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Distance	measures	
•  Astronomical	unit	(AU):	distance	between	Earth	and	Sun	
•  Light-year	(lyr):	distance	of	light	traveling	for	a	year	
(9.5x1012km)	

•  Parsec	(pc):	3.26lyr	
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The infinitude of creation is great enough to make a 
world, or a Milky Way of worlds, look in comparison 
with it what a flower or an insect does in comparison 
with the Earth.

—Immanuel Kant (1724–1804)

 I n previous chapters, we saw how stars forge new 
elements and expel them into space, and how new gener-

ations of stars and planets are born in interstellar clouds enriched 
with these stellar by-products. But we have not yet discussed 
how all these processes interact. You are probably familiar with 
the idea that all living species on Earth interact with one another 
and with the land, water, and air to form a large, interconnected 
ecosystem. In a similar way, but on a much larger scale, our galaxy 
is a nearly self-contained system that cycles matter from stars 
into interstellar space and back into stars again. The birth of our 
solar system and the evolution of life on Earth would not have 
been possible without this “galactic ecosystem.”

In this chapter, we will study our galaxy and the processes 
that maintain its ecosystem, along with current understanding 
of galactic history and the evidence for an extremely massive 
black hole at the galaxy’s center. Through it all, we will see that 
we are not only “star stuff” but “galaxy stuff”—the product 
of eons of complex recycling and reprocessing of matter and 
energy in the Milky Way Galaxy.

19.1  The Milky Way Revealed
On a dark night, you can see a faint band of light slicing 
across the sky through several constellations, including 
Sagittarius, Cygnus, Perseus, and Orion. This band of light 
looked like a flowing ribbon of milk to the ancient Greeks, so 
we now call it the Milky Way (see Figure 2.1). In the early 
17th century, Galileo used his telescope to prove that the 
light of the Milky Way comes from myriad individual stars. 
Together these stars make up the kind of stellar system we 
call a galaxy, echoing the Greek word for “milk,” galactos.

The true size and shape of our Milky Way Galaxy are hard 
to guess from how it looks in our night sky. Because we live 
inside the galaxy, trying to determine its structure is some-
what like trying to draw a picture of your house without ever 
leaving your bedroom. The fact that much of our galaxy’s 
visible light is hidden from our view makes the task even 
more difficult. Nevertheless, by carefully observing our galaxy 
and comparing it to others that we see from the outside, we 
now have a good understanding of the processes that shape 
it. In this section, we’ll begin our exploration of the galaxy by 
investigating its basic structure and orbital motion.

What does our galaxy look like?
Our Milky Way Galaxy holds more than 100 billion stars and 
is just one among some 100 billion galaxies in the observ-
able universe [Section 1.1]. Ours is a vast spiral galaxy, so 
named because of the spectacular spiral arms illustrated 
in FIGURE 19.1a. If we viewed our galaxy from the side, as 
shown in FIGURE 19.1b, we’d see that the spiral arms are 
part of a fairly flat disk of stars with a bright central bulge. 

The entire disk is surrounded by a dimmer, rounder halo. 
Most of the galaxy’s bright stars reside in its disk. The most 
prominent stars in the halo are found in about 200 globular 
clusters of stars [Section 15.3 ].

The entire galaxy is about 100,000 light-years in diam-
eter, but the disk is only about 1000 light-years thick. Our 
Sun is located in the disk about 27,000 light-years from the 
galactic center—a little more than halfway out from the 
center to the edge of the disk. Remember that this distance 
is incredibly vast [Section 1.1]: The few thousand stars 
visible to the naked eye together fill only a tiny dot in a 
picture like that in Figure 19.1.

It took us a long time to learn these facts about the 
Milky Way’s size and shape. Recall that the galactic disk 
is filled with interstellar gas and dust—known collectively 
as the interstellar medium [Section 16.1]—that obscures  
our view of most of our galaxy when we observe just the 
visible light. This fact long fooled astronomers into believ-
ing that we lived near our galaxy’s center, a view refuted 
only around 1920, when astronomer Harlow Shapley 
showed that the Milky Way’s globular clusters are centered 
on a point tens of thousands of light-years from our Sun 
(see the Special Topic on page 582).

We now know that the Milky Way is a relatively large 
galaxy. Within our Local Group of galaxies (see the foldout 
in the front of the book), only the Andromeda Galaxy is 
comparable in size. The Milky Way’s strong gravity influ-
ences smaller galaxies in its vicinity. For example, two 
small galaxies known as the Large Magellanic Cloud and 
the Small Magellanic Cloud—both visible to the naked eye 

FIGURE 19.1 interactive figure The Milky Way Galaxy.
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Distance	measurement	
•  Trigonometric	Parallax:		

tan p = 1AU
d

Ø  Proxima Centauri (star closest to the Sun) 

Ø  HD46150 in the cluster NGC 2244 (Rosette Nebula) 



Distance	measurement	
•  Trigonometric	Parallax:		

tan p = 1AU
d

•  Standard	candles:	objects	with	same	intrinsic	luminosity		

Supernovae	of	type	Ia,	Variable	
stars:	RR	Lyrae,	Cepheids….	



Distance	ladder	
Use	of	consecutive	methods/standard	candles	calibrated	with	
more	nearby	ones	to	reach	larger	distances		



Luminosity	&	Brightness		
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•  Luminosity:	radiated	
electromagnetic	power	[J/s	=	W]	

•  Luminosity	of	the	Sun:	
				L¤=	3.83x1026W	
	
•  Apparent	brightness:	brightness	
of	object	reaching	an	observer	

				



Stellar	luminosities	
Stars	have	large	luminosity	range:		

Betelgeuse (α Orionis) 
red supergiant  
d = 220 pc 
mass ≈ 12 M⊙ 
L ≈ 120,000 L⊙   

Proxima Centauri 
red dwarf   
d = 1.3 pc 
mass = 0.12 M⊙ 
L = 0.0017 L⊙   



Magnitude	scale	
•  Unit-less	measure	of	brightness	
•  Inverted	Logarithmic	scale:	brighter	have	smaller	values	

•  Vega	has	m=0	
•  Apparent	magnitude	(m):	brightness	of	object	as	it	appears	to	
us,	but	this	is	affected	by	intrinsic	luminosity,	distance	and	
extinction		

•  Absolute	magnitude	(M):	intrinsic	luminosity	of	object	
defined	to	be	at	10	parsecs	
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Magnitude	scale	

•  Distance	modulus:	 µ =m−M = 5log10
d
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Star mV MV Distance (pc) 

Sun -26.81 4.76 4.85e-6 

Proxima Cen 11.1 15.6 1.3 

Betelgeuse 0.5 -5.85 220 

Sirius A -1.46 1.42 2.6 



Extinction	
•  Extinction:	absorption	of	light	by	dust	
•  Distance	modulus	corrected	by	extinction:	

µ =m−M = 5log10
d
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Extinction:	absorption	of	light	by	dust		
Reddening:	reemission	at	longer	wavelengths	
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observer at the same time than a pulse emitted at time t
going straight to the observer. D is the distance between
the photosphere of the SN and the observer and D0(✓) is
the path length travelled by a photon being scattered by
the CSM to the observer at an angle ✓ (see figure 1).

Fig. 1.— Sketch of the CSM model. Part of the light emitted
by the SN is scattered by the CSM and redirected to the observer
arriving as a light echo delay.

�(✓,�) is the scattering phase function proposed in
Henyey & Greenstein (1941):

�(✓,�) =
1

4⇡

1� g(�)2

(1 + g(�)2 � 2g(�)cos(✓))3/2
(5)

where g is the degree of forward scattering. When g = 1
we have complete forward scattering and g = 0 means
isotropic scattering (�(✓,�) = 1/(4⇡)). We also define
the parameter fCSM ⌘ NCSM/Ntot to simplify the no-
tation, taking values between 0 and 1. Finally, defin-
ing a delay parameter ⌧ ⌘ t � tr, an extinction factor
X(�) ⌘ e�(�s(�)+�a(�))Ntot and making a change of vari-
able, using equation 4, we obtain

S(t,�) = !(�)(1�XfCSM )
⌧max

R ⌧max

0
f0(t� ⌧,�)�0(⌧,�)d⌧ (6)

where ⌧max = 2R/c is the maximum delay for a light echo
(✓ = ⇡) and �0(⌧,�) = 4⇡�(✓(⌧),�). We performed this
integral numerically using the Simpson’s 1/3rd integra-
tion rule and a time step of one day to simulate spectra
and to fit this model to real data.

3. LIGHT ECHO MODEL PREDICTIONS

To simulate spectra with di↵erent extinctions and LEs
using eq. 6 we need to adopt a dust albedo, an extinc-
tion law, a phase function or g(�), and spectral templates
with no extinction nor LEs at di↵erent epochs. For the
extinction law we take the parametrization proposed in
Fitzpatrick (1999). We use the albedo w(�) and the de-
gree of forward scattering g(�) from the MW used in
Goobar (2008) which accounts for the dust properties of
the CSM. We construct unreddened spectral templates
at di↵erent epochs from weighted bootstrapped averages
of observed spectra of slow B�V Lira law decliners (see
section 4.2), together with light-curve templates that we
need since we normalize the spectra by their V -band flux
(see section 4.1). In Figure 2 we show the di↵erent sce-
narios for late-time (Lira law phase) model spectra when
pure extinction and simulated LEs a↵ect the SN emis-
sion.
We search for a way to distinguish if part of the dust

found at maximum light is producing light echoes. LE

spectra are integrated spectra weighted by the light-
curve, and thus dominated by spectra around peak (see
Figure 2 with peak template spectrum and LE spec-
trum). LE spectra are blue and have very strong broad
emission and absorption lines, with prominent peaks at
4000, 4600, 4900 Å and minima at 4400 and 6200 Å.
When LE spectra are added to SN spectra: (1) the fact

that the LE spectra are blue has a low-order e↵ect on
the observed spectra by making the colors bluer, similar
to less reddening and thus di�cult to di↵erentiate; (2)
the strong broad lines add an additional modulation to
the observed spectra that is very distinct to the e↵ect
of reddening, since it introduces di↵erences on scales of
a couple of hundred armstrongs. By looking specifically
at the wavelengths where the LE spectra has peaks or
minima, it is possible to di↵erentiate between the two
scenarios. In § 4 we compare these simulations to the
observed spectra of SNe Ia.
In this simulation the main signature due to LEs is

found near 4100 Å. This can be seen in Figure 3, where
the shape of the spectrum gets considerably modified in
the LE scenario (purple and blue lines) producing a char-
acteristic signature. On the other hand, in the pure ex-
tinction scenario if the column density is reduced (black
line), it produces just a smooth change in the spectrum
compared to the same spectrum with extinction (reddest
line). In particular, the shape of the feature near 4100 Å
will not be a↵ected.

Fig. 2.— Upper panel: simulated spectra at 50 days past maxi-
mum light extincted by di↵erent amounts of dust (AV =0-0.5) with
the same RV =3.1 extinction law. All spectra have been normal-
ized to the same V-band flux. Bottom panel: simulated spectra
at 50 days past maximum light with the same reddening law, but
also with LEs due to CSM are shown. We fixed AV = 0.5 and
varied the fractional amount of CSM (fCSM) with a radius of 0.05
pc. The green line represents a typical maximum light spectrum,
while in orange the LE spectrum is shown on an arbitrary scale.
All models are normalized to the same V -band flux.

These features change with the distance R between
the CSM and the SN. Reducing the distance is analo-

52 2 The Milky Way as a galaxy

Fig. 2.8 These images of the molecular cloud Barnard 68 show the
effects of extinction and reddening: the left image is a composite of
exposures in the filters B, V, and I. At the center of the cloud essentially
all the light from the background stars is absorbed. Near the edge
it is dimmed and visibly shifted to the red. In the right-hand image

observations in the filters B, I, and K have been combined (red is
assigned here to the near-infrared K-band filter); we can clearly see that
the cloud is more transparent at longer wavelengths. Credit: European
Southern Observatory

for example by plotting the colors .U ! B/ and .B ! V /

on the two axes (see Fig. 2.9). A color-color diagram also
shows a main sequence along which the majority of the stars
are aligned. The wavelength-dependent extinction causes a
reddening in both colors. This shifts the positions of the
stars in the diagram. The direction of the reddening vector
depends only on the properties of the dust and is here
assumed to be known, whereas the amplitude of the shift
depends on the extinction coefficient. In a similar way to
the CMD, this amplitude can now be determined if one
has access to a calibrated, unreddened main sequence for
the color-color diagram which can be obtained from the
examination of nearby stars. From the relative shift of the
main sequence in the two diagrams one can then derive the
reddening and thus the extinction. The essential point here
is the fact that the color-color diagram is independent of the
distance.

This then defines the procedure for the distance determi-
nation of a star cluster using photometry: in the first step we
determine the reddeningE.B!V /, and thus with (2.21) also
AV , by shifting the main sequence in a color-color diagram
along the reddening vector until it matches a calibrated
main sequence. In the second step the distance modulus is
determined by vertically (i.e., in the direction ofM ) shifting

the main sequence in the color-magnitude diagram until it
matches a calibrated main sequence. From this, the distance
is finally obtained according to

m !M D 5 log.D=1pc/! 5 C A : (2.24)

2.2.5 Spectroscopic distance

From the spectrum of a star, the spectral type as well as its
luminosity class can be obtained. The former is determined
from the strength of various absorption lines in the spectrum,
while the latter is obtained from the width of the lines. From
the line width the surface gravity of the star can be derived,
and from that its radius (more precisely,M=R2 ). The spectral
type and the luminosity class specify the position of the star
in the HRD unambiguously. By means of stellar evolution
models, the absolute magnitudeMV can then be determined.
Furthermore, the comparison of the observed color with that
expected from theory yields the color excess E.B ! V /, and
from that we obtain AV . With this information we are then
able to determine the distance using

mV ! AV !MV D 5 log .D=pc/! 5 : (2.25)

ESO	



Surface	brightness	
•  Important	for	extended	sources	vs	point	sources	
•  Surface	brightness:	brightness	(surface)	density	[mag/arcsec2]	

M101	(HST)	

V-band surface brightness: 
• Orion: 
   17 mag/arcsec2    
•  Andromeda: 
   14-18.0 mag/arcsec2 
• M101: 
   25.1 mag/arcsec2 
 



Stellar	colors	

Central part of the Omega Cen globular cluster (HST) Orion constellation 

Rigel 

Betelgeuse 



Stellar	colors:	surface	temperature	

●  Cool stars are red, hot 
stars are blue 
○  Betelgeuse: 3400K 
○  Rigel: 10100 K 

•  To a first 
approximation, stars 
emit as black bodies 

• Wien’s law 

●  Color is directly related to the surface temperature 



Stefan-Boltzmann	equation	

•  Stars	are	not	perfect	black	bodies	
•  Effective	temperature	(Teff):	temperature	of	blackbody	with	
same	integrated	surface	flux	as	star		

•  Sun:		

luminosity       radius   effective temperature 

 Stefan-Boltzmann constant 



Color	in	astronomy	
•  In	practice,	astronomers	observe	with	
different	passbands	or	filters	

Color index 

U-B = mU-mB 

B-V = mB-mV 

A star with a smaller (B-V) 
color index is bluer than the 
one with higher (B-V) 

Typical optical filters: 
UBVRI, ugriz 

 

 
•  Bolometric	magnitude:	magnitudes	over	all	wavelengths	



Color	in	astronomy	
•  Stars	are	not	perfect	blackbodies	

B-V

U-
B



Example	1	
A.  What	is	the	flux	that	the	Earth	receives	from	the	Sun?	
B.  What	would	be	the	flux	from	the	Sun	if	it	its	distance	were	

10	pc?	



Example	1	
A.  What	is	the	flux	that	the	Earth	receives	from	the	Sun?	
B.  What	would	be	the	flux	from	the	Sun	if	it	its	distance	were	

10	pc?	



Example	2	
The	apparent	magnitude	of	the	Sun	is	m¤=	-26.81		
A.  What	is	its	absolute	magnitude?	
B.  What	would	be	the	magnitude	of	the	Sun	if	it	were	located	

at	the	center	of	the	Milky	Way?		
									(Assume	the	distance	to	the	center	is	8	kpc	and	no	extinction).	



Example	2	
The	apparent	magnitude	of	the	Sun	is	m¤=	-26.81		
A.  What	is	its	absolute	magnitude?	
B.  What	would	be	the	magnitude	of	the	Sun	if	it	were	located	

at	the	center	of	the	Milky	Way?		
									(Assume	the	distance	to	the	center	is	8	kpc	and	no	extinction).	



Example	3	
A	star	consists	of	a	spherical	blackbody	with	the	following	
surface	temperature	and	radius:	
r	=	5.6x1011	cm,	Teff	=	28000	K	
The	latest	measurement	of	the	distance	is	d	=	163pc.	
Determine:	
a)  Luminosity	
b)  Absolute	bolometric	magnitude	
c)  Apparent	bolometric	magnitude	
d)  Flux	at	Earth’s	surface	
e)  Flux	at	star’s	surface	
f)  Peak	wavelength	λmax	

δ Scorpii (Dschubba)	



Example	3	
r	=	5.6x1011	cm,	Teff	=	28000	K,	d	=	163	pc	
a)	Luminosity	



Example	3	
r	=	5.6x1011	cm,	Teff	=	28000	K,	d	=	163	pc	
b,c)	Absolute/apparent	magnitude	



Example	3	
r	=	5.6x1011	cm,	Teff	=	28000	K,	d	=	163	pc	
d,e)	Flux	at	Earth’s	and	star’s	surface	



Example	3	
r	=	5.6x1011	cm,	Teff	=	28000	K,	d	=	163	pc	
f)	Peak	wavelength	

	UV	range	


