
4 1 Introduction and overview

Fig. 1.4 The radio galaxy Hercules A, an elliptical galaxy seen at the
center of this image. Superposed on this optical image is an image taken
at radio wavelength, which shows a very extended source indeed. Two
streams of ionized matter, so-called jets, are ejected on opposite sides
of the galaxy, which terminate in two extended regions, the radio lobes.
The energy of the jets is produced by a supermassive black hole with
a mass of M! ! 2:5 " 109 Mˇ. Credit: NASA, ESA, S. Baum and
C. O’Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the
Hubble Heritage Team (STScI/AURA)

the Milky Way as well, in our immediate vicinity. Therefore,
experiments which try to directly detect the constituents of
dark matter with highly sensitive and sophisticated detectors
have been set up in underground laboratories. Physicists and
astronomers are eagerly waiting for results from the Large
Hadron Collider (LHC), a particle accelerator at the Euro-
pean CERN research center which started regular operation
in 2009, which produces particles at significantly higher
energies than accessible before, and which in the first few
years of operation already achieved a breakthrough with the
discovery of the so-called Higgs particle. The hope is to find
hints for new physics beyond the current Standard Model of
particle physics, guiding us to extended models of particle
physics which can accommodate an elementary particle that
could serve as a constituent of dark matter.

Without doubt, the most important development in recent
years is the establishment of a standard model of cosmology,
i.e., the science of the Universe as a whole. The Universe
is known to expand and it has a finite age; we now believe
that we know its age with an uncertainty of as little as a few
percent—it is t0 D 13:8Gyr. The Universe has evolved from
a very dense and very hot state, the Big Bang, expanding
and cooling over time. Even today, echoes of the Big Bang
can be observed, for example in the form of the cosmic
microwave background radiation. Accurate observations of

Fig. 1.5 The cluster of galaxies
MACS J1206.2#0847, as seen in
a multi-color image taken by the
Hubble Space Telescope. The
elliptical galaxy at the center of
the image is the central galaxy of
this massive galaxy cluster; many
of the member galaxies of this
clusters can be seen. They come
in different shapes and colors,
some being more reddish, which
indicates stellar populations of
large age, some being much bluer
due to their ongoing star
formation. In addition, this image
shows some objects with rather
peculiar shape. These are images
of galaxies located behind the
cluster whose observed shape is
deformed by gravitational light
deflection caused by the deep
gravitational potential of the
cluster. This image distortion can
be used to determine the mass of
this cluster, clearly showing that
it contains far more mass than is
seen in the visible cluster
components. Credit: NASA,
ESA, M. Postman (STScI), the
CLASH Team, and the Hubble
Heritage Team (STScI/AURA)
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 C H A P T E R  19  O U R  G A L A X Y    581

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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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
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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 
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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.
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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 
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shown in FIGURE 19.1b, we’d see that the spiral arms are 
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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 
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We now know that the Milky Way is a relatively large 
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to guess from how it looks in our night sky. Because we live 
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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 
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Milky Way composition 

•  Disk: contains stars, gas and dust 
•  Bulge: contains mostly stars (some gas) 
•  Halo: contains globular clusters and individual stars 

www.quora.om	



Milky Way composition 

•  Disk: contains stars, gas and dust 
•  Bulge: contains mostly stars (some gas) 
•  Halo: contains globular clusters and individual stars 

www.quora.om	

Intestellar	medium:	
gas	and	dust	
between	stars	
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•  Halo population: older yellow stars (population II) 
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population:	a	star	with	
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Galactic disk 
•  Can be divided into thin and thick disks of scale 
heights (300pc and 1.5kpc): 

•  Thin disk has younger, metal-rich stars and more 
gas/dust fractions 

•  Radial density also decreases exponentially 

46 2 The Milky Way as a galaxy

Fig. 2.2 The Sun is at the origin of the Galactic coordinate system.
The directions to the Galactic center and to the North Galactic Pole
(NGP) are indicated and are located at ` D 0ı and b D 0ı, and at
b D 90ı, respectively. Adopted from: B.W. Carroll & D.A. Ostlie 1996,
Introduction to Modern Astrophysics, Addison-Wesley

(˛; ı) and vice versa is obtained from the rotation between
these two coordinate systems, and is described by spherical
trigonometry.1 The necessary formulae can be found in
numerous standard texts. We will not reproduce them
here, since nowadays this transformation is done nearly
exclusively using computer programs. Instead, we will give
some examples. The following figures refer to the Epoch
2000: due to the precession of the rotation axis of the Earth,
the equatorial coordinate system changes with time, and
is updated from time to time. The position of the Galactic
center (at ` D 0ı D b) is ˛ D 17h45:6m, ı D !28ı56:02 in
equatorial coordinates. This immediately implies that at the
La Silla Observatory, located at geographic latitude !29ı,
the Galactic center is found near the zenith at local midnight
in May/June. Because of the high stellar density in the Galac-
tic disk and the large extinction due to dust this is therefore
not a good season for extragalactic observations from La
Silla. The North Galactic Pole has coordinates ˛NGP D
192:85948ı " 12h51m, ıNGP D 27:12825ı " 27ı7:07.

Zone of Avoidance. As already mentioned, the absorption
by dust and the presence of numerous bright stars render
optical observations of extragalactic sources in the direction
of the disk difficult. The best observing conditions are
found at large jbj, while it is very hard to do extragalactic
astronomy in the optical regime at jbj . 10ı; this region
is therefore often called the ‘Zone of Avoidance’. An
illustrative example is the galaxy Dwingeloo 1, which

1The equatorial coordinates are defined by the direction of the Earth’s
rotation axis and by the rotation of the Earth. The intersections of the
Earth’s axis and the sphere define the northern and southern poles. The
great circles on the sphere through these two poles, the meridians, are
curves of constant right ascension ˛. Curves perpendicular to them and
parallel to the projection of the Earth’s equator onto the sky are curves
of constant declination ı, with the poles located at ı D ˙ 90ı.

was already mentioned in Sect. 1.1 (see Fig. 1.9). This
galaxy was only discovered in the 1990s despite being in
our immediate vicinity: it is located at low jbj, right in
the Zone of Avoidance. As mentioned before, one of the
prime motivations for carrying out the 2MASS survey (see
Sect. 1.4) was to ‘peek’ through the dust in the Zone of
Avoidance by observing in the near-IR bands.

Cylindrical Galactic coordinates .R; !; z/. The angular
coordinates introduced above are well suited to describing
the angular position of a source relative to the Galactic disk.
However, we will now introduce another three-dimensional
coordinate system for the description of the Milky Way
geometry that will prove very convenient in the study of
its kinematic and dynamic properties. It is a cylindrical
coordinate system, with the Galactic center at the origin (see
also Fig. 2.22 below). The radial coordinate R measures the
distance of an object from the Galactic center in the disk, and
z specifies the height above the disk (objects with negative z
are thus located below the Galactic disk, i.e., south of it).
For instance, the Sun has a distance from the Galactic center
of R D R0 " 8 kpc. The angle ! specifies the angular
separation of an object in the disk relative to the position of
the Sun, as seen from the Galactic center. The distance of
an object with coordinatesR; !; z from the Galactic center is
then

p
R2 C z2, independent of ! . If the matter distribution

in the Milky Way was axially symmetric, the density would
then depend only on R and z, but not on ! . Since this
assumption is a good approximation, this coordinate system
is very well suited for the physical description of the Galaxy.

2.2 Determination of distances within
our Galaxy

A central problem in astronomy is the estimation of dis-
tances. The position of sources on the sphere gives us a
two-dimensional picture. To obtain three-dimensional infor-
mation, measurements of distances are required. We need to
know the distance to a source if we want to draw conclusions
about its physical parameters. For example, we can directly
observe the angular diameter of an object, but to derive the
physical size we need to know its distance. Another example
is the determination of the luminosity L of a source, which
can be derived from the observed flux S only by means of its
distanceD, using

L D 4"S D2: (2.1)

It is useful to consider the dimensions of the physical
parameters in this equation. The unit of the luminosity is
ŒL# D erg s!1, and that of the flux ŒS # D erg s!1 cm!2. The
flux is the energy passing through a unit area per unit time

2.3 The structure of the Galaxy 55

2.3.1 The Galactic disk: Distribution of stars

By measuring the distances of stars in the Solar neighbor-
hood one can determine the three-dimensional stellar distri-
bution. From these investigations, one finds that there are dif-
ferent stellar components, as we will discuss below. For each
of them, the number density in the direction perpendicular to
the Galactic disk is approximately described by an exponen-
tial law,

n.z/ / exp
!

! jzj
h

"
; (2.32)

where the scale-height h specifies the thickness of the respec-
tive component. One finds that h varies between different
populations of stars, motivating the definition of different
components of the Galactic disk. In principle, three com-
ponents need to be distinguished: (1) The young thin disk
contains the largest fraction of gas and dust in the Galaxy,
and in this region star formation is still taking place today.
The youngest stars are found in the young thin disk, which
has a scale-height of about hytd " 100 pc. (2) The old thin
disk is thicker and has a scale-height of about hotd " 325 pc.
(3) The thick disk has a scale-height of hthick " 1:5 kpc.
The thick disk contributes only about 2% to the total mass
density in the Galactic plane at z D 0. This separation
into three disk components is rather coarse and can be
further refined if one uses a finer classification of stellar
populations.

Molecular gas, out of which new stars are born, has the
smallest scale-height, hmol " 65 pc, followed by the atomic
gas. This can be clearly seen by comparing the distributions
of atomic and molecular hydrogen in Fig. 1.8. The younger
a stellar population is, the smaller its scale-height. Another
characterization of the different stellar populations can be
made with respect to the velocity dispersion of the stars, i.e.,
the amplitude of the components of their random motions.
As a first approximation, the stars in the disk move around
the Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity (which
is about 220 km=s in the Solar vicinity), they have additional
random velocity components.

Velocity dispersion. The formal definition of the components of
the velocity dispersion is as follows: let f .v/ d3v be the number density
of stars (of a given population) at a fixed location, with velocities in a
volume element d3v around v in the vector space of velocities. If we
use Cartesian coordinates, for example v D .v1; v2; v3/, then f .v/ d3v
is the number of stars with the i -th velocity component in the interval
Œvi ; vi C dvi !, and d3v D dv1 dv2 dv3. The mean velocity hvi of the
population then follows from this distribution via

hvi D n!1

Z

IR3
d3v f .v/ v ; where n D

Z

IR3
d3v f .v/ (2.33)

denotes the total number density of stars in the population. The velocity
dispersion " then describes the root mean square deviations of the

velocities from hvi. For a component i of the velocity vector, the
dispersion "i is defined as

"2i D
D
.vi ! hvi i/2

E
D
D
v2i ! hvi i2

E
D n!1

Z

IR3
d3v f .v/

#
v2i ! hvi i2

$
:

(2.34)

The larger "i is, the broader the distribution of the stochastic motions.
We note that the same concept applies to the velocity distribution of
molecules in a gas. The mean velocity hvi at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmosphere, whereas the
velocity dispersion is caused by thermal motion of the molecules and is
determined by the temperature of the gas.

The random motion of the stars in the direction perpen-
dicular to the disk is the reason for the finite thickness of
the population; it is similar to a thermal distribution. Accord-
ingly, it has the effect of a pressure, the so-called dynamical
pressure of the distribution. This pressure determines the
scale-height of the distribution, which corresponds to the law
of atmospheres. The larger the dynamical pressure, i.e., the
larger the velocity dispersion "z perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars in the
Solar neighborhood yields "z " 16 km=s for stars younger
than " 3Gyr, corresponding to a scale-height of h " 250 pc,
whereas stars older than " 6Gyr have a scale-height of
" 350 pc and a velocity dispersion of "z " 25 km=s.

The density distribution of the total star population,
obtained from counts and distance determinations of stars, is
to a good approximation described by

n.R; z/ D n0

#
e!jzj=hthin C 0:02e!jzj=hthick

$
e!R=hR I

(2.35)

here, R and z are the cylinder coordinates introduced above
(see Sect. 2.1), with the origin at the Galactic center, and
hthin # hotd # 325 pc is the scale-height of the thin disk. The
distribution in the radial direction can also be well described
by an exponential law, where hR # 3:5 kpc denotes the
scale-length of the Galactic disk. The normalization of the
distribution is determined by the density n # 0:2 stars=pc3

in the Solar neighborhood, for stars in the range of absolute
magnitudes of 4:5 $ MV $ 9:5. The distribution described
by (2.35) is not smooth at z D 0; it has a kink at this point
and it is therefore unphysical. To get a smooth distribution
which follows the exponential law for large z and is smooth
in the plane of the disk, the distribution is slightly modified.
As an example, for the luminosity density of the old thin disk
(that is proportional to the number density of the stars), we
can write:

L.R; z/ D L0 e!R=hR

cosh2.z=hz/
; (2.36)
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2.3.1 The Galactic disk: Distribution of stars

By measuring the distances of stars in the Solar neighbor-
hood one can determine the three-dimensional stellar distri-
bution. From these investigations, one finds that there are dif-
ferent stellar components, as we will discuss below. For each
of them, the number density in the direction perpendicular to
the Galactic disk is approximately described by an exponen-
tial law,

n.z/ / exp
!

! jzj
h

"
; (2.32)

where the scale-height h specifies the thickness of the respec-
tive component. One finds that h varies between different
populations of stars, motivating the definition of different
components of the Galactic disk. In principle, three com-
ponents need to be distinguished: (1) The young thin disk
contains the largest fraction of gas and dust in the Galaxy,
and in this region star formation is still taking place today.
The youngest stars are found in the young thin disk, which
has a scale-height of about hytd " 100 pc. (2) The old thin
disk is thicker and has a scale-height of about hotd " 325 pc.
(3) The thick disk has a scale-height of hthick " 1:5 kpc.
The thick disk contributes only about 2% to the total mass
density in the Galactic plane at z D 0. This separation
into three disk components is rather coarse and can be
further refined if one uses a finer classification of stellar
populations.

Molecular gas, out of which new stars are born, has the
smallest scale-height, hmol " 65 pc, followed by the atomic
gas. This can be clearly seen by comparing the distributions
of atomic and molecular hydrogen in Fig. 1.8. The younger
a stellar population is, the smaller its scale-height. Another
characterization of the different stellar populations can be
made with respect to the velocity dispersion of the stars, i.e.,
the amplitude of the components of their random motions.
As a first approximation, the stars in the disk move around
the Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity (which
is about 220 km=s in the Solar vicinity), they have additional
random velocity components.

Velocity dispersion. The formal definition of the components of
the velocity dispersion is as follows: let f .v/ d3v be the number density
of stars (of a given population) at a fixed location, with velocities in a
volume element d3v around v in the vector space of velocities. If we
use Cartesian coordinates, for example v D .v1; v2; v3/, then f .v/ d3v
is the number of stars with the i -th velocity component in the interval
Œvi ; vi C dvi !, and d3v D dv1 dv2 dv3. The mean velocity hvi of the
population then follows from this distribution via

hvi D n!1

Z

IR3
d3v f .v/ v ; where n D

Z

IR3
d3v f .v/ (2.33)

denotes the total number density of stars in the population. The velocity
dispersion " then describes the root mean square deviations of the

velocities from hvi. For a component i of the velocity vector, the
dispersion "i is defined as
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The larger "i is, the broader the distribution of the stochastic motions.
We note that the same concept applies to the velocity distribution of
molecules in a gas. The mean velocity hvi at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmosphere, whereas the
velocity dispersion is caused by thermal motion of the molecules and is
determined by the temperature of the gas.

The random motion of the stars in the direction perpen-
dicular to the disk is the reason for the finite thickness of
the population; it is similar to a thermal distribution. Accord-
ingly, it has the effect of a pressure, the so-called dynamical
pressure of the distribution. This pressure determines the
scale-height of the distribution, which corresponds to the law
of atmospheres. The larger the dynamical pressure, i.e., the
larger the velocity dispersion "z perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars in the
Solar neighborhood yields "z " 16 km=s for stars younger
than " 3Gyr, corresponding to a scale-height of h " 250 pc,
whereas stars older than " 6Gyr have a scale-height of
" 350 pc and a velocity dispersion of "z " 25 km=s.

The density distribution of the total star population,
obtained from counts and distance determinations of stars, is
to a good approximation described by

n.R; z/ D n0

#
e!jzj=hthin C 0:02e!jzj=hthick

$
e!R=hR I

(2.35)

here, R and z are the cylinder coordinates introduced above
(see Sect. 2.1), with the origin at the Galactic center, and
hthin # hotd # 325 pc is the scale-height of the thin disk. The
distribution in the radial direction can also be well described
by an exponential law, where hR # 3:5 kpc denotes the
scale-length of the Galactic disk. The normalization of the
distribution is determined by the density n # 0:2 stars=pc3

in the Solar neighborhood, for stars in the range of absolute
magnitudes of 4:5 $ MV $ 9:5. The distribution described
by (2.35) is not smooth at z D 0; it has a kink at this point
and it is therefore unphysical. To get a smooth distribution
which follows the exponential law for large z and is smooth
in the plane of the disk, the distribution is slightly modified.
As an example, for the luminosity density of the old thin disk
(that is proportional to the number density of the stars), we
can write:

L.R; z/ D L0 e!R=hR

cosh2.z=hz/
; (2.36)
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2.3.1 The Galactic disk: Distribution of stars

By measuring the distances of stars in the Solar neighbor-
hood one can determine the three-dimensional stellar distri-
bution. From these investigations, one finds that there are dif-
ferent stellar components, as we will discuss below. For each
of them, the number density in the direction perpendicular to
the Galactic disk is approximately described by an exponen-
tial law,

n.z/ / exp
!

! jzj
h

"
; (2.32)

where the scale-height h specifies the thickness of the respec-
tive component. One finds that h varies between different
populations of stars, motivating the definition of different
components of the Galactic disk. In principle, three com-
ponents need to be distinguished: (1) The young thin disk
contains the largest fraction of gas and dust in the Galaxy,
and in this region star formation is still taking place today.
The youngest stars are found in the young thin disk, which
has a scale-height of about hytd " 100 pc. (2) The old thin
disk is thicker and has a scale-height of about hotd " 325 pc.
(3) The thick disk has a scale-height of hthick " 1:5 kpc.
The thick disk contributes only about 2% to the total mass
density in the Galactic plane at z D 0. This separation
into three disk components is rather coarse and can be
further refined if one uses a finer classification of stellar
populations.

Molecular gas, out of which new stars are born, has the
smallest scale-height, hmol " 65 pc, followed by the atomic
gas. This can be clearly seen by comparing the distributions
of atomic and molecular hydrogen in Fig. 1.8. The younger
a stellar population is, the smaller its scale-height. Another
characterization of the different stellar populations can be
made with respect to the velocity dispersion of the stars, i.e.,
the amplitude of the components of their random motions.
As a first approximation, the stars in the disk move around
the Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity (which
is about 220 km=s in the Solar vicinity), they have additional
random velocity components.

Velocity dispersion. The formal definition of the components of
the velocity dispersion is as follows: let f .v/ d3v be the number density
of stars (of a given population) at a fixed location, with velocities in a
volume element d3v around v in the vector space of velocities. If we
use Cartesian coordinates, for example v D .v1; v2; v3/, then f .v/ d3v
is the number of stars with the i -th velocity component in the interval
Œvi ; vi C dvi !, and d3v D dv1 dv2 dv3. The mean velocity hvi of the
population then follows from this distribution via

hvi D n!1

Z
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d3v f .v/ v ; where n D
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denotes the total number density of stars in the population. The velocity
dispersion " then describes the root mean square deviations of the

velocities from hvi. For a component i of the velocity vector, the
dispersion "i is defined as
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The larger "i is, the broader the distribution of the stochastic motions.
We note that the same concept applies to the velocity distribution of
molecules in a gas. The mean velocity hvi at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmosphere, whereas the
velocity dispersion is caused by thermal motion of the molecules and is
determined by the temperature of the gas.

The random motion of the stars in the direction perpen-
dicular to the disk is the reason for the finite thickness of
the population; it is similar to a thermal distribution. Accord-
ingly, it has the effect of a pressure, the so-called dynamical
pressure of the distribution. This pressure determines the
scale-height of the distribution, which corresponds to the law
of atmospheres. The larger the dynamical pressure, i.e., the
larger the velocity dispersion "z perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars in the
Solar neighborhood yields "z " 16 km=s for stars younger
than " 3Gyr, corresponding to a scale-height of h " 250 pc,
whereas stars older than " 6Gyr have a scale-height of
" 350 pc and a velocity dispersion of "z " 25 km=s.

The density distribution of the total star population,
obtained from counts and distance determinations of stars, is
to a good approximation described by

n.R; z/ D n0

#
e!jzj=hthin C 0:02e!jzj=hthick

$
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(2.35)

here, R and z are the cylinder coordinates introduced above
(see Sect. 2.1), with the origin at the Galactic center, and
hthin # hotd # 325 pc is the scale-height of the thin disk. The
distribution in the radial direction can also be well described
by an exponential law, where hR # 3:5 kpc denotes the
scale-length of the Galactic disk. The normalization of the
distribution is determined by the density n # 0:2 stars=pc3

in the Solar neighborhood, for stars in the range of absolute
magnitudes of 4:5 $ MV $ 9:5. The distribution described
by (2.35) is not smooth at z D 0; it has a kink at this point
and it is therefore unphysical. To get a smooth distribution
which follows the exponential law for large z and is smooth
in the plane of the disk, the distribution is slightly modified.
As an example, for the luminosity density of the old thin disk
(that is proportional to the number density of the stars), we
can write:

L.R; z/ D L0 e!R=hR

cosh2.z=hz/
; (2.36)
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2.3.1 The Galactic disk: Distribution of stars

By measuring the distances of stars in the Solar neighbor-
hood one can determine the three-dimensional stellar distri-
bution. From these investigations, one finds that there are dif-
ferent stellar components, as we will discuss below. For each
of them, the number density in the direction perpendicular to
the Galactic disk is approximately described by an exponen-
tial law,

n.z/ / exp
!

! jzj
h

"
; (2.32)

where the scale-height h specifies the thickness of the respec-
tive component. One finds that h varies between different
populations of stars, motivating the definition of different
components of the Galactic disk. In principle, three com-
ponents need to be distinguished: (1) The young thin disk
contains the largest fraction of gas and dust in the Galaxy,
and in this region star formation is still taking place today.
The youngest stars are found in the young thin disk, which
has a scale-height of about hytd " 100 pc. (2) The old thin
disk is thicker and has a scale-height of about hotd " 325 pc.
(3) The thick disk has a scale-height of hthick " 1:5 kpc.
The thick disk contributes only about 2% to the total mass
density in the Galactic plane at z D 0. This separation
into three disk components is rather coarse and can be
further refined if one uses a finer classification of stellar
populations.

Molecular gas, out of which new stars are born, has the
smallest scale-height, hmol " 65 pc, followed by the atomic
gas. This can be clearly seen by comparing the distributions
of atomic and molecular hydrogen in Fig. 1.8. The younger
a stellar population is, the smaller its scale-height. Another
characterization of the different stellar populations can be
made with respect to the velocity dispersion of the stars, i.e.,
the amplitude of the components of their random motions.
As a first approximation, the stars in the disk move around
the Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity (which
is about 220 km=s in the Solar vicinity), they have additional
random velocity components.

Velocity dispersion. The formal definition of the components of
the velocity dispersion is as follows: let f .v/ d3v be the number density
of stars (of a given population) at a fixed location, with velocities in a
volume element d3v around v in the vector space of velocities. If we
use Cartesian coordinates, for example v D .v1; v2; v3/, then f .v/ d3v
is the number of stars with the i -th velocity component in the interval
Œvi ; vi C dvi !, and d3v D dv1 dv2 dv3. The mean velocity hvi of the
population then follows from this distribution via

hvi D n!1

Z

IR3
d3v f .v/ v ; where n D
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denotes the total number density of stars in the population. The velocity
dispersion " then describes the root mean square deviations of the

velocities from hvi. For a component i of the velocity vector, the
dispersion "i is defined as
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The larger "i is, the broader the distribution of the stochastic motions.
We note that the same concept applies to the velocity distribution of
molecules in a gas. The mean velocity hvi at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmosphere, whereas the
velocity dispersion is caused by thermal motion of the molecules and is
determined by the temperature of the gas.

The random motion of the stars in the direction perpen-
dicular to the disk is the reason for the finite thickness of
the population; it is similar to a thermal distribution. Accord-
ingly, it has the effect of a pressure, the so-called dynamical
pressure of the distribution. This pressure determines the
scale-height of the distribution, which corresponds to the law
of atmospheres. The larger the dynamical pressure, i.e., the
larger the velocity dispersion "z perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars in the
Solar neighborhood yields "z " 16 km=s for stars younger
than " 3Gyr, corresponding to a scale-height of h " 250 pc,
whereas stars older than " 6Gyr have a scale-height of
" 350 pc and a velocity dispersion of "z " 25 km=s.

The density distribution of the total star population,
obtained from counts and distance determinations of stars, is
to a good approximation described by

n.R; z/ D n0

#
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here, R and z are the cylinder coordinates introduced above
(see Sect. 2.1), with the origin at the Galactic center, and
hthin # hotd # 325 pc is the scale-height of the thin disk. The
distribution in the radial direction can also be well described
by an exponential law, where hR # 3:5 kpc denotes the
scale-length of the Galactic disk. The normalization of the
distribution is determined by the density n # 0:2 stars=pc3

in the Solar neighborhood, for stars in the range of absolute
magnitudes of 4:5 $ MV $ 9:5. The distribution described
by (2.35) is not smooth at z D 0; it has a kink at this point
and it is therefore unphysical. To get a smooth distribution
which follows the exponential law for large z and is smooth
in the plane of the disk, the distribution is slightly modified.
As an example, for the luminosity density of the old thin disk
(that is proportional to the number density of the stars), we
can write:

L.R; z/ D L0 e!R=hR

cosh2.z=hz/
; (2.36)

2.3 The structure of the Galaxy 55

2.3.1 The Galactic disk: Distribution of stars

By measuring the distances of stars in the Solar neighbor-
hood one can determine the three-dimensional stellar distri-
bution. From these investigations, one finds that there are dif-
ferent stellar components, as we will discuss below. For each
of them, the number density in the direction perpendicular to
the Galactic disk is approximately described by an exponen-
tial law,

n.z/ / exp
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where the scale-height h specifies the thickness of the respec-
tive component. One finds that h varies between different
populations of stars, motivating the definition of different
components of the Galactic disk. In principle, three com-
ponents need to be distinguished: (1) The young thin disk
contains the largest fraction of gas and dust in the Galaxy,
and in this region star formation is still taking place today.
The youngest stars are found in the young thin disk, which
has a scale-height of about hytd " 100 pc. (2) The old thin
disk is thicker and has a scale-height of about hotd " 325 pc.
(3) The thick disk has a scale-height of hthick " 1:5 kpc.
The thick disk contributes only about 2% to the total mass
density in the Galactic plane at z D 0. This separation
into three disk components is rather coarse and can be
further refined if one uses a finer classification of stellar
populations.

Molecular gas, out of which new stars are born, has the
smallest scale-height, hmol " 65 pc, followed by the atomic
gas. This can be clearly seen by comparing the distributions
of atomic and molecular hydrogen in Fig. 1.8. The younger
a stellar population is, the smaller its scale-height. Another
characterization of the different stellar populations can be
made with respect to the velocity dispersion of the stars, i.e.,
the amplitude of the components of their random motions.
As a first approximation, the stars in the disk move around
the Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity (which
is about 220 km=s in the Solar vicinity), they have additional
random velocity components.

Velocity dispersion. The formal definition of the components of
the velocity dispersion is as follows: let f .v/ d3v be the number density
of stars (of a given population) at a fixed location, with velocities in a
volume element d3v around v in the vector space of velocities. If we
use Cartesian coordinates, for example v D .v1; v2; v3/, then f .v/ d3v
is the number of stars with the i -th velocity component in the interval
Œvi ; vi C dvi !, and d3v D dv1 dv2 dv3. The mean velocity hvi of the
population then follows from this distribution via
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denotes the total number density of stars in the population. The velocity
dispersion " then describes the root mean square deviations of the
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The larger "i is, the broader the distribution of the stochastic motions.
We note that the same concept applies to the velocity distribution of
molecules in a gas. The mean velocity hvi at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmosphere, whereas the
velocity dispersion is caused by thermal motion of the molecules and is
determined by the temperature of the gas.

The random motion of the stars in the direction perpen-
dicular to the disk is the reason for the finite thickness of
the population; it is similar to a thermal distribution. Accord-
ingly, it has the effect of a pressure, the so-called dynamical
pressure of the distribution. This pressure determines the
scale-height of the distribution, which corresponds to the law
of atmospheres. The larger the dynamical pressure, i.e., the
larger the velocity dispersion "z perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars in the
Solar neighborhood yields "z " 16 km=s for stars younger
than " 3Gyr, corresponding to a scale-height of h " 250 pc,
whereas stars older than " 6Gyr have a scale-height of
" 350 pc and a velocity dispersion of "z " 25 km=s.

The density distribution of the total star population,
obtained from counts and distance determinations of stars, is
to a good approximation described by

n.R; z/ D n0

#
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(2.35)

here, R and z are the cylinder coordinates introduced above
(see Sect. 2.1), with the origin at the Galactic center, and
hthin # hotd # 325 pc is the scale-height of the thin disk. The
distribution in the radial direction can also be well described
by an exponential law, where hR # 3:5 kpc denotes the
scale-length of the Galactic disk. The normalization of the
distribution is determined by the density n # 0:2 stars=pc3

in the Solar neighborhood, for stars in the range of absolute
magnitudes of 4:5 $ MV $ 9:5. The distribution described
by (2.35) is not smooth at z D 0; it has a kink at this point
and it is therefore unphysical. To get a smooth distribution
which follows the exponential law for large z and is smooth
in the plane of the disk, the distribution is slightly modified.
As an example, for the luminosity density of the old thin disk
(that is proportional to the number density of the stars), we
can write:

L.R; z/ D L0 e!R=hR

cosh2.z=hz/
; (2.36)

Disk brightness profile 
is exponential:	



Galactic bulge 

•  Older stars away from the center 
•  Bulge has peanut-like bar with 
characteristic scale length of 1kpc 
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Galactic bulge 

•  Older stars away from the center 
•  Bulge has peanut-like bar with 
characteristic scale length of 1kpc 

•  Bulge brightness follows a de 
Vaucouleurs profile: 

NASA/JPL/R.Hurt	
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observations of other spiral galaxies. The profiles of their
bulges, observed from the outside, are much better deter-
mined than in our Galaxy where we are located amid its stars.

The de Vaucouleurs profile. The brightness profile of our
bulge can be approximated by the de Vaucouleurs law which
describes the surface brightness I as a function of the
projected distance R from the center,

log
!
I.R/

Ie

"
D !3:3307

"!
R

Re

"1=4
! 1

#
; (2.40)

with I.R/ being the measured surface brightness, e.g., in
ŒI ! D L =̌pc2. Re is the effective radius, defined such that
half of the luminosity is emitted from within Re,
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This definition ofRe also leads to the numerical factor on the
right-hand side of (2.40). As one can easily see from (2.40),
Ie D I.Re/ is the surface brightness at the effective radius.
An alternative form of the de Vaucouleurs law is

I.R/ D Ie exp
#
!7:669

$
.R=Re/

1=4 ! 1
%&

: (2.42)

Because of its mathematical form, it is also called an r1=4

law. The r1=4 law falls off significantly more slowly than an
exponential law for largeR. For the Galactic bulge, one finds
an effective radius of Re " 0:7 kpc. With the de Vaucouleurs
profile, a relation between luminosity, effective radius, and
surface brightness is obtained by integrating over the surface
brightness,

L D
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dR 2"R I.R/ D 7:215"IeR
2
e : (2.43)

Stellar age distribution in the bulge. The stars in the bulge
cover a large range in metallicity,!1 . ŒFe=H! . C0:6, with
a mean of about 0.3, i.e., the mean metallicity is about twice
that of the Sun. The metallicity also changes as a function
of distance from the center, with more distant stars having a
smaller value of [Fe/H].

The high metallicity means that either the stars of the
bulge formed rather late, according to the age-metallicity
relation, or that it is an old population with very intense star
formation activities at an early cosmic epoch. We can distin-
guish between these two possibilities from the chemical com-
position of stars in the bulge, obtained from spectroscopy.
This is shown in Fig. 2.16, where the magnesium-to-iron

Fig. 2.16 The ratio of magnesium and iron, as a function of metal-
licity [Fe/H]. Filled grey circles correspond to bulge stars, red (blue)
circles show nearby stars from the thick (thin) disk. The dotted lines
corresponds to the Solar value. Source: T. Bensby et al. 2013, Chemical
evolution of the Galactic bulge as traced by microlensed dwarf and
subgiant stars. V. Evidence for a wide age distribution and a complex
MDF, A&A 549, A147, Fig. 27. c!ESO. Reproduced with permission

ratio is shown for stars in the bulge and compared to disk
stars. Obviously, bulge stars have a significantly higher
abundance of Mg, relative to iron, than the stars from
the thin disk, but much more similar to thick disk stars.
Recalling the discussion of the chemical enrichment of the
interstellar medium by supernovae in Sect. 2.3.2, this implies
that the enrichment must have occurred predominantly by
core-collapse supernovae, since they produce a high ratio
of ˛-elements (like magnesium) compared to iron, whereas
Type Ia SNe producemainly iron-group elements. Therefore,
most of the bulge stars must have formed before the Type Ia
SNe exploded. Whereas the time lag between the birth of
a stellar population and the explosion of the bulk of Type
Ia SN is not well known (it depends on the evolution of
binary systems), it is estimated to be between 1 and 3Gyr.
Hence, most of the bulge stars must have formed on a rather
short time-scale: the bulge consists mainly of an old stellar
population, formed within # 1Gyr. This is also confirmed
with the color-magnitude diagram of bulge stars from which
an age of 10˙ 2:5Gyr is determined.

However, in the region of the bulge, one also finds stars
that kinematically belong to the disk and the halo, as both
extend to the inner region of the Milky Way. The thousands
of RR Lyrae stars found in the bulge, for example, have
a much lower metallicity than typical bulge stars and may
well belong to the innermost region of the stellar halo, and
younger stars may be part of the disk population.

The mass of the bulge is about Mbulge # 1:6 $ 1010Mˇ
and its luminosity is LB;bulge # 3 $ 109L ,̌ which results in
a stellar mass-to-light ratio of

M

L
" 5

Mˇ
Lˇ

in the bulge ; (2.44)

larger than that of the thin disk.

Surface	
brightness:	
μ	=	L/4πR2			

Effective	radius:	
half	of	the	
luminosity	radius		
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The	human	eye	cannot	see	gamma-rays,	UV,	IR	
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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)
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that have been compressed, heated, and ionized by the 
outward-moving shock front.

FIGURE 19.6 shows a young supernova remnant whose 
shocked gas is hot enough to emit X rays. In contrast, the 
older supernova remnant shown in FIGURE 19.7 is cooler 
because its shock front has swept up more material and has 
distributed its energy more widely. Eventually, the shocked 
gas will radiate away most of its original energy, and the 
expanding wall of gas will slow to subsonic speeds and 
merge with the surrounding interstellar medium.

Gas from Dying Stars All stars return much of their origi-
nal mass to interstellar space in two basic ways: through 
stellar winds that blow throughout their lives and through 
“death events” of planetary nebulae (for low-mass stars) 
or supernovae (for high-mass stars). Low-mass stars gener-
ally have weak stellar winds while they are on the main se-
quence. Their winds grow stronger and carry more material 
into space when they become red giants. By the time a low-
mass star like the Sun ends its life with the production of a 
planetary nebula [Section 17.2], it has returned almost half 
its original mass to the interstellar medium (FIGURE 19.4).

High-mass stars lose mass much more dynamically and 
explosively. The powerful winds from supergiants and 
massive O and B stars recycle large amounts of matter into 
the galaxy. At the ends of their lives, these stars explode 
as supernovae. The high-speed gas ejected into space by 
supernovae or powerful stellar winds sweeps up surround-
ing interstellar material, excavating a bubble of hot, 
ionized gas (FIGURE 19.5). These hot bubbles are quite 
common in the disk of the galaxy, but they are not always 
easy to detect. While some emit strongly in visible light 
and others are hot enough to emit large amounts of X rays, 
many bubbles are evident only through their emission of 
radio waves.

The bubbles created by supernovae can have even more 
dramatic effects on the interstellar medium than those 
created by fast-moving stellar winds. Supernovae gener-
ate shock fronts—abrupt, high-gas-pressure “walls” that 
move faster than the speed at which sound waves can 
travel through interstellar space. A shock front sweeps 
up surrounding gas as it travels, creating a wall of fast-
moving gas on its leading edge. When we observe a super-
nova remnant [Section 17.3], we are seeing walls of gas 

FIGURE 19.4 A dying low-mass star returns gas to the interstellar 
medium in a planetary nebula. This Hubble Space Telescope image 
shows a planetary nebula known as the Cat’s Eye Nebula; it is 
about 1.2 light-years in diameter.

FIGURE 19.5 This photo shows a bubble of hot, ionized gas blown 
by the wind from the hot star near its center. Although it looks 
much like a soap bubble, it is actually an expanding shell of hot 
gas about 10 light-years in diameter. It glows where gas piles up as 
the bubble sweeps outward through the interstellar medium.

The wind from a
hot star blows a
bubble in the
interstellar medium.

FIGURE 19.6 This image from the Chandra X-Ray Observatory 
shows X-ray emission from hot gas in a young supernova remnant—
the remnant from the supernova observed by Tycho Brahe in 1572. 
The most energetic X rays (blue) come from 20-million-degree gas 
just behind the expanding shock front. Less energetic X rays (green 
and red) come from the 10-million-degree debris ejected by the 
exploded star. The remnant is about 20 light-years across.
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outward-moving shock front.
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because its shock front has swept up more material and has 
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What do halo stars tell us about our 
galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)

Flow of gas and stars
through spiral arm

Dark patches on inner edge
of spiral arm show where gas
clouds are packing together c cand compression

of these clouds triggers
star formation in the arm.

Blue specks are
young stars that
formed in the
spiral arm.

Red patches are
ionization nebulae
around the hottest,
youngest stars.
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disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.
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on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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What do halo stars tell us about our 
galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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What do halo stars tell us about our 
galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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120 3 The world of galaxies

this is a rather extreme case. In most cases, warps start at radii
beyond the optical radius of a galaxy and thus are visible only
in the distribution and motion of gas; the right-hand panel of
Fig. 3.19 shows an example of this kind. Indeed, the majority
of galaxies with warps in their outer gas disks seem to have
no significant companion.

Stellar halo. Whereas the bulge and the disk can be studied
in spirals even at fairly large distances, the stellar halo has
too low a surface brightness to be seen in distant galax-
ies. However, our neighboring galaxy M31, the Andromeda
galaxy, can be studied in quite some detail. In particular,
the brightness profile of its stellar halo can be studied more
easily than that of the Milky Way, taking advantage of our
‘outside’ view. This galaxy should be quite similar to our
Galaxy in many respects. A stellar halo of red giant branch
(RGB) stars was detected in M31, which extends out to more
than 150 kpc from its center. The brightness profile of this
stellar distribution indicates that for radii r . 20 kpc it
follows the extrapolation from the brightness profile of the
bulge. However, for larger radii it exceeds this extrapolation,
showing a power-law profile which corresponds to a radial
density profile of approximately ! / r!3 , similar to that
observed in our Milky Way. Furthermore, stellar streams
from disrupted galaxies were also clearly detected in M31, as
in the Galaxy. It thus seems that stellar halos form a generic
property of spirals. Unfortunately, the corresponding surface
brightness is so small that there is little hope of detecting
such a halo in other spirals for which individual stars can no
longer be resolved and classified.

The thick disk in other spirals can only be studied if they
are oriented edge-on. In these cases, a thick disk can indeed
be observed as a stellar population outside the plane of the
disk and well beyond the scale-height of the thin disk. As is
the case for the Milky Way, the scale-height of a stellar pop-
ulation increases with its age, increasing from young main-
sequence stars to old asymptotic giant branch (AGB) stars.
For luminous disk galaxies, the thick disk does not contribute
substantially to the total luminosity; however, in lower-mass
disk galaxies with rotational velocities .120 km= s, the thick
disk stars can contribute nearly half the luminosity and may
actually dominate the stellar mass. In this case, the dominant
stellar population of these galaxies is old, despite the fact that
they appear blue.

Sizes of disks. Typically, the optical radius of a spiral galaxy
extends out to about four exponential scale lengths, after
which the surface brightness, and thus the stellar surface den-
sity, displays a break. The characteristic surface brightness
at which this occurs is "B ! 25:5magarcsec!2. Although
there are many exceptions to this behavior, it still prevails in
the majority of spirals. In contrast to the stellar distribution,

neutral gas is observed (due to its 21 cm emission of neutral
hydrogen) to considerably larger radius, typically a factor of
two beyond the break radius.

3.3.3 The Schmidt–Kennicutt law of star
formation

If we now take into account that stars form out of gas, and
the gas distribution is much more extended than the stellar
distribution, then it appears that stars can only form at places
in the disk where the gas mass density exceeds a certain
value. Indeed,Marteen Schmidt discovered in 1959 a relation
between the surface mass density of gas, ˙gas (measured in
units of Mˇ pc!2) and the star-formation rate per unit area,
˙SFR (measured in units ofMˇ yr!1 kpc!2), of the form

˙SFR / ˙N
gas ; (3.15)

with a power-law index ofN ! 1:4 . The connection between
the two quantities was later examined in detail by Rob
Kennicutt, and the relation (3.15) is known as Schmidt–
Kennicutt law; including the normalization, one finds

˙SFR

Mˇ yr!1 kpc!2 D .2:5˙ 0:7/" 10!4
!

˙gas

Mˇ pc!2

"1:4˙0:15
:

(3.16)

Due to the apparent absence of star formation in the outer
part of spiral galaxies, one often complements this relation
with a cut-off at a specific value for ˙gas.

In Fig. 3.20, recent results of the star-formation rate in
galaxies are compiled, ranging from low-surface brightness
galaxies (diamonds) to starburst galaxies (open triangles).
Here, the gas surface density is taken to be the sum of atomic
and molecular gas, where the density of molecular hydrogen
is estimated from the abundance of the CO molecule, assum-
ing a constant conversion factor between these two species.
The three diagonal lines indicate the star-formation rate at
which the available gas reservoir would be consumed in star
formation on a time-scale of 108 , 109 , and 1010 yr (from
top to bottom). A global power-law fit to these data would
yield a result very similar to (3.15), with an index N # 1:4 .
However, the figure suggests that there are different regimes
of star formation activity, indicated by the two vertical lines.
The regime shown on the right part of the figure is occupied
by starburst galaxies. Using only those, a linear relation
between˙SFR and˙gas seems to describe the data quite well.
The regime between the two vertical lines is occupied by
normal spiral galaxies, and again, restricting a power-law fit
solely to them, a linear relation with N # 1 provides a good
approximation. For low values of the gas density (the left
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What do halo stars tell us about our 
galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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What do halo stars tell us about our 
galaxy’s history?
We have already seen how the disorderly orbits of halo 
stars differ from the organized orbits of disk stars. Two 
other key differences distinguish halo stars from disk stars. 
First, the main-sequence turnoff points for globular clusters 
[Section 15.3] indicate that stars in the halo are generally 
very old (at least 12 billion years), while disk stars have 
many different ages. Second, spectra show that halo stars 
contain smaller proportions of heavy elements than disk 
stars. Based on these differences, astronomers divide most 
of the Milky Way’s stars into two distinct populations.

1. The disk population (sometimes called Population I) 
consists of stars that follow the orderly orbital patterns 
of the disk. This population includes both young stars 
and old stars, all of which have heavy-element propor-
tions near 2%, like that of our Sun.

2. The halo population (or Population II) consists of 
stars that orbit the center of the galaxy with many 
different inclinations, so that they cross through the 
disk during their orbits. Stars in this population are 
all old and therefore low in mass. Halo stars can have 
heavy-element proportions as low as 0.02%—meaning 
that heavy elements are about 100 times rarer in these 
stars than in the Sun.

Stars in the bulge exhibit a mixture of disk-star and halo-
star characteristics, with a wide range of ages and heavy-
element proportions.

More specifically, spiral arms exhibit unusually high 
levels of star formation. Theoretical models suggest that the 
spiral pattern of star formation is caused by disturbances 
called spiral density waves that propagate through the 
gaseous disk of a spiral galaxy like the Milky Way. As a spiral 
density wave moves through the disk, the changing gravita-
tional forces among stars in the wave alternately cause stars 
and gas clouds to pack more densely together and then 
move farther apart. The density changes have little effect 
on stars, because they always remain too widely separated 
to collide with each other. However, when a spiral density 
wave packs gas clouds closer together, gravity within the 
clouds becomes strong enough to trigger the formation of 
new star clusters (FIGURE 19.17). Supernova explosions 
from massive stars in these clusters can then compress 
the surrounding clouds further, triggering even more star 
formation. As this long-lasting pattern of increased density 
and star formation propagates through the gas and stars of 
the galaxy’s disk, the disk’s rotation gradually stretches it 
into a spiral arm.

19.3   The History of the Milky Way
Having discussed the basic properties of the Milky Way, we 
are now ready to turn our attention to the history of our 
galaxy. As we will see, the differences between disk stars 
and halo stars provide crucial clues about their origins, 
which have helped astronomers develop a basic model of 
how our galaxy formed.

FIGURE 19.16 interactive figure This photo from the Hubble Space Telescope shows Galaxy M51’s 
two magnificent spiral arms, along with a smaller galaxy that is currently interacting with one of those 
arms. Notice that the spiral arms are much bluer in color than the central bulge. Because massive 
blue stars live for only a few million years, the relative blueness of the spiral arms tells us that stars 
must be forming more actively within them than elsewhere in the galaxy. (The large image shows a 
region roughly 90,000 light-years across.)
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slowly: denser regions 

•  Sun orbits at 220km/s 
and takes about 230 
million years to do an 
orbit 

Simulation:	A.	Bellas		



Star orbits 

•  Disk stars orbit in circles 
around center due to 
gravitational pull of center 
mass (period 200 million 
yrs) 

•  Disk stars wobble in the 
vertical direction due to 
gravitational pull of disk 
mass (period 10 millions 
yrs) 

•  Halo stars have random 
orbits around center with 
large heights 

•  Bulge stars seem to have 
two components: ordered and 
random, or “banana-shape” 



MW bulge: X-shape  

Bulge stars seem to have 
“banana-shape” orbits 

X-shape	
bulge	

Vasquez+13 



Bar of the Milky Way 

§  Barred potential 
explains naturally 
the bulge stellar 
orbits we saw 

§  Explains gas 
concentrations and 
non-circular orbits 

§  Explains 
asymmetries in 
stellar counts   



MW disk: warped 

-  Warped disk (Skowron+19) 

-  Precesses due to satellite galaxy (Poggio+20) 



Galactic Center 
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Galactic Center 
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Galactic Center 

•  Orbits of stars around 
a central dense center 

•  X-ray emission from 
hot gas 

•  Radio emission from gas 

 

Sagittarius	A*	
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Galactic Center 

•  Orbits of stars around 
a central dense center 

•  X-ray emission from 
hot gas 

•  Radio emission from gas 

è Supermassive black 
hole in the center 
(4.3x106 solar masses) 
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Galactic Center 

•  Orbits of stars around 
a central dense center 

•  X-ray emission from 
hot gas 

•  Radio emission from gas 

è Supermassive black 
hole in the center 
(4.0x106 solar masses) 

Sagittarius	A*	

Emission	
following	
magnetic	lines	

	
	
	
	

Newton’s version 
of Kepler’s laws: 



Summary 

•  Milky Way is our galaxy made of billions of stars 
•  It has a disk with spiral arms and gas and dust 

where stars form, a halo with old stars and a 
central elongated bulge with a mix population 

•  Galactic recycling ensures that new stars are 
formed from gas enriched from previous generations 

•  All stars orbit around the center in an orderly 
fashion in the disk and less so in the bulge and 
halo 

•  There is a supermassive black hole at the center 


