
c. A period-luminosity relationship also exists for RR Lyrae 
variable stars.
d Globular clusters have 50 000 to 1 000 000 starsd. Globular clusters have 50,000 to 1,000,000 stars.
e. Open clusters and globular clusters have about the same 
average diameter.



Quiz Questions

9. What is the approximate diameter of the disk component of 
th Milk W G l ?the Milky Way Galaxy?

a. 8,000 ly
b 30 000 lyb. 30,000 ly
c. 47,000 ly
d. 75,000 ly
e 200 000 lye. 200,000 ly



Quiz Questions

10. Where are the youngest stars in the Milky Way Galaxy 
l t d?located?

a. In the flattened disk.
b In the spherical halob. In the spherical halo.
c. In the nuclear bulge.
d. In the globular clusters.
e All of the abovee. All of the above.



Quiz Questions

11. What measurements are needed to determine the entire 
f th Milk W G l ?mass of the Milky Way Galaxy?

a. The rotational velocity of a star near the Galaxy's outer edge.
b The spectral type and luminosity class of a star near theb. The spectral type and luminosity class of a star near the 
Galaxy's outer edge.
c. The distance to a star near the Galaxy's outer edge.
d Both a and c aboved. Both a and c above.
e. All of the above.



Quiz Questions

12. Why do astronomers propose that the Milky Way Galaxy 
t i l t f d k tt ?contains a lot of dark matter?

a. The light from stars in the disk is dimmed about 2 
magnitudes per kiloparsecmagnitudes per kiloparsec.
b. The light from stars in the disk is redder than their spectral 
types indicate.
c Dark silhouettes of material are observed blocking the lightc. Dark silhouettes of material are observed, blocking the light 
from stars.
d. The Galaxy's rotation curve flattens out at great distances. 
e. All of the above.



Quiz Questions

13. How are Population II stars different than the Sun?

a. The orbits of Population II stars are more circular than 
Population I stars.
b Population II stars are lower in metals than Population Ib. Population II stars are lower in metals than Population I 
stars.
c. Population II stars are located only in the disk of the Galaxy.
d All of the aboved. All of the above.
e. The Sun is a Population II star, thus there is no difference.



Quiz Questions

14. What does the observed heavy element abundance tell us 
b t t ?about a star?

a. A high percentage of metals indicates that a star is about to 
leave the main sequenceleave the main sequence.
b. A high percentage of metals indicates that a star will remain 
on the main sequence for a long time.
c A low percentage of metals indicates that a star formed longc. A low percentage of metals indicates that a star formed long 
ago.
d. A low percentage of metals indicates that a star formed 
recently.y
e. Both a and d above.



Quiz Questions

15. If you could view the Milky Way Galaxy from a great 
di t h t l ld b f it diff tdistance, what colors would you observe for its different 
components?

a The disk is blue the halo is yellow and the nuclear bulge isa. The disk is blue, the halo is yellow, and the nuclear bulge is 
yellow.
b. The disk is blue, the halo is blue, and the nuclear bulge is 
blueblue.
c. The disk is blue, the halo is blue, and the nuclear bulge is 
yellow.
d. The disk is yellow, the halo is yellow, and the nuclear bulge y , y , g
is yellow.
e. The disk is yellow, the halo is blue, and the nuclear bulge is 
blue.



Quiz Questions

16. Which of the following are good visible light spiral arm 
t ?tracers?

a. O and B associations.
b HII regionsb. HII regions.
c. Globular clusters.
d. Both a and b above.
e All of the abovee. All of the above.



Quiz Questions

17. Which single wavelength band is best for mapping out the 
i l t t f th Milk W G l ?spiral arm structure of the Milky Way Galaxy?

a. Radio.
b Infraredb. Infrared.
c. Visible.
d. Ultraviolet.
e X-raye. X ray.



Quiz Questions

18. What do astronomers believe is responsible for the 
h t fl l t h t d d i i l fsomewhat flocculent, somewhat grand design spiral arms of 

the Milky Way Galaxy?

a Spiral density wavesa. Spiral density waves.
b. Self-sustaining star formation.
c. Differential rotation.
d All of the aboved. All of the above.
e. None of the above.



Quiz Questions

19. At what wavelength band can we observe the center of our 
l ?galaxy?

a. Radio.
b Infraredb. Infrared.
c. Visible.
d. X-ray.
e Choices a b and d abovee. Choices a, b, and d above.



Quiz Questions

20. What do we observe at radio, infrared, and X-ray 
l th th t f th Milk W G l th twavelengths near the center of the Milky Way Galaxy that 

leads us to conclude that a supermassive black hole is located 
there?

a. A strong source of radio waves called Sagittarius A*.
b. A rapid rate of star formation.
c Supernova remnantsc. Supernova remnants.
d. Both b and c above.
e. All of the above.



Answers

1. b 11. d1. b
2. d
3. a
4. e

11. d
12. d
13. b
14. c

5. d
6. e
7. b

15. a
16. d
17. a

8. a
9. d
10. a

18. d
19. e
20. e


